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Abstract 

Two fundamental steps are needed to halt or at least slowdown climate change. One is the 

reduction of atmospheric carbon dioxide (CO2), and two is developing more efficient 

renewable energy storage solutions. The electrocatalytic reduction of CO2 toward fuels or 

valuable chemicals is a promising candidate to solve both problems.  Copper (Cu) is a unique 

catalyst capable of the electrocatalytic conversion of CO2 into a variety of carbon products 

like methane (CH4), ethylene (C2H4), or formic acid (HCOOH). However, the low selectivity 

towards C2 and C2+ products and the low stability of the bulk Cu catalyst complicate the 

economic viability of the electrocatalytic reduction of CO2. The use of Cu nanostructures as 

a catalyst has been shown to enhance the selectivity and the faradaic efficiency (FE) of the 

electrocatalysis due to the increased catalyst’s surface area and the control of the exposed 

Cu facets. Exposure of the Cu  (100) facets in the catalyst’s surface has been demonstrated 

to enhance the FE for C2 products, especially ethylene. During our research, we used a 

colloidal approach to synthesize Cu nanowires (NWs) with exposed (100) facets. However, 

a side nucleation of nanoparticles (NPs) was observed in all cases. Adjusting the synthesis 

parameters, we were able to control not only the length and thickness of the NWs but also 

the size and structure of the side nucleation. Little to no research has been done on the 

impact on selectivity and stability of combining different Cu nanocrystals, nanocrystals with 

different shape, size, and exposed facets. By controlling the concentration of ligands during 

the colloidal synthesis, we were able to produce three different Cu catalysts: NWs with a 

diameter of 30 nm and multi–shaped NPs, 30 nm NWs with nanopyramids and 40 nm NWs 

with multi–shaped NPs. After modifying the NP’s concentration of the three different 

catalysts and comparing its electrocatalytic performance, we were able to show the impact 

of the NPs over the selectivity of the NWs. It has been revealed that a high concentration of 

NPs, in the case of 30 nm NWs with multi–shaped NPs and 30 nm NWs with nanopyramids, 

increases the selectivity towards ethylene and the stability of the catalyst. This increment is  

due to the creation of CO* intermediate over the NPs´ surface and its transfer to the NWs 

for its reduction to ethylene. The results of this research are promising with a maximum 

selectity towards, however, there is a need for more research to understand the mechanism 

of this synergy and how to optimize it. 
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1. Introduction 
 

Since the industrial revolution there has been an exponential increase in energy demand, 

which has been satisfied using fossil fuels.1 The burning of fossil fuels provides a reliable and 

easy to use source of energy. However, the process of fuel consumption releases Carbon 

dioxide (CO2) into the atmosphere as a collateral product. CO2 is a greenhouse gas2 and one 

of the principal actors in climate change.3,4  

In order to reduce CO2 emissions and stop or slow down climate change, there has been an 

international effort  to improve and promote alternative energy sources.5 The so-called 

green energies, like solar, wind or tidal energies, are environmentally friendly, renewable, 

and CO2–free power sources.6  In 2018, green energies represented 26,2% of the total power 

generated worldwide and this percentage is projected to grow rapidly over time.7 

 

However, one of the drawbacks of renewable energies is that they are not able to produce 

power at a constant rate. Green energy production depends on atmospheric conditions, like 

air currents for wind energy,8 or sunlight hours for solar energy.9  Thus, there is a need to 

store the energy produced during peak production time so it can be used whenever needed. 

To overcome this drawback, a new generation of more efficient and durable energy storage 

technology is needed. 10 

A solution that could tackle both problems, the atmospheric CO2, and the energy storage 

necessities, would be the electrocatalytic reduction of CO2 into fuels or valuable products. A 

catalyst able to favour the transfer of electrons for  CO2 reduction using power generated 

by renewable energies efficiently and economically would radically improve the viability of 

green energies and reduce the carbon footprint of our industrial society.11 

Hori et al. demonstrated in 1986 that copper (Cu) had the unique capability of catalysing the 

reduction of carbon dioxide by transferring electrons from the Cu to the CO2 under a 

negative potential (As shown in figure 1).12 Due to this transfer of electrons to CO2, it was 

possible to reduce the Carbon Dioxide into other molecules with one carbon (C1) like carbon 

monoxide (CO), methane (CH4) or formic acid (HCOOH), hydrocarbons with two carbons (C2) 

like ethane(C2H6), ethylene (C2H4) or ethanol (C2H5OH) and products with more than two 

carbon (C2+) like propanol (C3H8O).13 This differentiating characteristic of Cu in comparison 

with other metals to catalyse the production of hydrocarbons from CO2 has been attributed 

to its distinct ability to bind the CO* intermediate, favouring the coupling with itself during 

the reaction, but not binding  the H* intermediate, which would favour the competitive 

hydrogen evolution reaction (HER) producing H2.14,15 
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The catalyst’s selectivity is defined as the proportion between a particular reaction product 

and the rest of the production.16 In the electrocatalytic reduction of CO2, the Faradaic 

Efficiency (FE) is used to describe the selectivity and it is defined by the fraction of Faradaic 

charge utilized to produce a given product.17,18 The selectivity toward carbon products of 

the electrocatalytic reduction of  CO2  was studied by Hori et al. using bulk polycrystalline 

copper. They were able to have an 82% Faradaic Efficiency for carbon species which main 

product were methane (29,4%) and ethylene (30,1%).13   

The improvement of the selectivity is one of the most critical factors for the economic 

viability of the electrocatalytic reduction of CO2.11 For example, ethylene is used as a 

chemical intermediate for the preparation of a wide variety of the most used plastics in the 

world and it is mainly produced by petrochemical sources.19 If we were able to increase the 

selectivity of CO2 reduction toward ethylene substantially, it would be possible to use 

renewable energy to compete economically with fossil fuels in ethylene production.11 

Furthermore, it would be possible to use the selectivity toward ethylene to significantly 

reduce the CO2 footprint of plastics and improve their reusability. Ideally, with a perfect 

selectivity toward ethylene,  the energy produced by the heat obtained with the incineration 

of postconsumer plastics could be used to electrochemically reduce the combustion 

products (CO2) into ethylene that can be converted again into recycled plastics(Figure 2).20  

 

 

 

 

Copper Catalyst 

𝐶𝑂∗ as key intermediate 

Methane  

Formic Acid 

Ethylene  

Ethane   

𝐶𝑂2 dissolved in 

the electrolyte 

Applied 

potential 

Figure 1: Diagram of the electrocatalytic reduction of CO2 on a Copper catalyst using renewable energies as a energy source. CO2 

molecules dissolved in the electrolyte adhere over the copper catalyst´s surface. Them, due to the applied potential, electrons are 

transferred to the CO2 molecules, which get reduced and transform into intermediates. These intermediates will react and 

transform into hydrocarbons. 
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The final selectivity of the electrocatalytic reduction of CO2 is linked not only to  the catalyst’s 

composition12,13,21 but also the catalyst’s size22, geometry23, and exposed facets24. For 

example, in the work of Manthiram et al., using 7 nm spherical Cu NPs they were able to 

reach an 80% selectivity toward methane at –1.4V vs RHE. This 80% FE toward methane of 

the Cu NPs doubles the FE toward methane of bulk Cu at the same voltage.25 Moreover, 

Wang et al. produced Cu rhombic dodecahedrons with exposed facets (110), which not only 

had a higher selectivity towards methane at –1.4 V than bulk copper (60% FE) but also were 

able to reduce CO2 to C3H8 (3% FE). 26 

However, if we are interested in a high selectivity towards C2 products, a structure with a 

very promising selectivity toward ethylene is the copper nanowire. Using copper nanowires 

with a 50 nm diameter, Hongyi Zhang et al. were able to obtain a combined selectivity 

toward ethylene and ethane of 60% at –1.1V vs RHE with no trace of Methane or any liquid 

product.27 However, this selectivity is highly dependent on the size and structure of the 

surface. For example, thin penta–twinned nanowires with a diameter of 20 nm had a 

selectivity toward methane of 55% at –1.25 V Vs RHE.28 The final product’s difference is 

attributed not only to the diameter but also to the consequent difference of the surface’s 

structure and the proportion between the exposed facets, (100) and (111) of the crystalline 

copper and the boundaries among those facets.17 

Reduction of CO
2
 

into ethylene 

Recycling of  

Plastics  

Using the Electro 

catalysis of CO
2
 

reduction 

Figure 2: Scheme of the ideal recycling of plastics using a perfect ethylene´s selectivity from the 

electrocatalysis of CO2 reduction 
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During this research, we have synthesized three copper nanowires catalysts with controlled 

exposed facets (100) and (111) and with a secondary nucleation in the form of multi-shaped 

nanoparticles or nanopyramids using a colloidal approach.  

There have been multiple studies on the effect of different nanostructures and exposed 

facets on the Copper catalyst final selectivity. However, there has been little to none 

published research on the combination of two different types of Cu nanostructures, 

nanostructures with different sizes, shapes and exposed facets, and how the catalyst's 

performance would be affected. This knowledge gap opens many interesting questions 

which should be looked upon. 

- Do the nanoparticles present in the nanowire catalyst enhance the FE towards 

ethylene of the nanowires? 

 

- How do the different shape and sizes of these nanostructures impact the nanowire’s 

catalyst performance? 

 

- What is the stability of Cu anisotropic NPs, like NWs, under operando conditions? 

Does the presence of other nanostructures with different shapes have an effect on 

the stability of the catalyst? 

 

We have explored the impact of the size, shape, and concentration of these secondary 

nucleations on the final selectivity and stability of the copper nanowire catalyst. 

In chapter two, a theoretical background has been provided with the key concepts to 

understand the electrocatalytic reduction of CO2 and how the structural characteristic of 

the catalyst influences its selectivity and a short introduction to how to determine these 

catalyst´s structural characteristics using colloidal synthesis. In chapter three, the 

experimental conditions of our research for the colloidal synthesis and the electrocatalytic 

reduction of CO2 are described. In chapter 4, we have described the nanowires and 

secondary nucleations structure using XRD, TEM and SEM. Afterwards, we have shown and 

discussed the reasons for the electrochemical performance of all these catalysts compared 

to the same catalysts with a lower concentration of secondary nucleation and its 

characterization after activity. Finally, in chapter 5 we discuss the conclusions of our 

research. 
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2. Theoretical Background 
 

2.1 Catalysis 
 

Even though the phenomenon of catalysis was not defined until the 19th century, humanity 

has benefited from it for centuries. Catalysing the breakdown of sugar molecules found in 

grain or fruits to produce ethanol in the form of alcoholic drinks have been done by human 

beings since the Neolithic era.29 Nowadays, 90% of all industrial chemicals are made with 

the aid of catalysts, and the global market size value of catalysts in 2019 was 33.9 billion 

dollars.30    

The IUPAC (International Union of Pure and Applied Chemistry) defines a catalyst as a 

substance that increases the reaction rate without modifying the reaction's overall standard 

Gibbs free energy change.31 In general, catalysts provide an alternative reaction pathway 

with lower activation energy, which improves the kinetics of a reaction. Catalysts are not 

consumed during the process, which allows them to be used several times. Often, only small 

amounts of catalyst are needed to increase the production rate considerably.32 

If a catalyst is present in a reaction in a different phase (solid, liquid or gas) than the 

reactants, it is defined as heterogeneous catalysis (Figure 3).33  Heterogeneous catalysts are 

solids, like zeolites, metals or alumina, and act as a substrate for liquid or gaseous 

reactants.34,35 On a solid heterogeneous catalyst, the reactants would adsorb on the 

catalyst’s surface and react on the active sites. These catalytically active sites can be an 

exposed crystalline facet of a metal, an acidic spot in a zeolite, a crystal boundary, or other 

types of structure that would interact with the reactants. Increasing the number of these 

Single liquid 

phase 

 Liquid 

 phase 

Solid 

phase 

Figure 3: Representation of the difference between homogeneous and heterogeneus catalysis  

Homogeneous 

catalysis 

Heterogeneous 

catalysis 
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active sites on the catalyst’ surface would alter the selectivity and activity of the reaction.17 

Therefore, nanomaterials are an especially suitable substrate for heterogeneous catalysis as 

their total surface area is much higher than macromaterials. 

A typical reaction on a heterogeneous catalyst could be described using the Langmuir–

Hinshelwood mechanism: 36 

𝐴 + 𝐶 ↔ 𝐴𝐶                  (1) 

𝐴𝐶 ↔ 𝐴∗𝐶                      (2) 

𝐴∗𝐶 + 𝐴∗𝐶 → 𝐵 + 𝐶    (3) 

Reaction 1–3: Langmuir mechanism 36 

Where A is the reactant, C is the Catalyst, A* is the intermediate and B is the product. On 

the first step A is adsorbed on the catalyst’ surface. In the second step, A reacts on the 

catalyst’s active site to form the A* intermediate, which is still adsorbed on the catalyst. 

Finally, both intermediate react with each other to create a product that will disengage from 

the catalyst. The langmuair mechanism is shown in figure 4. 

 

Figure 4: Scheme of the Langmuir mechanism. Extracted from the work of Markus Fertig 37 

2.2 Electrocatalysis  
 

An electrocatalyst is a type of heterogeneous catalyst where the modification of the reaction 

rate is done in an electrochemical cell at an electrode surface due to redox reactions.38 An 

electrochemical cell is a device that is able to generate electricity from a spontaneous redox 

reaction (Galvanic Cell) or, in the case of electrocatalysis, that uses electricity to produce a 

nonspontaneous redox reaction (Electrolytic Cell). A typical electrolytic cell for 

electrocatalysis is usually composed of three electrodes. An electrode is an electrical 

conductor used to contact the metallic part of the cell with the electrolyte. The three 

electrodes are the anode, where the oxidation reaction occurs, the cathode, where the 

reduction reaction takes place, and the reference electrode, which has a stable and well–

known electrode potential that is used to characterize the relative potential of the cell. 

These three electrodes are submerged in an electrolyte solution, which is an electrically 

neutral solution of a substance that dissociates into positive (cation) and negative (anion) 
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charged ions. Separating the anode and the cathode, an H+ exchange membrane allows the 

transport of charge between the cathode and the anode (Figure 5). 39,40 

 

Figure 5: Scheme of an Electrolytic Cell for CO2 reduction using a cooper catalyst attached to a Gas Chromatograph 

During electrocatalysis, a difference of electric potential is imposed between the working 

electrode, the electrode in which the catalysis reaction occurs, and the counter electrode to 

create an electric current. The difference of electric potential is measured by voltage (V) and 

the current (I), the number of charges that passes in a conductor per second, is measured 

in Amperes (A). Using the Electrical Resistance (R) of the cell, which determines the system’s 

opposition to the electric flow, measured in Ohms (Ω), we can link the voltage and current 

of the system using Ohm’s law (equation 1). 

𝐼 =
𝑉

𝑅
   (1) 

Equation 1. 

When current flows in an electrochemical cell due to an imposed voltage, a potential 

disturbance will occur between the working electrode and the counter electrode due to the 

system’s resistance, which is called an Ohmic drop. Using Ohm’s law we can determine the 

potential drop (Equation 2 and 3).41 

∆𝑉𝑜ℎ𝑚𝑖𝑐 = 𝐼 ∗ 𝑅𝑠           (2) 

∆𝑉𝑚𝑒𝑎𝑠𝑠𝑢𝑟𝑒𝑑 = ∆𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 − ∆𝑉𝑜ℎ𝑚𝑖𝑐      (3) 

Equation 2–3 

Cu 

Electrode 

Counter electrode 

reference 

Electrode 

H
+
 exchange 

membrane  

CO
2
 gas inlet 

Energy  

Source  

Outlet Gas 

Chromatograph  
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Where ∆𝑉𝑜ℎ𝑚𝑖𝑐 is the Ohmic drop, I is the intensity of the current, Rs is the resistance of the 

system, ∆𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 is the voltage difference imposed by the system and ∆𝑉𝑚𝑒𝑎𝑠𝑠𝑢𝑟𝑒𝑑 is the 

real voltage that is measured.  

Therefore, to have a stable and comparable voltage, we need a reference electrode with a 

well–known voltage and no current between it and the working electrode. As there is no 

practical method to calculate an electrode’s potential in isolation,  we can only calculate the 

potential difference between two materials. To be able to compare data of electrical cells, 

it is collectively agreed that the Hydrogen electrode has a potential of 0 V and the standard 

potential of any electrode is the difference between itself and the Standard hydrogen 

electrode (SHE).42 To translate any potential from a different reference electrode to SHE, we 

can use the Nernst Equation (Equation 4).43 

𝐸 = 𝐸0 −
𝑅𝑇

𝑧𝐹
ln(𝑄)      (4) 

Where: 

𝐸 = 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 (𝑉) 

𝐸0 = 𝑆𝑡𝑎𝑛𝑑𝑎𝑟 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 (𝑉) 

𝑅 = 𝑈𝑛𝑖𝑣𝑒𝑟𝑠𝑎𝑙 𝐺𝑎𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 8,314 
𝐽

𝐾 𝑚𝑜𝑙
 

𝑇 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝐾) 

𝑧 = 𝑖𝑜𝑛 𝑐ℎ𝑎𝑟𝑔𝑒(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠) 

𝐹 = 𝐹𝑎𝑟𝑎𝑑𝑎𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 96485
𝐶

𝑚𝑜𝑙
 

𝑄 = 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑞𝑢𝑜𝑡𝑖𝑒𝑛𝑡 (𝑎 measure of the relative amounts of products 

 and reactants present during a reaction at a particular point in time) 

Equation 4 

However, if one of the reactions happening in the electrodes forms H+ or OH– the voltage of 

the system would depend on the pH. If  voltage is  pH dependant, SHE is not longer used but 

instead the Reversible Hydrogen Electrode(RHE). The Nernst equation can be used to show 

how the concentration of H+ can determine the voltage assuming a hydrogen partial 

pressure (PH2
) of 1 atm and a temperature of 25o C (Equation 5–7):44 

          𝐸𝐻
𝐻2

⁄ = 𝐸0 −
𝑅𝑇

𝑧𝐹
(

𝑃𝐻2

[𝐻+]2
) = 𝐸0 + 0,01285 ∗ 2 ln[𝐻+]    (5) 

                                 ln(𝑥) = 2.303 ∗ log(𝑥)        (6) 

𝐸 = 𝐸0 + 0,059 ∗ 𝑝𝐻         (7) 

Equation 5–7 
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However, due to experimental atmospheric conditions (pressure and temperature), the 

characteristics of the catalyst (difference in local pH, conductivity, morphology and 

composition) and the electrolyte, there is a difference between the theoretical reduction 

potential and the experimental reduction potential.45 This difference is called overpotential 

and reducing to a minimum this overpotential is fundamental to make the electrocatalytic    

reduction of CO2 economically viable.11 Less overpotential means less energy needed for 

electrocatalysis. 

To characterize the electrochemical activity of the catalyst, two techniques are usually used: 

linear sweep voltammetry (or cyclic voltammetry) and chronoamperometry.13,45,46 Linear 

Sweep Voltammetry is an electrochemical technique that measures a redox–active 

solution’s response (in the form of current density) to a linearly potential sweep between 

two or more set values. If the voltage applied is not linear but a cycle, it is called cyclic 

voltammetry (CV). It allows you to measure the current density during the reduction and 

oxidation process in one cycle. Chronoamperometry is a time–dependant technique in 

which a constant potential is imposed between the reference electrode and the working 

electrode for a determined time and the resulted current density is measured. 

2.3 Electrocatalytic reduction of CO2  
 

Suppose we have an electrolytic cell with the electrolyte saturated with CO2 and we test 
the CO2 reduction using a working electrode composed of any pure metal. In that case, we 
can divide the possible results into four groups according to their selectivity (Figure 6).45 
 

 

Figure 6: Metal catalysts classification by their product for the electroreduction shown in a periodic table with colors and major 

product faradaic efficiency. Four groups are identified: H2 (red), formic acid (yellow), CO (blue) and beyond CO* (cyan). Table 

extracted from the work of Bagger et al.14 
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1) Gold (Au), Silver (Ag) and Zinc (Zn) mostly produces CO  

2) Lead (Pb), Mercury (Hg), Cadmium (Cd), Indium (In), Tin (Sn, or Thallium (Tl) which 

mainly produce Formate. 

3)  Iron (Fe), Platinum (Pt), Nickel (Ni) and Palladium (Pd) which do not reduce CO and 

mainly produce H2 from water by the competing pathway toward hydrogen 

evolution reaction (HER). 

4)  Copper (Cu) has the unique property between metals of catalysing the 

electrochemical reduction of Carbon dioxide into CO, formate, hydrocarbons, and 

alcohols. 

The difference between the four groups’ 

selectivity is attributed to the strength of the 

bond between the molecular intermediates 

for the CO2 reduction (CO*, COOH*, 

HCOO*)14,47,48 and the intermediates created 

by the Hydrogen Evolution Reaction (HER) of 

water (H* and OH–).49 We can measure the 

strength of a bond using the bonding energy, 

which reflexes the amount of energy needed 

to desorp the intermediate from the catalyst 

surface. The more negative is the bonding 

energy, the more energy is required to 

separate the intermediates. In the case of 

CO2 reduction, as we can see in Figure 7 

extracted from the work of Alexander 

Bagger et al.14, both group 1, which 

produces CO, and group 2, which produces 

formate, have a negative, but close to zero, 

binding energy for the CO* intermediate. 

However,  group 2 has a more positive binding energy for H* than the first group. This 

difference means that at potentials where we have CO2 reduction, we find almost no H* on 

the surface for the second group, which favour the creation of the COOH* intermediate. 

Whereas, for the first group, the surface would have the hydrogen intermediate, favouring 

the competitive HER reaction. On the other hand, the third group has a strong negative 

binding energy for both CO* and H*, which means that the intermediates do not desorp from 

the catalyst’s surface blocking the active sites and therefore, CO2 can not continue any 

reduction pathway and eventually the only possible reaction is HER.14 This process is called 

catalyst poisoning.  

 

 

Figure 7: Binding energies (∆E) for H* and CO* of the different 

metals. The ellipsoids represent  the coupled firsts 

confidence interval of binding energies with respect to Au, 

while the Au error ellipsoid is given with respect to the slab 

and the gas phase. Table extracted from Alexander Bagger Et 

Al.14 

H2 
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Copper is a unique catalyst because it has an intermediate negative binding energy for CO* 

and positive for H*. This characteristic means that  CO will bind with the surface long enough 

to react but not poison the catalyst. Moreover, the CO adsorption would compete with the 

adsorption of H2O molecules on the active sites, avoiding the Hydrogen evolution reaction.  

The mechanism of the formation of products beyond CO, like ethylene or methanol, is still 

under discussion. The reduction of CO2 is a highly complex process that implies the transfer 

of multiple electrons and protons with a variety of products and intermediates. For example, 

as we can see in Figure 8, at least 9 steps and the transfer of 12 electrons and 8 protons is 

necessary to be able to form a molecule of ethylene from the adsorption of 2 molecules of 

CO2. Meanwhile, for the formation of formic acid, hydrogen or CO, only 2 electrons are 

necessary.14,50 

 

Figure 8: Reaction pathways for CO2RR towards different products. Black spheres, carbon; red spheres, oxygen; white spheres, 
hydrogen; blue spheres, copper catalyst. The arrows indicate whether proton or electron transfer takes place. Figure extracted 
from the work of Birdja et al.50 
 

 A more simplified example would be the mechanism proposed  in 2016 by Albertus D. 

Handoko et al. for the reduction of  CO2  toward C2 products based on the dimerization of 

CO*.15 

2𝐶𝑂2 + 2𝑒− → 2𝐶𝑂∗                 (4) 

𝐶𝑂∗ + 𝐶𝑂∗ → 𝑂𝐶 − 𝐶𝑂∗       (5) 

𝑂𝐶 − 𝐶𝑂∗  → 𝐶2𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠    (6) 

Reaction 4–6: Reaction mechanism for CO2 reduction toward C2 products according to Handoko et Al.15 
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 However, in 2018, Alejandro P. Garza et al. suggested a different approach to explain the 

disparity of selectivity between different crystalline facets presented in the Cu catalyst24 

(see section 2.4). They proposed a mechanism of CO2 reduction on the surface of a copper’s 

crystalline facet (100):51 

𝐶𝑂2 + 2𝑒− → 2𝐶𝑂∗          (7) 

𝐶𝑂∗ + 𝐻∗ → 𝐻𝐶𝑂∗            (8) 

𝐻𝐶𝑂∗ + 𝐶𝑂∗ → 𝐶2𝑂2𝐻∗   (9) 

𝐶2𝑂2𝐻∗ → 𝐶2 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠   (10) 

Reaction 7–10: Reaction mechanism for CO2 reduction toward C2 products 

on (111) facets according to Garza et Al.51 

Both approaches, and most other theories, have in 

common that CO* is the key intermediate for the 

reduction of CO2 toward C2 products.13,52 The 

characteristic binding energy of cooper to the CO* 

and H* is the most likely explanation of why Cu is the 

only metal able to catalyse CO2 reduction to products 

beyond CO.   

2.4 Copper as a catalyst 
 

Hori et Al.13 and Kuhl et Al.46  describe the selectivity 

and activity of bulk polycrystalline copper catalysts 

with an electrolyte of 0.1 M of KHCO3 (pH 6,8) using 

two electrochemical techniques, linear sweep 

voltammetry and chronoamperometry (CA), 

explained in section 2.2. 

If we look at  Figure 9 a), the linear sweep 

voltammetry of the Cu catalyst between –0.4 V and –

1.2 V is exposed. On the X-axis of the table, we can see 

the potential impose between the working electrode 

and the reference electrode in Volts. In the Y-axis, the 

excitation signal of the redox reaction is represented 

with the current density in units of mA/cm2, which 

gives us information on which voltages are more 

catalytically active and more electrons tranfer is taking place. In Figure 9 b) Hori et al.13 and 

Kuhl et al.42 have combined the CA technique with gas chromatography, which allows the 

separation and identification of the gases produced during catalysis,53  and  Nuclear 

Magnetic Resonance (NMR), which enables the identification of the liquid products.54 This 

Figure  9:  A) Linear swap voltammetry with total 

current density of the CO2 reduction on polycrystalline 

copper. B) Faradaic Efficiency for different products 

created during the chronoamperometry with   

polycrystalline copper. Table Extracted from Nitopi et 

Al.42  with data from Hori et Al.13 (hollow) and Kuhl et 

Al.49 (filled) 
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combination of techniques allows them to describe the bulk, polycrystalline catalyst 

selectivity at different voltages. Using the current density obtained from the CA and the 

concentration of products detected by the NMR and the chromatographer, it is possible to 

calculate the faradaic efficiency toward any giving product using equation 8 

𝐹𝐸 =
𝑍 ∗ 𝑛 ∗ 𝐹

𝑄
∗ 100     (8) 

𝑍 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑛𝑒𝑒𝑑𝑒𝑑 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛  

𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑜𝑓 𝑎𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 

𝐹 = 𝐹𝑎𝑟𝑎𝑑𝑎𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 96485
𝑐

𝑚𝑜𝑙
 

𝑄 = Charge passed during the bulk electrolysis C 

Equation 8 

In the case of CO2 reduction, using polycrystalline copper as a catalyst with a 0.1 M KHCO3 

electrolyte, the linear sweep on figure 7 a) shows a small peak at –0.6 V. This peak has been 

attributed to the onset of the CO2 reduction.46 If we compare with the selectivity data 

extracted from the chronoamperometry that can be checked in Figure 9 b), this peak 

corresponds to the start of the formation of CO and Formate. On more positive potentials 

than –0.6 V, the catalyst produces mainly hydrogen. The peak of selectivity from both CO 

and Formate is around –0.8 V. Once the –0.8V cathodic bias is surpassed, the current 

increases exponentially and C2 and C2+ products start to appear. As shown before, the 

intermediates CO* and HCOO* are essential for the formation of C2 products. Once the 

system has enough energy to reduce those intermediates before they get desorbed, the 

selectivity toward C2 products increases significantly. At intermediate overpotentials (–0.6 

V to –1.1 V) the HER reaction goes from 80% FE to a 20%. This is because the catalyst’s active 

sites are mostly covered by CO* intermediate and the HER is avoided. However, at more 

negative overpotentials, the hydrogen evolution becomes more prevalent (50% FE at –1.2 

V). This rise in the hydrogen selectivity is because at higher cathodic bias, the surface’s 

energy increases. A high superficial energy causes faster desorption of CO2 and 

intermediates, which avoids its reduction and favours HER.  

As seen In Figure 9 b), at any giving voltage point where there is a substantial production of 

carbon products, there is a wide range of products, being the maximum selectivity to a single 

C product at –1.1 volts with a close to 50% FE for methane on Hori et al. experiments. 

Therefore,  to make the catalysis of the reduction of CO2 economically profitable, it is 

necessary to optimize the selectivity towards an economically attractive product, like 

ethylene, ethanol or C2+ products.11 The peak for ethylene formation at  –1 V has a FE close 

to 30%, but several factors can influence and maximize the FE toward ethylene or any giving 

product. A selection of these factors will be explored in the next section. 
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2.5 Factors that influence the Cu catalyst selectivity 
 

2.5.1 Impact of the crystal structure  
 

The atomic surface of a crystal can be described by the combination of its unit cells, which 

are the smallest repeating unit having the complete symmetry of the crystal structure. These 

unit cells are characteristic of different atomic compositions and depend on various factors 

like the size of the atoms or the bonding energy.  These unit cells can be described using a 

notation called Miller Index. Miller indix use three integers (h k l) to determine a family of 

lattice planes that, in combination with the unit cell structure, allows us to describe the 

atomic surface. 

Pure copper has a Face Centered Cubic (FCC) unit cell55 that can be described as a cube with 

one atom at each corner and one atom at the centre of each plane. The miller index integers 

(hkl) describe the exposed plane of the crystal. An example of the three low miller index 

structures can be found at figure 10.  

   

Figure 10: Representation of the three low miller index on a Face Centered Cubic, image extracted from Karl JJ Mayrhofer Thesis.56 
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Hori et al. described the direct relation between the exposed facets of the Cu catalyst and 

the final product of the catalysis.  In order to show this relation they tested the electrolytic 

cell using an 0.1 molar KHCO3 electrolyte and imposing an electric current of 5 mA and 

measuring its potential on a Cu catalyst with different exposed facets.24 

 

Table 1: selectivity of the different exposed facets of Cu catalyst using 0.1 M KHCO3 electrolyte imposing an electric current of 5 mA, 

table extracted from Nitopi et Al.45 with data from Hori et Al.24 

If we look at the results of  Hori et al. in table 1, for the low miller index planes (100, 110 

and 111) we can see that the facet (100) showed the highest FE toward ethylene with a 

40.4% FE and the lowest selectivity toward H2 with a 6.8%. On the other hand, (111) facet 

and  (110) facets showed a higher tendency to create methane, with 46.3% and 49.5% 

respectively. Furthermore, (110) facets also distinguish themselves for having the higher 

selectivity toward H2 with an 18.8% and having a 0% selectivity toward CO. Therefore, 

maximizing the (100) facets and minimizing (110) should enhance the ethylene production 

while reducing H2 selectivity. 

After electrocatalysis at low overpotential (–0,45 V vs RHE) on a Cu catalyst with (100) 

exposed facets, it is possible to find a low ethylene concentration but zero selectivity toward 

methane.48 According to the work of Calle–Vallejo and Marc Koper,57 the reason for this low 

overpotential selectivity is that on the (100) surface favours the dimerization of CO which is 

the rate depending step for the formation of C2 products. Therefore, this low energy 

pathway toward C2 products does not share intermediates with methane formation, which 

increases the selectivity toward C2 products and reduces it for methane. On the other hand, 

over the (111) facets, the low energy pathway toward C2 products shares intermediate with 

the formation of CH4, which explains the higher selectivity toward methane. 
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2.5.2 Size of the catalyst 
 

The size of the copper catalyst is fundamental for the final selectivity and activity of the 

catalytic reaction. Decreasing the size of the catalyst from the macro to the nanoscale will 

lead to an exponential increase of the surface to volume ratio, which raises the number of 

active sites and the number of the metal ions that are influencing the catalytic process.17,45 

Therefore, if we compare two catalysts of the same volume where the first is a perfect 

sphere and the other one is a combination of nanoscale spheres; the surface area of the 

second catalyst is drastically higher than the first one as shown of figure 11. 

 

 

 

 

 

 

 

 

 

Figure 11: Representation of the increase of surface with the reduction of particle´s volume 

An atom inside a unit cell has a number of ligand donors atoms to which the metal is directly 

bonded and these ligand donors are the nearest neighbours of that atom. The number of 

these ligand donors or nearest neighbours is called the coordination number.31 If the size of 

a particle is decreased, the number of irregularities in its surface increases. These 

irregularities can take the form of kinks, steps or edges (figure 12). Atoms in this location 

have a low coordination number due to the lack of neighbouring atoms. Uncoordinated 

atoms lead to perturbed electronic structures and can lead to an increase in activity due to 

the appearance of dangling bonds. Dangling bonds are unsatisfied valences on a 

immobilized atom.31 These unsatisfied valences are extremely active and increase the 

catalytic activity of the metal. 
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Another aspect of size’s impact on the activity and selectivity of the catalyst is that the 

modification of  the particle size can influence the binding strength of the different 

intermediates with the surface of the catalyst, which would impact the final selectivity of 

the catalyst.58 

 

 

 

Figure 12: Hard sphere model of a metal surface, indicating different irregularities like terrace, step, kink, hole, ad–atom and ad–

atom island. Figure extracted from Farias et al.59 

In the case of the Cu catalyst, there are conflicting results on the relation between size and 

final selectivity. Reske et al. showed that using spherical Cu nanoparticles under 30 nm, the 

catalysis's main product was hydrogen, but larger nanoparticles primarily reduced CO2.60 In 

contrast, Manthiram et al. showed an 80% Faradaic Efficiency toward Methane with 

spherical Cu nanoparticles with a diameter of 7 nm.25 However, directly comparing both 

results would be a mistake as they used different synthesis methods and reaction 

conditions. Moreover, Manthiram et al. NPs tends to combine forming agregations of 25 nm 

diameter under CO2 reduction conditions whereas, Reske et al. nanoparticles remained 

stable during catalysis. 

Loiudice et al. compared copper nanocubes and nanospheres of different sizes using a very 

similar synthesis approach and similar catalysis conditions. They showed that peak 

selectivity toward C2 products was measured for nanocubes with a side 44 nm reaching a 

41% selectivity toward ethylene with a –1.1 V cathodic bias. Moreover, nanoparticles with 

7.5 nm diameter had a selectivity toward Hydrogen of 25% whereas nanoparticles with a 

diameter of 27 nm had a FE of 45% toward H2.22 This trend is the opposite that the one 

founded on the work of Reske et al., which showed that smaller nanoparticles produced 

more H2. 
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Reducing the size of a nanocube increases the proportion of low coordination atoms on the 

edges of the nanocube, these boundaries between the different (100) exposed facets  are 

highly catalytically active due to the higher energy state of its uncoordinated atoms.45 

Loiudice et al. concluded that at 44 nm there is an optimal balance between the number of 

these more chemically active atoms on the grain boundary and the area of the (100) 

exposed facets on the cube’s faces. 

2.5.3 pH and electrolyte 
 

The concentration of Protons (H+) and Hydroxide ions (OH–)  in the solution can affect the 

selectivity of the catalytic reduction of CO2.61  On the anode, during catalysis conditions, 

electrons are transferred to the H2O molecule. This transfer causes the Oxygen Evolution 

Reaction (OER) that splits water into H+ and O2.62 Those protons are transferred towards the 

cathode through the H+ exchange membrane and reacts with the intermediates created by 

the reduction of CO2 to form hydrocarbons.63 The reduction of CO2 and the competitive HER 

produce OH– ions over the catalyst surface.64 

𝐴𝑛𝑜𝑑𝑒:   2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 4𝑒−    (11) 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒:   2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻−    (12) 

Reaction 11–12:  (11) Oxygen Evolution Reaction on the anode and (12) Hydrogen evolution reaction (HER) on the cathode 64 

The generation of OH– by HER and the reduction of CO2 increases the local pH around the 

catalyst´ surface. Meaning, a gradient of concentration of OH– ions at the electrode surface 

is formed. The RHE, whose scale is pH dependant, is considered with respect to the bulk pH. 

This pH gradient, or polarization, causes the RHE overpotential in the proximity of the 

working electrode is usually overestimated61. This difference in the RHE can be significant 

enough so that the bulk voltage is not representative of the true activity of the catalyst. In 

planar polycrystalline copper with a bulk pH of 6.8, the local pH over the catalyst surface 

starts having a significant difference at biases more cathodic than –1V. At this cathodic bias, 

the pH goes from  6.8 to 8.5 and at more negative potentials like –1.15 V, the local pH 

reaches 9.5.65 However, the potential in which the local pH is significant can change 

depending on the surface area, the catalysts geometry  and the bulk´s pH.66 

Moreover, CO2´s concentration also affects the pH of the solutions as CO2 also can work as 

a buffer with a bicarbonate buffering system (Reaction 13).67 A buffer is a solution of a weak 

acid and a weak base that keeps the pH at a nearly constant value despite fluctuations  of 

H+ and OH– ions. Therefore, if there was a high increase on the system´s pH, CO2 would 

neutralize it (Reaction 13), causing a reduction of the concentration of CO2 near the surface 

and thus hampering the CO2 reduction and favouring HER.65  

𝐶𝑂2 + 𝐻2𝑂 ↔ 𝐻2𝐶𝑂3 ↔ 𝐻𝐶𝑂3
− + 𝐻+      (13) 

Reaction 13: Buffering reaction Bicarbonate–CO2 
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During the electrocatalytic reduction of  CO2, CO2 and H+ are the first reactants to be 

consumed and therefore, their concentration and reactivity limit the reaction productivity 

(Limiting reactants). Moreover, the rate of consumption of these limiting reactants is 

linearly dependent on the current density. Increasing current density decrease the reactant 

concentration and once reaching the limiting current density the reactants´ concentration 

is negligible. Therefore the limiting current density is the maximum current density in which 

the reduction can occur and it is dependant on the pH.65 Therefore, the reaction productivity 

can be summarized as a matter of mass transport. Meaning the rate of adsorption of the 

limiting reactants and the electron transfer rate determine the total velocity of the catalytic 

reaction.  

 In a CO2 saturated solution, the maximum limiting current density and the lowest selectivity 

toward H2 are at a pH between 6 and 9 .65 Even though this pH region has a relatively low H+ 

concentration, the limiting rate step is the mass transfer of CO2. This is due to the facilitated 

mass transport of protons by carbonate thanks to the buffer effect of CO2 which can easily 

dissociate to give protons.65  

To maintain a close to neutral bulk pH, most CO2 reduction experiments are performed using 

0.1 M KHCO3 electrolyte with 6.8 pH. Multiple researchers have found that a 0.1 M solution 

was the most efficient for C2 products, especially ethylene, due to its neutral pH and the low 

rate of OH– ions neutralization which raises local pH over the catalyst surface and favours C2 

selectivity.45  Solutions with a higher concentration of KHCO3 show an increase of selectivity 

toward H2 and CH4. According to Kas et Al.68, increasing the concentration of KHCO3 raises 

the pH of the bulk electrolyte, which causes a decrease in the surface pH due to the buffering 

capacity of CO2. A low local pH over the catalyst´s surface favours HER and the production 

of C1 products due to limited CO2 mass transport.65,68 

 

2.5.4 Copper Nanowires as a catalyst 
 

Copper nanowires are a promising structure for the catalytic reduction of CO2. Its structure 

guarantees a very high surface area, and it is possible to control the exposed facets to focus 

the selectivity toward ethylene with Cu (100) facets. Moreover, the structure created by 

nanowires once they are deposited grants the formation of pores. Pores have a higher 

exposed surface area and a limited mass transport between the inside and outside of the 

pore. Due to these characteristics, there is a higher production and concentration of OH– 

ions inside the pores in comparison with the rest of the surface during catalysis. A higher 

concentration of OH– increases the local pH that leads to a better selectivity toward C2 

products.45,65 
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 There are several factors that can influence 

the selectivity of Cu Nanowire catalysts. As 

we can see in Figure 13, using CuO–derived 

Cu Nanowires with different lengths for the 

reduction of CO2, Ma et al.69 discovered a 

direct relationship between the length of 

the NW with the selectivity of the catalyst. 

Longer NWs, 7.3 and 8.1 µm, had  

approximately a 20% FE towards C2H4 

whereas shorter nanowires (e.g. 2 µm) 

produced mainly Hydrogen, CO and 

Formate at –1.1V vs RHE with a 0.1 M 

KHCO3  electrolyte. Even though the ethylene concentration remained similar from the 3 µm 

toward the 8.1 µm, NWs with longer lengths have a higher selectivity towards other C2  

products like ethane (3% FE at 8.1 µm) or ethanol (5% FE at 8.1 µm). 

The formation of C2 products on longer NW is attributed to a favourable  CO coupling on the 

catalyst’s surface due to the high local pH. The increase of the pH is related to the longitude 

of the NW as the longer the nanowires are, the higher is the NW density. This higher density 

is because if you have the same concentration of Cu 

in the same area, but the NWs are longer, the NWs 

will have to pile up to equate the Cu concentration, 

increasing the density and the number of pores. A 

high nanowire density can hamper the mass 

transport of the HCO3
– ions from the bulk 

electrolyte to the catalyst surface and thus limit the 

neutralization of the OH– ions formed on the 

catalyst´s surface, hence incrementing the local pH.  

Facets and grain boundaries also have an impact on the selectivity of the catalyst. For 

example, Yang et al.70 synthesized ultrathin (20 nm) five–fold twinned nanowires (Figure 

14). The nanowires consisted of five exposed (100) facets forming the length on the 

nanowire, with highly energetic grain boundaries between each facet and finalized with a 

spike with five (111) facets. According to the experiments of Hori et al.,24 C2H4 should be the 

main product, as the surface of the nanowires mainly consist of (100) facets. However, Yang 

et Al. found that the main catalytic product was CH4 as the selectivity was dominated by the 

highly active grain boundaries between the (100) facets. Nevertheless, Zhang et Al.27 

synthesized nanowires with this same five–fold structure but with a diameter of 50 nm 

instead of 20 nm. In this diameter range,  (100) facets dominate the selectivity providing a 

60% FE toward C2 products without traces of methane or liquid products (like Formic Acid 

or Ethanol).    

Figure 14: Structure of the five fold twinned nanowire 

from the work of Yang et Al.67 

Figure 13: Faradaic efficiency of Copper NW with different lengths from 

the work of Ma et Al.65 
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2.6  Colloidal synthesis 
 

As shown in section 2.5, the selectivity and activity of the electrocatalytic reduction of CO2 

depend on the catalyst’s shape, surface structure, size, and composition. In order to study 

and control all these factors and to be able to optimize the catalyst, it is necessary a 

synthesis approach that allows the precise tunability of these parameters. Colloidal 

synthesis has been proven to be a great tool for developing nanostructures with highly 

controlled characteristics, such as size and shape, and study its effect on electrocatalysis for 

HER71, Oxygen evolution72 and CO2 reduction.17 

Figure 15: Formation of NPs via reduction of metal salt precursors. Figure extracted from Pachón et A.l73 

Colloidal synthesis is a “bottom–up method” for the formation of nanoparticles, which 

means that the synthesis is started with a precursor molecule that will release metal atoms 

into the solution and then, the metal atoms will nucleate and form the nanostructures.74 

There are different approaches for colloidal syntheses, such as chemical reduction of metal 

salt precursors, electrochemical synthe-

sis or the controlled decomposition of 

organometallics. However, in this 

research we are going to focus only on 

the chemical reduction approach (Figure 

15).74  

Turkevich et al. were the first to describe in 

1956 the mechanism of the chemical 

reduction of a salt precursor for the 

colloidal synthesis of Au nanoparticles as a 

stepwise process of nucleation–growth–

agglomeration.75 For this approach is 

necessary a supersaturated solution of 

Figure  16:Sketch of the relation between the Gibs free energy and 

the radius of the nuclei for the nucleation and growth of a spherical 

precipitate of radius a in a solution with supersaturation ratio S.  
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precursor salt, a reducing agent and the presence of a stabilizing agent (ligands or surfactants). 

A supersaturated solution is a solution that contains more of the maximum amount of solute 

that is able of being dissolved at that temperature.  

The reducing agent reduces the metal ions and releases them into the solution. Spontaneously, 

as isolated ions are highly energetic and unstable, the metal atoms adhere to each other and 

form nuclei. The stability of the nuclei depends on the balance between the high energetic 

atoms on the surface (positive Gibbs free energy) and the stable non–exposed atoms inside the 

nanostructure (negative Gibbs free energy) as shown in figure 16.73,74,76 If the spontaneously 

formed nanoparticles have a radius in which both the positive Gibs energy of the surface and 

the negative gibs energy of the volume are matched the nuclei is stable and can grow adhering 

new metal atoms to the nucleus by diffusion (see Figure 17).  

Figure 17: LaMer–Dinegar growth curve depicting the various stages of monomer generation (I), nucleation (II), and growth 

(III) involved in the solution synthesis. Other processes like aggregation and Ostwald ripening have also been included, which 

can occur during synthesis. Extracted from Ghosh Et Al.76  

The stabilizing agents, or ligands, partially control the growth, stability, and shape of the 

newly formed nanostructures. Ligands are ions or molecules which adhere to an atom 

or the surface of a nucleus and form a coordination complex. Ligands can stabilize 

nanoparticles in different ways, but in this work we are going to focus in the so–called 
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steric stabilization. In steric stabilization, the ligands are large organic molecules that 

adhere to the surface of the nuclei stabilizing the nanoparticle and controlling its grow 

(look figure 18). Ligands control the shape and size of the colloidal nanoparticle due to 

its preferential adhesion facet and its concentration.   

As we can see in figure 17, controlling the 

reaction time is also fundamental during 

colloidal synthesis.76 When monomer´s 

concentration is reduced, and as big NPs 

are more thermodynamically favourable 

that smaller NPS, the later would start to 

dissolve and being absorbed by the bigger 

nanoparticles. This process is called 

Ostwald ripening and it can be observed 

at the tail of the curve in figure 17. 

Ostwald rippening can be favourable as it helps the size focusing of the nanoparticles, 

meaning that as most of the smallest nanoparticles will disappear and be absorbed by 

the bigger colloids, there would be less disparity of sizes. However, if the process 

continues for a longer time there would be an aggregation of particles and the formation 

of bulk macro materials.17,76  

The nanoparticle´s final shape is determined by a thermodynamical balance between 

the temperature, reaction time, and ligand concentration.  A thermodynamically 

controlled product is obtained when a system gets sufficient time to let all of the atoms 

arrive at their final positions to attain the minimum Gibbs free energy for the entire 

system. Under such circumstances, the shape of the nanoparticles is called the 

equilibrium shape, which can be achieved by increasing the temperature of the system 

or giving the reaction sufficiently time to complete.76 High temperature and short 

synthesis time favour the creation of small NP as the high temperature allow the 

stabilization of smaller critical nuclei and the faster Brownian motion of the nuclei and 

the ions allow the rapid growth of a higher number of nanoparticles. Large and highly 

structured nanoparticles as for example nanowires usually need relatively low 

temperatures and long synthesis time. Low temperature increases the size of the critical 

nucleus, which lowers the concentration of growing nuclei favouring fewer and lagerger 

structures and also the low temperature promotes slower and energetically favorable 

growth which causes highly ordered structures. 

The synthesis of Copper Nanowires with exposed (100) facets has been achieved using 

different colloidal synthesis.28,77–79 In order to synthesized copper NW several factors 

have to be examined: 

Figure 18: Steric stabilization of metal NP. Figure 

extracted from  Pachón et Al.
71
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- Salt Source: CuCl has been showed to be 

an efficient salt source for the Cu NW 

formation due to the etching effect of 

the halide ions. During the nucleation, 

twin nanoparticles can be formed. Twin 

particles are nanoparticles with grain 

boundaries that are shifted as segment 

of a crystal in which the crystal lattices 

on each edge are linked across 

imaginary twin plane by mirror 

symmetry (figure 19). These structures if 

not controlled can end up with the 

formation of multifaceted nanoparticles. Introducing halides into the synthesis 

causes the disintegration of these twinned particles. This disintegration is called the 

etching effect. Halides interact with the highly active grain boundaries of the 

twinned structured dissolving them and  allowing the growth of single crystals  and 

therefore, helping the growth of single crystal nanowires.80,81 

 

- Ligand: Oleylamine has a tendency to adsorb over the (100) facets over the (111) 

planes of Cu crystals.70 This is due to the (100) planes being loosely packed, which 

make bulkier surfactants, like oleylamine able to adhere to its surface. Whereas, the 

more closely packed (111) facet offers low surface energy sites for the deposition of 

Cu(0) monomers.82,83 As a consequence, Oleylamine can avoid the adhesion of Cu 

(0) monomers into the (100) facet that would cause an anisotropic growth into the 

(111) direction.  

Using both oleylamine and CuCl with an optimize temperature and synthesis time the 

production of a  Cu nanowire structure with (100) exposed facets should be possible as 

showed in the next section. 

 

 

 

 

 

 

 

 

Figure 19: A twin boundary separating 2 crystallyne 

regions that are mirror of each other. Image extracted 

from the crystalography depparment of MIET 

university. 
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3. Experimental Section 
 

3.1 Chemicals 
 

Colloidal synthesis: 

Oleylamine (Olam) (70%), copper acetate (CuOAc) (97%), copper chloride (CuCl) (99%), 

copper bromide (CuBr) (99%) and Trioctylamine (TOA) (98%) were bought from Sigma 

Aldrich. 1–Octadecene (90%) was bought from Fisher Scientific.   

Solvents: 

Isopropanol (99.5%), hexane (99%), anhydrous methanol (99.8%) and anhydrous 1–

butanol (99.8%) were bought from Sigma Aldrich. 

Electrolyte: 

Potassium bicarbonate (KHCO3) (99.7%) was bought from Sigma Aldrich. 

 

3.2 Colloidal synthesis 
 

3.2.1 Introduction to Schenk line 
 

A Schlenk line, figure 20, allows the atmospheric control of the synthesis due to the gas 
flow management and gas extraction using two separated lines (1). One line is under 
constant nitrogen (N2) flow and the other is connected to a vacuum pump(2). A switch (3) 
allows the change of which channel is connected to a three-neck flask (3) where the 
synthesis is carried out. This connection enables the degassing of the solution under vacuum 
to extract contaminants as water or oxygen. A condenser tube (5) is located between the 
Schlenk line and the three-neck flask to avoid the vacuum pump’s deterioration and the 
removal of valuable components from the synthesis.  Moreover,  A cold trap (6) filled with 
liquid nitrogen is located just before the vacuum pump. 
 
 All syntheses were carried out in the three–neck flask (figure 20 b)). With one of the flask´s 

necks connected to the condenser tube, another neck sealed with a septum (7), which 

allows the extraction and addition of chemical components to the synthesis without oxygen 

contamination, and a third neck connected to a thermocouple (8). The metal thermocouple 

is inserted into a hollow glass tube closed in one side, partially filled with a non–chemically 
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active solvent (1–Octadecene). This glass tube is immersed into the synthesis solution 

whose main solvent is 1–Octadecene. This way, as both heath coefficients, the one from the 

solution and the one from thermocouple, are similar it is possible to control the temperature 

of the solution. Moreover, As the thermocouple is not in direct contact with the solution 

due to the glass tube there is no metal contamination in the solution from the metal 

thermocouple. 

Figure 20: a) Schlenk line connected to a condenser with a double cold trap b) Three Neck flask with a septum and 

thermocouple. 

A) 

(2) 

(1) 

(3) 

(5) 

(6) 

B) 

(4) 

(7) (8) 
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3.2.2 Synthesis of the catalyst 
 

A typical synthesis would consist of the addition of 1 mmol of CuCl (99 mg), 2.5 mmol of TOA 

(1 mL), and 10 mL of 1–octadecene in a 100 mL three-neck flask equipped with a glass stir 

bar.  Moreover, depending on the type of catalyst, a different concentration of oleylamine 

will be added to the colloidal solution. 

To synthesize copper nanowires with a diameter of 30 nm with multi-shaped nanoparticles, 

6 mmol (2.7 mL) of oleylamine will be added to the solution. For 30 nm copper nanowires 

with nanopyramids, 8 mmol of oleylamine (3.6 mL) were added. To produce 40 nm 

nanowires with multi-shaped nanoparticles, 10 mmol (4.5 mL) of oleylamine were added to 

the solution. 

The three-neck flask is connected to a Schenk line, as explained in section 3.2.1, to control 

the reaction atmosphere. The other two necks are sealed by a thermocouple (to control the 

solution´s temperature) and a septum (for adding and extracting materials without oxygen 

contamination). 

Once everything is connected and sealed, the magnetic stirring is initiated, and the gas pump 

is activated.  All the gas is removed from the three-neck flask, and the degassing step is 

started. Degassing is used to extract contaminants like water from the solution by 

evaporation. Bubbles will begin to appear in the solution, therefore, the modification of the 

atmosphere inside the 3–necked flask to vacuum must be done in a stepwise manner to 

avoid the expulsion of the colloidal solution towards the condenser. The solution is kept at 

room temperature until there is no more bubble formation. 

When the bubbling ceases, the temperature is raised to 100o C. During solution´s heating, a 

close monitoring of the bubble formation is needed to avoid the contamination of the 

condenser tube. Once 100o C has been reached, the temperature of the solution is kept 

under vacuum for one hour. During this process, the colour of the solution changed from 

bright blue at room temperature when copper in solution is  Cu+, to a dark red at 70o C as 

copper transition to Cu0 to finally a transparent yellow colour at 100o C when the Cu0 is 

completely dissolved, monoatomic and complexed by Cl– ions.  

After one hour, the flask is filled with nitrogen. The colour of the solution changes from 

transparent yellow to dark red. Once the atmosphere of the solution is nitrogen, the solution 

is heated to 180o C. At 140o  C the solution became transparent yellow again, and 

transformed into red at 165o C.  This color is maintained  until the growth temperature, 180o 

C, was reached. Once 180o C has been achieved, the solution was kept at this temperature 



32 
 

for three hours, during which the colour of the solution turned bright red as the colloidal 

NPs were growing.  

After three hours of growth, the solution was rapidly cooled using an air gun. When the 

solution reached room temperature, the colloidal solution was extracted using a syringe, 

avoiding any oxygen contamination. Next, the extracted liquid was injected into two 40 mL 

vials with a screw cap with a septum and a nitrogen atmosphere. Afterwards, the same 

volume of antisolvent as the extracted colloidal solution and  1 mL of solvent (Hexane) were 

added into the vials. The antisolvent can be isopropanol or a 1:1 proportion of methanol 

and 1–butanol.  

Once the solution In the vial consists of a 1:1 ratio of colloidal solution and antisolvent with 

1 mL of hexane, the vial is centrifuged at 3500 rpm for 5 minutes. After centrifugation, the 

opaque, homogeneous solution inside the vial should have transformed in a two–phase 

solution with a red precipitate at the bottom and a transparent red supernatant. Next, the 

supernatant is extracted inside a glove bow with an inner atmosphere to avoid any 

contamination, and 4 ml of hexane were added to the vial. Finally, the vials were sealed 

using teflon tape to prevent the evaporation of the solvent and stored inside the glovebox. 

3.3   Size selective precipitation 
 

Size–selective precipitation is a common technique used for separating polydisperse 

nanoparticles into fractions with narrower size distributions.84 The colloidal particle’s rate 

of deposition under gravity in a suspension solution depends on several factors, such as the 

size of the nanoparticle, the viscosity of the medium or the buoyancy mass of the 

nanoparticles.85  

𝑓 = 8𝜋ŋ𝑅3                                      (6) 

 

𝑢 =
∆𝑚𝑔

𝑓
=

2

9

(𝛿𝑝 − 𝛿𝑠𝑜𝑙𝑣)

ŋ
𝑅2    (7) 

Where: 

𝑓 = 𝑆𝑡𝑟𝑜𝑘𝑒𝑠 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑁) 

ŋ = 𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 (𝑃𝑎. 𝑠) 

𝑅 = 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (𝑚) 

∆𝑚 = 𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (𝐾𝑔) 

𝛿𝑝 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (
𝐾𝑔

𝑚3
) 

𝛿𝑠𝑜𝑙𝑣 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 (
𝐾𝑔

𝑚3
) 

Equation 6–7 
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As indicated in equation 7, small nanoparticles will remain in suspension longer than larger 

nanoparticles. As the Strokes friction factor (f) of the NP is inversely proportional to its cubic 

radius, the NP´s deposition rate is therefore proportional to the cubic of its radius.  Although 

the equation is for ideal spherical nanoparticles, it can show how with the extreme buoyancy 

mass difference between the nanoparticles and the nanowires the deposition time for the 

latter would be considerably shorter. So, it is possible to use this deposition time difference 

to separate the different types of colloidal nanoparticles. 

 

  

 

 

 

 

 

 

 

As shown in figure 21, after sonicating the colloidal solution of NWs and NPs for an hour, 

leave the suspension static until a two–phase system is formed. The two–phase system 

consists of a solid phase of nanowires deposited at the bottom of the vial and a reddish but 

transparent liquid phase formed by the Hexane and nanoparticles. Remove the liquid phase 

and refill with more Hexane. Repeat the process without sonification 3 times or until the 

liquid is completely transparent after the nanowire deposition. 

3.4 UV–vis Absorption spectroscopy  
 

The absorption spectra were measure using a light source between 400 and 800 nm on a 

UV–Vis Cary–60 from Agilent Technologies. We introduce 0.2 mL of Nanowire colloidal 

solution and 1.8 ml of hexane inside a 2 mL cuvette with a screwcap. To avoid oxygen 

contamination and the possible oxidation and deformation of the colloidal solution all 

samples were prepared inside a glove box with an inert N2 atmosphere and the cuvettes 

were closed with a screwcap. 

 

 

Hexane, nanowires and 

nanoparticles 
Deposition of 

the nanowires 

Extraction of the  

nanoparticles 

Figure 21: Scheme of the Reduction of nanoparticle loading  
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3.5 X–Ray diffraction 
 

XRD measurements were performed on a Bruker D2 Phaser using Co–Kα radiation with a 

wavelength of 1.79026 Å. Scans were performed in the angular range of 40o < 2Θ < 70o, with 

0.5 seconds scanning times and an angle increment of 0.1˚.  

 

3.6 Electrode preparation 
 

The colloidal nanoparticles were deposited onto 1 cm2   square pieces of glassy carbon 

electrodes. To avoid external contamination from the atmosphere and previous 

experiments, it is necessary to clean the glassy carbon electrodes prior to the catalyst 

deposition. First,  the glassy carbon were polished using a polishing powder composed of 5 

µm diamonds. Both sides of the glassy carbon were polished for 30 to 60 seconds. After 

polishing,  the glassy carbon electrodes were submerged in a vial filled with ethanol and 

sonicated for 30 minutes. Next, the ethanol was extracted and the vial was filled with 

acetone and sonicated for 30 minutes. Finally, the acetone was removed and the vial was 

refilled with miliQ water and sonicate for 30 minutes. 

Before the deposition of the catalyst´s nanoparticles, half of the area of both sides of the 

glassy carbon electrodes´ was covered with Teflon tape to guarantee a clean electric contact 

once it is in the electrocatalytic cell. 

The deposition of the catalyst over the glassy carbon electrode was made via drop-casting 

(figure 22).  30 µL of the colloidal solution was deposited over one face of the glassy carbon 

as a droplet inside a glove box with an inert atmosphere. If, after the drop-casting, the entire 

exposed area of the glassy carbon is not entirely covered by the catalyst, repeat the drop-

casting using 5 µL of solution until the surface is all covered. Once the drop-casting is 

finished,  the electrodes remain inside the glovebox overnight to dry the solvent (hexane).86  

 

 

 

 

Figure 22: Scheme of the drop–casting process. 

Dropping Evaporation Dry  

sample 

Glassy Carbon Glassy Carbon Glassy Carbon 
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After drying and before inserting the electrode in the electrocatalytic cell, it is necessary to 

eliminate the ligands excess over the electrode. This excess of ligands reduces the 

conductivity of the electrode and the accessibility of CO2 to the active sites. To eliminate it, 

just before the electrochemical measurements, clean the surface of the glassy carbon using 

a 5 mL syringe filled with electrolyte (0,1 M KHCO3). 

 

 

3.7 Electrochemical measurements 
 

All the electrochemical measurements were performed on a standard three-electrode 

system in a two-compartment H-cell separated by a proton exchange membrane (Nafion 

117, Dupont). with an Ag/AgCl reference electrode and a Platinum (Pt) counter electrode, 

and glass stir in the cathode (see figure 5, Section 2.2). As an electrolyte, a solution of 0.1 

M of KHCO3 in miliQ water has been used for all experiments. 

 To saturate the electrolyte with CO2, a constant gas flow of 20 mL/min has been used on 

the cathode under stirring for 30 minutes.  

The activity measurements were carried out with a constant glass flow of 10 mL/min of CO2 

and a 0.2 mL/min flow of argon under constant stirring. In all samples, the first 

electrochemical experiment has been a linear sweep between 0.3 V and –1.5 V Vs RHE for 

ligand removal and ensuring electrical contact. The second experiment was a 

chronoamperometry where the bias of the working electrode is set constant. All samples 

have been tested in a voltage range of –1.1 V to –1.3 V vs RHE. In voltages less cathodic than   

–1.1 V, close to zero CO2 reduction products were detected and the production was mostly 

H2 in all tested catalyst. 

To examine the gas products created during the catalytic activity, the cell is connected to a 

gas chromatograph. The gas sample is analyzed by the chromatograph in separated 

injections every four minutes and the different products are separated and catalogued in 

peaks by their retention time with the stationary phase of the chromatograph. The area of 

these peaks after calibration gives information about the quantity of product liberated and 

it is possible to deduce its Faradaic efficiency using equation 8, 9 and 10   and considering 

than in standard conditions 1 mol has a volume of 24041 L. 
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𝑝𝑝𝑚 = 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑 𝑆𝐶𝐶𝑀 ∗ 𝑝𝑒𝑎𝑘 𝐴𝑟𝑒𝑎                      (8) 

 

𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑝𝑝𝑚 ∗ 𝐹𝑙𝑜𝑤 ∗ 𝑛𝑒 ∗ 𝐹  𝑥
1 𝑚𝑙

1000 𝐿
𝑥

1min

60 𝑠
𝑥

1 𝑚𝑜𝑙

24041 𝐿
   (9) 

 

𝐹𝐸 =
𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝐶𝑢𝑟𝑟𝑒𝑛𝑡
∗ 100                          (10) 

 

Where: 

𝑝𝑝𝑚 =  𝑃𝑎𝑟𝑡𝑠 𝑝𝑒𝑟 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 

Calibrated SCCM=Standar Cubic Centimeters per Minute, the volumetric flow of the 

product (m3/min) 

𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑎𝑖𝑚𝑒𝑑 𝑡𝑜 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝐴) 

𝑁𝐸 =  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑝𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠) 

𝐹 =  𝐹𝑎𝑟𝑎𝑑𝑎𝑦´𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 96485 (𝐶/𝑚𝑜𝑙) 

𝐹𝑙𝑜𝑤 =  𝐹𝑙𝑜𝑤 𝑜𝑓 𝐶𝑂2 (𝑚𝐿/𝑚𝑖𝑛) 

Equation 8–10 

 

3.8 NMR 
 

In order to determine the liquid product, 1H nuclear magnetic resonance (NMR) 

spectroscopy was used in the water suppression mode. 0.5 mL of electrolyte solution was 

removed after activity and mixed with 0.1 mL of deuterated water (D2O) as the lock solvent. 

As an internal reference, 0.05 µL of dimethyl sulfoxide (DMSO) was employed.  With the 

concentration gathered using NMR it is possible to deduce the average faradaic efficiency 

of the sample using equation 11: 

 

𝐹𝐸 =
(

𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 ∗ 42 ∗ 4.02
𝐶𝑢𝑟𝑟𝑒𝑛𝑡 )

𝑁𝐼
∗ 100     (11) 
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Where: 

Peak area= Area of the NMR’s peak 

Current: Average current of the catalysis (mA) 

NI= Number of injections 

FE= Faradaic efficiency (%) 

     Equation 11 

 

3.9 Raman spectroscopy 
 

Raman spectroscopy is a light scattering technique which allows the characterization of the 

sample during operando conditions, giving us information about the specific vibrations  of 

the molecular bonds on the catalyst surface. 

The sample is immersed in the KHCO3 electrolyte that is supersaturated with CO2 and 

connected to the system via a metallic crocodile. A Platinum counter electrode and an 

Ag/AgCl reference electrode are also submerged in the electrolyte.  The light source, a laser 

of 532 nm wavelength, is aimed to the sample using an 40X optical microscope. 

Two types of tests will be carried out on the catalyst sample. The first test will use a constant 

voltage with –0.4 V and –1.1 V vs RHE for 30 seconds, three times. The other experiment is 

another constant voltage at –1.1 V vs RHE for 30 seconds, three times after doing a cyclic 

voltammetric test between 0.6 and –0.9V with 1 mV steps and a 0.5 seconds pause between 

steps to the catalyst. In both experiments, we will detect all vibrations between the 

frequencies 0 and 2200cm–1. 

 

3.10 Electron microscopy  
 

The imaging of the catalyst pre activity was done using a Transmission Electron Microscope 

(TEM) Thermo Fisher Tecnai 20 and the HRTEM (High Resolution Transmission Electron 

Microscopy) images were done using a TFS Talos F200X. 

The imaging of the catalyst post activity was done using a Secondary Electron Microscope 

(SEM), the TFS Helios Nanolab G3 which is able of  elemental mapping using Energy 

Dispersive X–ray Spectroscopy (EDX).   
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4. Results and discussion 
 

 4.1 Synthesis of the Catalysts 
 

4.1.1 30 nm nanowires with a secondary nucleation of multi–shaped 
nanoparticles  

 

Using a ratio of 1 mmol CuCl, 2.5 mmol of TOA and 6 mmol of Oleylamine with the standard 

synthesis procedure, a colloidal solution of nanowires with a length of several microns and 

a diameter of 29.7±4.3 nm is produced. Along with the nanowires, there is a secondary 

nucleation of nanoparticles with different shapes and a mean diameter of 121.7±13.6 nm 

(Figure 22 and annex B). To determine the size distribution for each type of nanostructure, 

we have measured the sizes of 25 different examples of that nanostructure in different TEM 

images, and we calculated the average diameter and the standard deviation. 

 

 

 

 

 

 

 

 

 

 

There are two types of nanowires in the solution. First, thin nanowires, which are the main 

component of the colloidal solution, with a diameter of approximately 30 nm. They can be 

found principally in clusters or bundles of nanowires. These bundles are formed by several 

nanowires in contact between each other due to the interaction forces between colloidal 

nanoparticles, like Van der Waals forces, and the tendency to reduce the exposed surface 

area. The second type of nanowire are the thick NWs. The size focusing of this type of 

nanowires is much lower than the thin ones and they can have a diameter ranging from 100 

nm to 200 nm. Thick nanowires are found in isolation without forming any type of bundle 

Figure 22: TEM image of 30 nm nanowires with a secondary nucleation of multi–shaped nanoparticles  

B) A

) 
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due to the lower energy of its exposed surface. However, most of the nanoparticles of the 

secondary nucleation can be found around these larger nanowires.  

As shown in the work of Zhang et Al.27, there is going to be a significant disparity between 

the selectivity and activity of the thin nanowires (30 nm) and the thicker nanowires (>100 

nm). However, there are considerably more thin nanowires than thick ones and therefore, 

the total catalyst’s surface area and the active sites will be mainly provided by the thin 

nanowires.  

Focusing on the nanoparticles, in figure 22 b), contrast lines can be found on the surface of 

most of the nanoparticles.  These lines can be attributed to grain boundaries.  

4.1.2 30 nm Nanowires with a secondary nucleation of nanopyramids 
 

Increasing the Oleylamine concentration from 6 to 8 mmol in the standard synthesis does 

not directly impact the diameter of the nanowires. The diameter of the Cu NWs went from 

29.7±4.3 nm to 31.1±5.3 nm, so there is an increase in size, but it is within the standard 

deviation.  Nanowires are also aggregated in bundles and nanoparticles can be found on 

spots with a high concentration of NWs or around NWs with a larger diameter. On the other 

hand, as shown in figure 23 b), increasing the Oleylamine concentration has an impact on 

the size and shape of the secondary nucleation. At first glance, it appears to be two types of 

nanoparticles, nanocubes with an average size of 97.93±13.8 nm and nanoparticles with 

triangular shapes. Both types of nanoparticles show contrast lines that cross their surface 

and that are attributed to grain boundaries. The hypothesis was that both types of 

nanoparticles are the same square-based nanopyramids. The NPs shape difference 

observed in the TEM images are due to the different angles at which the NPs are deposited. 

A) B

) 

Figure 23:  A) :TEM image of 30 nm nanowires with a secondary nucleation of nanopyramids B)  HRTEM image of the nanopyramids 

B) 

1 µm 100 nm 
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An HRTEM analysis of the secondary nucleation is shown in figure 24 and anex. With the 

focus of the HRTEM fixed in a nanocube, the angle of observation has been slightly modified 

to observe different 2-dimensional images of the 3-dimensional nanoparticle.   In 

figure 24 a) the nanoparticle has the shape of a nanocube, in figure 24 b) the shape is 

completely triangular and in figure 24 c) the difference of contrast in the nanoparticle 

implies a pyramidal shape. However, without further analysis, it is impossible to guarantee 

that all the nanocubes or triangular shapes observed in the sample are nanopyramids. The 

difference in the shape and the size of the nanoparticles can be attributed to different angles 

but also to different stages of colloidal growth.  Nevertheless, at least a significant 

percentage of the secondary nucleation would have a nanopyramid shape and therefore 

have an impact on the final selectivity. 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                              

 

 

 

 

 

 

Figure 24: HRTEM images of the same nanoparticle at different angles, showing a) Nanocube b) 

Triangle c) Cone 

100 nm 
100 nm 

100 nm 
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The pyramidal shape of the secondary nucleation is attributed to two different factors. First, 

the increase of ligand concentration, from 6 mmol of Oleylamine to 8 mmol ensures  better 

coverage of the growing secondary nucleation with ligands.  The nanowires of both 

syntheses, 6 mmol of oleylamine and 8 mmol of oleylamine. have the same diameter, similar 

longitudes, and exposed facets (100) and a (111) preferred growth orientation  (see XRD 

analysis in section 4.3.1).  The difference is in the size and structure of the secondary 

nucleation. This means that the amount of Oleylamine that coats the surface of the 

nanowires is relatively the same in both synthesis, and therefore, the excess of ligands in 

the 8 mmol syntheses is interacting with the secondary nucleation. The second factor is that 

Oleylamine can also work as a reducing agent. The increment in the ligand concentration 

can partially reduce the CuCl salt, therefore can provide an increase in the number of critical 

nuclei and a more homogeneous growth. 

4.1.3 40 nm Nanowires with a secondary nucleation  of multi–shaped 
nanoparticles 

 

Increasing the Oleylamine concentration to 10 mmol in the standard synthesis increases the 

size of the nanowires from 30 nm to an average diameter of 40.27±5.31. The size dispersion 

of the NW has risen slightly as the number of thicker nanowires has grown significantly. The 

NWs are no longer clustered into bundles, and if they are aggregated, they can be found in 

clusters of a few nanowires. The smaller agglomeration of NWs increases the exposed 

surface area and, consequently, increases the number of active sites. Also, in some NWs, 

grain boundaries have appeared where the angle of growth of the NW changes, adding 

corner sites (annex D) which create highly catalytically active irregularities over the 

catalyst´s surface (Section 2.5.2).  

Focusing on the secondary nucleation, we can still observe the presence of triangular 

shapes. However, the nanocubes have disappeared from the solution or at least 

considerably reduced their concentration in the explored areas. The triangular shapes and 

the contrast lines of the grain boundaries within the nanoparticles still imply a pyramidal 

structure, but the cubic base has not been encountered on the analyzed samples. It is not 

only the shape dispersion that has drastically increased, but also the size dispersion of the 

NPs with an average size 165±49.5 nm.  
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Furthermore, this secondary nucleation is not as clustered in the nanowires as in the 

previous synthesis(Figure 22  and 23). In the samples with 6 and 8 mmol of oleylamine, 

nanoparticles can only be found adhered to thicker nanowires or to spots with a high 

concentration of NWs. However, in the 10 mmol sample, the NPs are bigger and therefore 

more stable (lower surface energy), thus the NPs aggregation is lower than in the synthesis 

with 6 and 8 mmol of OLAM (figures 23 and 24).   

Oleylamine has a preferential attachment towards (100) however, as shown in the work of 

Huaman et al.,80 when there is a excess of ligand it will start attaching to less preferential 

facets like (110) or even (111), as the proportion between (100) facets and ligands decrease, 

is more thermodynamically favourable to attach to other facets than not attaching.80  As 

more facets are being covered by the ligands, the growth of the NWs can be stopped as the 

oleylamine is covering the (110) and (111) facets, making the NWs shorter and thicker, as 

shown in Huaman et Al., and may be the reason of the change in growth direction inside the 

nanowires.  

 

 

 

 

 

 

Figure 25 : TEM image of 30 nm nanowires with a secondary nucleation of  multi–shaped nanoparticles  

A) B) 

1 µm 500 nm 
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4.2 Size-selective precipitation 
 

Using the size-selective precipitation method, we have reduced the concentration of the 

secondary nucleation loading from the three different catalyst samples.  

 

As shown in figure 26, we have analyzed the extracted liquid from the size-selective 

precipitation using TEM for local imaging and UV–vis spectroscopy. UV-vis absorbance 

experiment has been done on the pristine samples of all catalysts before any size-selective 

Figure 26: A) Absotion spectrum from the extracted liquid during size selective precipitation of the 30 nm NWs with a secondary nucleation of multi–shaped NPs.  

B) ) Absotion spectrum from the extracted liquid during size selective precipitation of the 30 nm NWs with a secondary nucleation of nanopyramids C)  ) 

Absotion spectrum from the extracted liquid during size selective precipitation of the 40 nm NWs with a secondary nucleation of multi–shaped NPs D) TEM 

image of the extracted liquid during size selective precipitation of the 30 nm NWs with a secondary nucleation of multi–shaped NPs  without presence of NWs 

B) A) 

D) 

UV–Absorption of the extracted liquid during size selective precipitation 

30 nm NWs with multi–shaped NPs 30 nm NWs with nanopyramids 

C) 

40 nm NWs with multi–shaped NPs 
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precipitation process has been done (Annex). However, the absorbance experiments of the 

pristine samples are irreproducible as the absorbance of the sample constantly fluctuates 

during our experiments. This fluctuation has been attributed to the fast deposition time of 

the nanowires. Therefore, experiments without diluting the sample in hexane in a cuvette 

for absorption should be done in the future.  However, as shown in figure 26) , even thought 

after size–selective precipitation the NWs still show a fluctuating absorption (annex E), the 

extracted liquid during the process have a clear absorption peak at A) and D) 572 nm and C) 

575 nm which correspond with the absorption peak of Cu nanoparticles. This absorption 

range agrees with the values from the plasmon resonance of Cu nanoparticles (570–590 

nm).87,88,89 Moreover, local analysis of the samples using TEM (figure 26 D) was done in the 

extracted liquid during size–selective precipitation of the 30 nm NWs with multi–shaped 

NPs where only NPs were founded during imaging. Therefore, combining the UV–vis 

absorbance spectroscopy of the extracted liquid during size–selective precipitation and the 

TEM analysis, we can confirm a reduction of the NPs concentration in all samples after the 

size–selective precipitation. 

In figure 27, we can see the local TEM imaging of all catalysts before and after the size–

selective precipitation process. In the case of 30 nm NW with multi–shaped NPs , and 30 nm 

NWs with nanopyramids, we can observe that the nanowires bundles have dispersed. Most 

nanowires were found in isolation or in small groups of nanowires, exposing a larger surface 

area. The concentration of nanoparticles has visibly decreased, at least in the analyzed area, 

and they are distributed more evenly throughout the sample. It is possible to still find 

agglomerates of nanoparticles, but most of them are distributed over the thicker nanowires.  

In the case of 40 nm nanowires (figure 27 E),F)), the difference in the secondary nucleation 

concentration between the pristine and reduced loading samples is significantly more 

evident than in the other two catalysts samples. Agglomerations of nanoparticles have 

decreased in the analyzed area, and most nanowires can be encountered in isolation.  

The repetition of the cleaning process has not shown a distinctly change in the concentration 

of nanoparticles, and the concentration of NPs founded on the extracted liquid were almost 

negligible. More experiments should be done in the future aiming for the complete 

extraction of the secondary nucleation. The electrophoresis technique could be a possible 

approach for separating the nanowires and the secondary nucleation. Electrophoresis 

allows the nanoparticles´ separation by their migration velocity inside a gel medium in an 

electric field.90 
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30 nm Nanowires with nanopyramids 

30 nm Nanowires with multi–shaped nanoparticles  

40 nm Nanowires with multi–shaped nanoparticles  

Pristine Reduced loading 

Pristine Reduced loading 

Pristine Reduced loading A) B) 

C) D) 

E) F) 

Figure 27: TEM images of A) Pristine sample and B) Reduced Loading sample of 30 nm nanowires with multi–shaped 

nanoparticless. C) Pristine sample and D) Reduced Loading sample of 30 nm Nanowires with nanopyramids. E) Pristine 

sample and F) Reduced Loading sample of 40 nm nanowires with multi–shaped nanoparticles 

2 µm 2 µm 

2 µm 2 µm 

2 µm 1 µm 
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4.3 Characterization preactivity 
 

4.3.1 XRD 
 

 In figure 28 it is showed the normalized XRD diffractogram of the pristine samples of the 

40 nm NWs with multi-shaped NPs, the 30 nm NWs with nanopyramids and the 30 nm 

NWs with multi-shaped NPs.  

 

Cu (111) 

Cu (200) 

Cu2O 

Figure 28: A) normalized XRD spectrum of the pristine samples of the 40 nm NWs with multi–shaped NPs, the 30 nm NWs with nanopyramids and the 30 

nm NWs with multi–shaped NPs. B) Growth mechamisn  

40 nm NWs with multi-shaped NPs 

30 nm NW with nanopyramids 

30 nm NWs with multi-shaped NPs 

A)) 

(111) preferential 

Growth 

(100) exposed facets 
B)) 
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Three reflections appear on all catalyst samples. One reflection on around 45o, which 

corresponds to the (111) plane of the copper cell, around 53o which corresponds to the (200) 

facet of the copper  cell and one close to 40o which corresponds with Cu2O.16,91,92 

The XRD pattern confirms a face-centered cubic structure for the nanoparticles and the 

nanowires with a (200) inter-planar distance.27,70 The growth of the NWs in the (111) 

direction will produced (as seen in figure 28 B)) the exposition of the (100) facets over the 

NWs surface until the tip of the NW where we could find (111) facets. However, the NPs as 

the growth in the (111) direction is shorter, most of its exposed facets would be (111) with 

(100) grain boundaries. 

The maximum of the reflections for the 30 nm NWs with multi-shaped NPs and the 30 nm 

NWs with nanopyramids are located in the same 2𝜃 angle. Moreover the reflection of the 

catalyst with nanopyramids is wider than the one with multi-shaped NPs . According to the 

Debye-Scherrer formula, shown in equation 12, there is an inverse relation between the 

reflection´s width and the NPs average size. 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
     (12) 

Where: 

𝐷 = 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑠𝑖𝑧𝑒 (𝑛𝑚) 

𝜆 = 𝑋 − 𝑟𝑎𝑦 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔ℎ𝑡 (0.1790 𝑛𝑚) 

𝛽 =  𝑓𝑢𝑙𝑙 𝑤𝑖𝑑𝑡ℎ 𝑎𝑡 ℎ𝑎𝑙𝑓 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 

𝜃 = 𝐴𝑛𝑔𝑙𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛   

According to equation 12 the average size of the 30 nm NWs with multi-shaped 

nanoparticles is 85.7 nm  and the average size of the 30 nm NWs with nanopyramids is 47.8. 

This confirms what was shown in the TEM images of figure 24 and 25 that even though the 

size of the NWs is similar (30 nm) the NPs of the 30 nm NWs with multi-shaped nanoparticles 

are bigger than the nanopyramids. Meanwhile, for the 40 nm nws and multishaped NPs the 

average size of the NPs is 93.6, which is lower than expected as the NWs are approximately 

40 nm and the average size of the measured NPs is 60 nm bigger than for the 30 nm NWs 

with multishaped NPs. However, this could be as TEM is local and the measurement on the 

NWs and NPs size is approximated. 

The (111)/(200) proportion of the 30 nm NWs with nanopyramids and 40 nm NWs with 

multi-shaped NPs is lower than for the 30 nm NWs with multi-shaped NPs. This would 

indicate that the concentration of (200) interplanar distances is slightly lower for the 30 nm 

NWs with multi-shaped NPs which means that there is a lower concentration of NWs in 

comparison with NPs in the the 30 nm NWs with multi-shaped NPs. XRD experiments have 

to be done in the future using the reduced loading sample of the different catalyst to see 
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how (111)/(200) proportion changes. This was not possible during our research due to 

volume of sample limitations. 

However, the copper catalyst is not pure metallic. All three samples have peak at 40o that 

correspond with the Cu2O. Therefore, the catalysts are partially oxidized. The most probable 

cause of the catalyst oxidation is that the catalyst were exposed to air during the sample 

preparation and during the XRD analysis.  Nevertheless, the intensity of this peak is 

considerably lower than the (111) and (200) peak in all samples, which would indicate a low 

CuO2 concentration 

 

4.3.2 Sample after drop casting 
 

Figure 29 shows how the 30 nm NWs with multi-shaped NPs catalyst is distributed over the 

glassy carbon after the drop-casting and drying. In figure 29 A) it is possible to see that the 

catalyst covers the glassy carbon in a primarily homogeneous way. There are spots on the 

glassy carbon electrode with a lower catalyst´s concentration or even without any catalyst 

however, most of the surface is entirely coated by the colloidal nanostructures.  

C) D) 

A) 

Figure 29:  SEM images at different magnification of the 30 nm NWs with multi–shaped NPs  catalyst after drop casting over the glassy carbon 

A) B) 

C) D) 

20 µm 

1 µm 

400 µm 

5 µm 
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Increasing the magnification in the SEM (Figure 29 B) C) D)), it is possible to observe that 

the nanowires conform a 3D structure due to the stacking of the NWs, creating a porous 

structure. The nanoparticles can be found surrounding the nanowires or aggregated in some 

of these pores. The NWs conserve the bundle structure that we were able to see in the TEM 

images before the drop casting.  

 

Figure 30:  SEM images at different amplitudes of the 40 nm NW with a secondary nucleation of NP with multiple shapes   catalyst 

after drop casting over the glassy carbon 

5 µm 

1 µm 



50 
 

In figure 30, we can see the 40 nm NWs with multi–shaped NPs catalyst over the glassy 

carbon after drop casting. The catalyst was spread similarly over the support as in the 

electrode shown in figure 29. The nanowires can be found individually or also aggregated in 

smaller bundles than in the 30 nm NWs catalysts. However,  in contrast to the 30 nm 

NWs´sample shown in figure 29,  in figure 30 rather than the NPs being found surrounding 

the NWs or in pores created by the NWs accumulation, the NPs can be found in clusters that 

can completely cover the NWs in that area avoiding the adsorption of CO2 over the NWs. 

Therefore, a phase–segregated system is created, where instead of having a mix of NWs  

and NPs over the electrode´s surface,  the NPs and  NWs are founded separately.  

Using EDX we were able to do an elemental mapping of catalyst over the electrode to 

analyze the distribution of copper, oxygen and if we can find any contamination. In figure 

31 the EDX elemental analysis of the pristine sample of 30 nm NW with a secondary 

nucleation of multi–shaped NPs catalyst is shown. The phase fraction for each product 

encountered in this area of the catalyst is 65.9% of copper, 17,2% of oxygen and 16.9% of 

carbon. 

The elemental mapping use a color code to show the areas of the catalyst where the 

electron beam generate an x–ray radiation characteristic from certain element. In figure 31, 

Cu is represented with blue, O by green and C oby orange.  The catalyst support is glassy 

carbon, which explains the apparition of this element in the EDX elemental analysis. 

However, we can not discard that the presence of carbon could also be due to 

contamination of the electrode with the polishing powder used during the cleaning as it is 

made of 5 µm diamonds.  Carbon has a similar phase fraction as oxygen over the catalyst´s 

surface and inspecting figure 31 B) and C) where the location of both elements is exposed, 

most of the oxygen is located in the same areas where the carbon is visible and dark areas 

are exposed in the fraction where the NWs would be located. However, the carbon is located 

in areas with also a high concentration of Cu NPs. Therefore, most of the oxygen is located 

over the glassy carbon and the nanoparticle which would suggest that the oxide 

contamination founded in the XRD analysis (section 4.3.1) could affect principally the NPs 

and not the NWs. XRD and EDX analysis was attempted only to the NPs, however it was not 

possible due to the very low signal emitted by the sample with XRD and the very high 

dilution of the NPs made impossible the sample preparation with high concentration for 

SEM .  
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A) 

Figure 31:  EDX mapping of the pristine sample of 30 nm NW with a secondary nucleation of multi–shaped NPs. A) Elemental mapping including the Cu and O 

elements. B) Elemental mapping of Oxygen. C) Elemental mapping of C 
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4.4 Electrochemical Performance and 
characterization post syhtesis 
 

  4.4.1 30 nm nanowires and multi–shaped nanoparticles  
 

 

 

 

 

 

 

 

 

In figure 32, it is represented the average faradaic efficiency for each specific carbon product 

during the last 10 injections (40 minutes) of the CO2  electrocatalysis using 30 nm NWs and 

multiple shape NPs as a catalyst. Figure 32 A) is the pristine sample and figure 32 B) is the 

reduced loading sample. The rest of the FE of the catalytic reaction not represented in this 

table goes towards  HER  producing H2. Experiments have been done at voltages less 

cathodic than –1.1V (at –1 V and –1.05 V); however, no product was detected. 

Comparing both samples, it is possible to observe that the graphs follow a similar pattern. 

At –1.1V Vs RHE, both the CO and Ethylene have a comparable efficiency in the pristine and 

the reduced loading samples. At –1.2 V, a minimum is found for the FE of both catalysts, 

being the efficiency of the reduced loading sample less than 0.01% for all possible C 

products. Finally, at –1.3 V, both samples have a peak of ethylene production that exceeds 

30%, being the pristine sample the one with the higher FE of all the tested catalyst with a 

41.9%. Furthermore, at this overpotential, it is possible to observe liquid product (measured 

using NMR) in the form of Formic Acid in both catalysts.  

The total Faradaic Efficiency for carbon products at –1.1 V is higher for the reduced loading 

sample with 26.7% than the 18.9% originating from the pristine sample. Yet, at –1.3 V, the 

pristine sample (64.9%) surpasses the reduced loading (54.3%)total FE toward carbon 

products.  At –1.3 V, the pristine sample has a higher FE toward all the carbon products 

except for CO. Therefore, at –1.3 V, the reduced loading sample is producing CO* 

intermediate but is detached from the catalyst before it continues its reduction methane or 

Pristine sample Reduced loading sample 

Figure  32: Average FE toward Carbon products from the last 10 injections from the catalyst formed by 30 nm nanowire and multiple 

shapes nanoparticles A) Pristine sample and B) Reduced Loading sample  

A) B) 
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C2 products. However, the pristine sample is able to maintain the CO* intermediate and 

continue its reduction toward ethylene. 

The maximum FE towards ethylene in the experiments with polycrystalline Cu of Hori et al.13 

and Kuhl et al.46 was 28%. However, the overpotential needed to arrive at this FE was –1.1 

V, whereas the 30 nm NW with multi–shaped NPs had an ethylene´s FE of 11.8% in both the 

pristine and the reduced loading sample.  Moreover, in the experiments with polycrystalline 

Cu, at more cathodic bias than –1 V and in the maximum FE toward ethylene,  the presence 

of CO is less than 5%. However, in figure 32 B) at –1.3 V, there is a maximum toward CO 

production with a 13.8%.  

If we compare the selectivity of the electrocatalytic reduction of CO2 of the 30 nm NWs with 

multi-shaped  NPs from figure 32 with other Cu NWs catalysis experiments, we can notice 

several things.  Comparing with the Cu NWs without (100) exposed facets from Ma et al.69, 

the main product in CH4 and their peak for ethylene production is 12% at –0.9 V vs RHE, 

much lower than the maximum for both the pristine and the reduced loading sample in 

figure 32, however Ma et al. reaches this maximum with a much less cathodic bias. 

Comparing it with the 20 nm 5–fold NWs with (100) exposed facets from Yifan et al.78, the 

primary product is also CH4, and the ethylene´s peak is 10% at –1.25 V. This high selectivity 

towards methane was attributed to the edge sites of the five–fold twinned NWs. This edge 

sited are degraded with time under experimental conditions the FE shifts from methane to 

ethylene a 10%.78 However, when Zhang et al.93 used NWs with the same 5–fold twinned 

structure with (100) exposed facets but with a diameter of 50 nm, the FE towards ethylene 

was  35% at –1.1 V and with a 25% toward ethane. Nevertheless, the electrocatalysis 

experiment of Zhang et al.93 differs from our set up as they used CO instead of CO2, which 

favours C2 production.57 Therefore, even though more overpotential is needed to reach 

maximum FE for the 30 nm NWs with multi–shaped NPs,  the maximum selectivity toward 

ethylene is higher than is most other examples. Activity experiments using CO should be 

done in the future to all NWs and NPs catalyst to be able to compare in the same catalysis 

conditions. 

The presence of the nanoparticles together with the 30 nm nanowires seems to impact the 

reduction capacity of the catalyst directly. At –1.3 V, the total faradaic efficiency is higher 

for the pristine sample (64.91%)  than for the reduced loading sample (53.9%). The reduced 

loading sample has a lower tendency towards CH4 and C2H4 but higher for CO. CO is the key 

intermediate for C2 products and methane, as shown in figure 7 from Birdja et al.50. 

Therefore, if more CO is produced as a final product, it means that the binding strength for 

the CO* intermediate with the catalyst surface is lower in the reduced loading sample which 

avoids its reduction toward C2 products.  

In figure 31 we can see that there is a high selectivity toward methane at –1.3 V in both the 

pristine and the reduced loading sample with a 13.3% and a 7.8% respectively. Yifan et al.78 

also had a high selecticity towards CH4 with their 20 nm 5–fold NWs with (100) exposed 
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facets. However, in Yifan et al. experiments, this high selectivity is attributed to the active 

corner sites of the NWs, even more,  according to  Yang et Al.70, grain boundaries between 

(100) facets tends to increase the FE toward methane. As the NPs have a higher number of 

grain boundaries, (as they are not perfectly spherical) and there is a higher production of 

methane in the pristine sample than in the reduced loading sample there is a high chance 

of the NPs being responsible for the selectivity towards methane. However, experiments 

using only the NPs for catalysis should be done to confirm this hypothesis.  

In the case of –1.2 V, the pristine sample has more reduction power than the reduced 

loading one. At –1.2 V, there is a minimum of activity from both samples, but even though 

the reduced loading sample is below the detection limit of the chromatograph, for the 

pristine sample, it has a total FE toward Carbon products of 7.25%. The hypothesis is that 

the NPs are catalytically active at –1.2V whereas the nanowires have a minimum of activity 

at this voltage, which could imply that to activate the NW catalyst, it is necessary to arrive 

to more cathodic bias than –1.2 V. Nevertheless, the NPs can catalyze the CO2 reduction at 

–1.1V and –1.2V. This hypothesis is reinforced with the zero selectivity toward CO2 in bias 

less cathodic than  –1.1 V which in comparison with the work of Raciti et al. and of Zhang et 

al.93 with Cu NWs catalyst with (100) facets where their maximum FE toward ethylene was 

at –1.0 V and –1.1 V respectively. The first suspect for this minimum at –1.2 V and low 

activity at less cathodic bias was mass transfer limitations where the CO2 was not able to 

reach the surface of the catalyst due to the high concentration of OH– ions typical of the 

nanowires catalyst45,63,65. However, according to the work of Raciti et al.94, mass transfer 

limitation in nanowires is predominant in voltages more positive than –0.5 V and more 

negative than –1.2 V and in figure 31 the maximum is at –1.3 V therefore discarding mass 

transport limitations as the cause of the high voltage needed to activate the catalyst. The 

next possibility is the presence of ligands over the surface of the catalyst that are not  

eliminated from the surface of the NWs until reaching high negative potentials. Raman 

spectroscopy was done  for the 30 nm NWs with nanopyramids (section 4.4.2) where a 

partial elimination of the oleylamine ligands where detected, however, no other organic 

species where found in the electrolyte after activity using NMR, which could imply that the 

organic species are completely reduce to CO2 and N2 and other gas species, or that most of 

the ligands are still attached to the surface during activity. The lack of  ligand removal could 

explain the low current density shown in figure 32.   

In figure 32 we can observe the ethylene detected by the chromatograph in each injection 

of a catalysis experiment for the pristine and the reduced loading sample with a voltage of  

–1.3 V. In addition, the current intensity and average current of the experiments are also 

exposed against time. Looking at the current  in both samples, it can be noticed that there 

is a shift in current towards more positive values in the first minute of activity. There are 

two possible reasons for this change. The first reason is the removal of the ligands by 

reduction of the organic species due to the negative bias applied to the catalyst, which 

increases the conductivity of the copper nanowires. The second reason could be a surface 
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reconstruction due to the negative bias, as it happens in the work of Yifan et al.78 where the 

highly active grain boundaries that produced CH4 where eliminated and the selectivity 

transitioned toward a higher ethylene production. This hypothesis is supported by the 

constant increase of current ethylene production in the pristine sample shown in figure 32 

A). In the reduced loading sample (Figure 32 b)) the current is more stable and the maximun 

FE toward ethylene is reached sooner and is lower than for the pristine sample, as the 

reduced loading sample has less nanoparticles than the pristine one therefore it suggest 

that the reconstruction can be found mainly in the NPs. To confirm this theory XRD 

experiments have been done in the samples after catalysis, however the sign received was 

too low to make any conclusion due to the lost of material that we will analyze in figure 33. 

Another possibility is the migration of the NPs during catalysis conditions over the surface´s 

catalyst. A negative current could cause the migration and aggregate between themselves 

and the NWs.  An example of this phenomenom can be see in the work of  Manthiram et 

al.25 where their 7 nm Cu NPs aggregate during operando conditions forming 25 nm 

nanostructures. This hypothesis is supported by the sem imaging post activity at -1.3 V in 

figure 33. In figure 33 we can see a high catalyst material loss and how the NPs are 

aggregated over the catalyst surface. This aggregation could also explain the increase in time 

of the FE of ethylene as it approaches the NPs and the NWs, which facilitates the transfer of 

intermediates between structures. 

It is possible to observe a sudden current change in figure 32 B) from –1.5 mA to –2.75 mA. 

This was due to the manual elimination of a  CO2  bubble over of the membrane´s surface 

by gently leaning the cell.  

The average current for the pristine sample during the catalysis is approximately –2.25 mA 

and for the reduce loading sample is –2.1 mA.  A low current causes mass transport 

limitations as the number of electrons that are available in the active sites to be transferred 

to the species for catalysis is reduced.  If we compared it with the bulk copper sample from 

the work of Kuhl et al.46 in Figure 10 A), the current is significantly lower for the copper 

nanowires using the same electrolyte. Bulk copper at –1.2 V vs RHE reached a current of –

18 mA, 9 times higher than the 30 nm copper nanowires at –1.3 V. Multiple reasons can be 

attributed to this difference. The presence of ligands, organic material, over the catalyst 

surface can significantly reduce the conductivity of the nanowires.  Moreover, the need for 

a glassy carbon support for the catalyst could also affect the final conductivity, as in the 

experiment of Hori et Al. there were no need for support. Even more, as shown in figure 33, 

there is a loss in material after catalyst which exposes the glassy carbon and can also reduce 

the conductivity of the catalyst. Finally, due to contact with air during catalysis there can be 

a partial reduction of the copper catalyst to Cu2 which has been observed in the XRD 

experiments (section 4.3.1) and Ramam spectroscopy (section 4.4.2) would also lower the 

conductivity. The more negative current that we can find in the pristine sample can be 

explained by the higher number of nanoparticles making contact between the nanowires 

and helping to conduct the electrons. 
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Ethylene FE and current for 30 nm NW and multi–shaped NPs at  –1.3 V 

Pristine Sample 

Reduced Loading Sample 

Figure 32:  FE evolution of the Ethylene production against time during an activity experiment at –1.3 V  using  30 nm NWs  and multiple shape NPs as a catalyst 

and the current, and average current against time during the catalytic activity. 
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The pristine sample had a stable FE toward ethylene during the almost two hours of the 

experiments, reaching a 30% FE at 30 minutes and a 38% at 110 minutes. The current is 

stable for most of the experiment however, after 80 minutes, it starts to drift towards a 

more positive value slowly. In the case of the reduced loading sample, after the initial 

current shift, the current is stable for the duration of all the experiment, with the exception 

of the buble removal.  This stability indicates a lower surface reconstruction of the catalyst, 

which also imply that the principal nanostructure affected by the reconstruction are the 

multi-shaped NPs and not the NWs. 

In the future, for all samples experiments to determine the ECSA (Electrochemical surface 

area)  should be done. ECSA is the area of the electrode material that is accessible to the 

electrolyte that is used for charge transfer and/or storage.95 Analyzing and comparing the 

ECSA from the different catalyst and its reduced loading counterpart will gave valuable 

information about the number of active sites available for catalysis and a better explaination 

of the low conductivity of the catalyst. 

Figure 33 A) shows the 30 nm NWs with multi-shaped NPs catalyst after a 2 hours activity 

at –1.3 V vs RHE. At first glance it is possible to notice that compared with the pre activity 

sample (figure 29) there is a loss of material, probably dissolved in the electrolyte, which 

exposes the glassy carbon support. However, glassy carbon during catalysis produces H2, 

but hydrogen production  constantly diminish during the experiments which indicates that 

most probably the material loss happens in the early stages of the experiment which would 

also partially explain the low current in figure 32. This loss of material does not occur at less 

negative potentials like –1.1 V, –1.2 V (Annex). Which would imply that the activation of the 

catalyst at higher overpotentials and the restructuration of the catalyst causes the material 

loss. 

Most of the 3D structure has disappeared, the number of pores radically decreased, and all 

the NPs can be encountered around the NWs in a much lower concentration. Measuring the 

nanowires, we can observe that the diameter stayed roughly the same from 29.7±4.3 nm to 

31.8±7.3 nm, which  falls within the size standard deviation. Moreover, the nanoparticles 

went from 121.7±13.6 nm to 110.01±19,25 nm, which also falls into the standard deviation 

therefore, is it also roughly the same diameter. The low to none variation of the NP and NW 

sizes, suggest that  if there is a surface reconstruction it does not affect the NWs and NPs 

width and that the catalyst´s exposure to air does not completely oxidaze the sample, or at 

least just form a thin layer of oxide over the NWs and/or the NPs. Moreover, on the EDX 

mapping (figure 33 B) and C)) the oxygen can be seen mostly covering the exposed surface 

of the support and  over the NPs, leaving empty spaces where the NWs are situated. The 

location of the oxygen would suggest that if there is any oxidation it principally affects the 

NPs. However, to be able to confirm the lack of oxidation of the nanowires, it would be 

necessary to perform XRD analysis after catalysis. But, as explained before, due to the loss 
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of material during activity, all XRD experiment done after catalysis gave as a result a signal 

too low to be able to give any definitive conclusion. 

 A possible alternative for XRD would be electron difraction during electron microscopy. 

The resulting difraction pattern after the interaction between the electrons and the 

crystaline (or not) structures of the catalyst after activity would inform us of the crystalyne 

state of the sample. 
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Figure 33:  A) SEM image of the 30 nm NW with multi–shaped nanoparticles catalyst after 2 hours of activity at –1.3 V vs RHE. B) EDX mapping of the Cu 

element on the same area of the catalyst (green). C)  EDX mapping of the O element on the same area of the catalyst (red) 
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The proposed mechanism for the formation of ethylene over the 30 nm NWs with multi-

shaped nanoparticles to explain the FE reflected at –1.3 V in figure 31 is exposed in figure 

34.  

Figure 34: Reduction pathway mechanism for the reduction of CO over the the 30 nm NWs with multi–shaped nanoparticles catalyst 

In figure 34 we have represented how in A the CO2 is adsorbed over the NPs surface to be 

reduced into the CO* intermediate (B). Once CO* is created over the NPs surface it can 

desorp to release CO into the electrolyte or be reduced over the NPs to form CH4 (C). 

However, the CO* can also be transferred to the NW surface where also CO2 is being adorbed 

(D) and be reduced to ethylene and methane (E). 

 

4.4.2 30 nm nanowires and nanopyramids 
 

 

 

 

 

 

 

 

 

In the case of 30 nm NW with nanopyramids, the total FE for carbon products (figure 35)  is 

notably higher for the pristine sample at –1.1 V (22,3%) and –1.2 V (23,1%) than for the 

reduced loading sample, being  6.9% at –1.1V and 19.5% at –1.2V. This indicates an increase 

A B 

C 

D E 

Figure 35: Average FE toward Carbon products from the last 10 injections from the catalyst formed by 30 nm nanowire and 

nanopyramids A) Pristine sample and B) Reduced Loading sample  

Reduced loading sample Pristine sample A

) 

B) 
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in the catalyst´s reducing power when there is a higher concentration of NPs, which is 

specially reflected in the ethylene production. At – 1.1 V and –1.2 V  the pristine sample FE 

toward ethylene (7.5% and 10.1% respectively) is three times higher than in the reduced 

loading sample (2.4% and 3.02%). At –1.3 V, the higher reducing power of the pristine 

sample is still present, with a higher selectivity toward ethylene even though the total FE for 

Carbon products is slightly higher for the reduced loading sample (39.4%) than for the 

pristine sample (36%). 

Liquid products appear for both samples at all the different voltages in the form of formic 

acid. If we look at the trend, in the case of the pristine sample, the maximum is at –1.2 V 

with a 12.9%, and a minimum at –1.3 V with 3.9%. However, for the reduced loading sample 

the both –1.2 V and1–.3 V have the same FE towards formic acid (12.9%).  

The catalyst formed by 30 nm NW and multiple shape NPs did not produce formic acid 

except at –1.3V, therefore as the size and exposed facets of the NWs are the same, the 

nanopyramids must produce the formic acid. Moreover, the lower production of ethylene 

in figure 35 than in figure 31 must also be correlated with the nanopyramids. 

According to recent literature, high production of formic acid during the electrocatalytic 

reduction of CO2 has been attributed to highly oxidized Cu catalyst96,68 and to a high surface 

area due to a porous Cu structure caused by mass transport limitations and a high local pH.63 

The best example is the work of Guo et al.97 with a FE toward formic acid of 80% with a 

highly porous dendritic Cu structure. However, the 30 nm nanowires are not highly oxidized 

pre-activity, as showed in section 4.3.1, or post-activity as showed in figure 37. Moreover, 

experiments have to be done to determine the ECSA, but as the 30 nm NWs and NPs of the 

30 nm NWs with multi-shaped NPs (figure 31) and the 30 nm NWs with nanopyramids  

(Figure 35), are similizar in size and in XRD structure there is little reason to believe that the 

ECSA would be different enough to justified the high difference in the final product, however 

ECSA experiments should be done in the future to confirm this hypothesis. 

Another factor that favours the production of formic acid is the presence of (111) exposed 

facets.24 Liu et al.98 tested the selectivity during CO2 reduction of pyramidal Cu 

nanostructures with exposed (111) facets to compare it with the selectivity of the same Cu 

structure doped with Ag. Similarly to the 30 nm NWs with nanopyramids, in Liu et al.  

nanopyramids, there is a high FE towards formic acid between –1.0 V to –1.3V with a 

maximum FE of 19% at –1.1V.  However, the selectivity towards ethylene in the same range 

is close to zero and the FE toward methane is aproximately  50%, whereas in figure 35, the 

30 nm NWs with nanopyramids, there is less than 2% FE toward methane and a maximum 

of 25.7% towards ethylene.  

As shown in figure 7 from Birdja et al.,50 the lower energy path toward methane and C2 

products originate from the CO* intermediate, however formic acid, is produced after  COH* 

and COOH*. During electrocatalysis, Cu (111) facets produce more  COH* and COOH*  
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intermediates than (100) and (110) facets.99 COH* and COOH*   are transformed mainly in C1 

products like methane and formic acid.99 Therefore, as the catalyst is not oxidated, and the 

surface area is probably not extremely different than in the 30 nm NWs with multi–shaped 

NPs the most probably hypothesis for the higher tendency toward formic acid is that the 

nanopyramid´s exposed facets are (111). However, XRD or diffraction pattern with HR-TEM 

of exclusively the nanopyramids is necessary to confirm it. 

However, as shown in the work of Hori et al.24 and the Cu nanopyramids of Liu et al.,98 (111) 

facets also produces a very low selectivity towards ethylene and a high selectivity toward 

methane, whereas in figure 35 the FE toward CH4 is lower than 2%. Opposite to C2 products, 

methane can be formed by CO* intermediate and COOH*, but the lowest energy path is 

through the CO* intermediate.99 In figure 35 the C2 production is higher in all the voltage 

range for the pristine sample than at the reduced loading sample with similar values of FE 

towards CO. Therefore, we know that the production of CO* intermediate is higher at the 

pristine sample in all the bias range, however most of this CO* intermediate is reduced to C2 

products instead than to methane or released as CO. This would suggest that the 

nanopyramid both produce the COOH* intermediate (which would become formic acid) and 

the CO* intermediate, that without the presence of NWs would become methane, however 

the CO* is transferred to the Cu NWs and reduced to ethylene. Electrocatalytic test using 

only the Cu nanopyramids as catalyst should be done in the future to see if there is an 

increase in the methane production to confirm this hypothesis.  The proposed mechanism 

of the electrocatalytic reduction of CO2 over the 30 nm NWs with nanopyramids can be seen 

in figure 36. 

Figure 36: Reduction pathway mechanism for the reduction of CO2 over the  30 nm NWs with nanopyramids catalyst 
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In figure 36 we propose that the CO2 gets adsorbed over the nanopyramids surface (A) and 

there are two pathways. In path A, CO2 is transformed into COOH* (B) and them converted 

mainly into formic acid (C). In path B, CO2 is transformed into the CO* intermediate (D) and 

them it can be released in the form of CO (E) or the CO* is adsorbed over the NWs surface 

at the same time as CO2 and then transformed into ethylene. 

In figure 37 it is possible to see that in the pristine sample the C2H4 production  has an slow 

but constant increase in the FE during the full duration of the experiment. Being the 

maximum FE toward Ethylene 26.7% at the 28th injection (112 minutes). The experiment 

had to be stopped due to time constrains, however, even though the FE keeps increasing 

the rate of growth was beginning to slow down. Focusing on the current of the pristine 

sample, we can observe that even if the current was constantly changing with many 

different peaks, the average current is relatively stable.  After the first few minutes of ligand 

reduction and surface reconstruction, the current goes from –3.1 mA to –3.3 mA, and them 

gradually move toward the –3.1 mA again in a steady pace for 40 minutes. The –3.1 mA will 

be maintained with slight variations, until the forced end of the experiment.  

If we compare the ethylene FE evolution of the pristine  30 nm NWs with nanopyramids 

sample (figure 37 A)) with the pristine sample of 30 nm NWs with multi-shaped NPs in figure 

32 A), we can see that with the multi-shaped NPs the current is more stable and the FE 

towards ethylene growth slows down just after 60 minutes. Moreover, if we compare the 

pristine sample of 30 nm NWs  with nanopyramids with its  reduced loading sample, we can 

observe that the current is significantly more stable during the full duration of the 

experiment. In the work of Yifan et al.78, using 20 nm 5–fold NWs with (100) exposed facets, 

they attributed the 10% shift on the FE between methane to ethylene after 20 minutes of 

activity to the surface reconstruction of the edge sites of the NWs. With the 30 nm NWs 

with multi-shaped NPs (figure 32) and with pyramids (figure 37) there is aso a shift in 

ethylene production, this shift is in both cases more pronounced in the pristine sample than 

in the reduced loading sample and the current is more stable in both cases in the reduced 

loading sample than in the pristine sample. All these factors support the hypothesis that 

there is a surface reconstruction during catalysis conditions that principally affects the 

nanoparticles, multi-shaped and nanopyramids. The more pronounced shift in ethylene 

production and the lower current stability in the pristine samples than the reduced loading 

samples indicate that this surface reconstruction maily occurs in the NPs as the pristine 

sample has a higher concentration of NPs. Moreover, In the work of Yifan et al.78 the surface 

reconstruction affects the surface's edge sites. Due to its structure, the nanopyramids have 

high concentrations of this edge sites, which would explain why the surface reconstruction 

of the 30 nm NWs with nanopyramids takes longer than in the catalyst with multi-shaped 

NPs  as it keeps shifthing towards ethylene production after 100 minutes of activity. 

However, XRD experiments have to be done post catalysis to proof the surface 

reconstruction. As in the case of the 30 nm NWs with multi-shaped NPs, after catalysis there 

is a loss of the 30 nm NWs with nanopyramids catalyst over the electrode´s surface which  
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Ethylene FE and current for 30 nm NW with Nanopyramids at  –1.3 V 

Pristine Sample 

Reduced Loading Sample 

Figure 37:  FE evolution of the Ethylene production against time during an activity experiment at –1.3 V  using  30 nm NWs  and nanopyramid as 

a catalyst and the current, and average current against time during the catalytic activity. 



64 
 

lowers the XRD signal and avoids the peak identification. However, SEM images have been 

taken after catalysis at -1.3 V vs RHE (figure 38). In figure 38 and annex C is possible to see 

that  the NPs and NWs have not been destroyed and most of the NPs conserve a triangular 

shape, however is not possible to have definitive conclusion about its exposed facets and 

edge sites. 

 

The current jump in figure 37 B) from –1.2 mA to –1.8 mA  is attributed to the elimination 

of gas bubbles formed around the cell´s membrane. These bubbles are created due to the 

accumulation of the added CO2 or gas product adsorbed over the membrane's surface. They 

affect the current as they change the electrolyte volume inside the catalytic cell, changing 

the volume of contact between the electrode and the electrolyte. Moreover, we can 

observe, as in the 30 nm NWs with multi-shaped NPs figure 31, there is also an increment 

in the negative current at the beginning which rapidly shifts towards more positive values. 

This shifts in current are attributed to an increment in the conductivity due to the reduction 

of the ligands, the lost of catalyst material over the electrodes surface (figure 39 and annex) 

which lowers the conductivity and to the surface reconstruction. 

500 nm 

Figure 38: SEM image of the 30 nm NWs with nanopyramids catalyst after 120 min of activity at -1.3 V vs RHE 
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In figure 38 A) it is shown the catalyst 30 nm NW with a secondary nucleation of 

nanopyramids after a 2 hour activity experiment at –1.3 V vs RHE. In this sample, there is 

also a considerable loss of material. The size of the NP and the NW are respectively 34,3±7.8 

nm and 87.29±16,43, whereas, in the pre-activity sample it was respectively 31.1±5.3 nm 

and 97.93±13.8. Both types of nanoparticles are still on the standard deviation  which 

implies that there is not a growth of the catalyst during activity. On the EDX elemental 

analysis, we can see that there is a Silicon (Si) contamination over the catalyst, and most of 

the oxygen that is encountered in the sample is on the Si. The source of this contamination 

is believed to be a cross-contamination on the polishing station of a polishing powder 

composed of SiO2 microspheres, which would explain the high content of oxygen over the 

SI. There has been research that have used SiO2 and Cu to produce methanol during the 

electrocatalytic reduction of CO2, however, for the SiO2 to interact with the CO2 is necessary 

high temperature conditions with no activity reported under 170o C.100 Therefore no 

influence of the SIO2 is expected under our catalysis conditions. 

 

25 µm 

25 µm 20 µm 

Figure 39:  A) SEM image of the 30 nm NW nanopyramids catalyst after 2 hours of activity at –1.3 V vs RHE. B) Superposition of the EDX mappings of 

the Cu element, O element and Si element on the same area of the catalyst. C) EDX mappings of the O element on the same area of the catalyst .  
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In order to analyze the surface oxidation and the intermediates created during the 

electrocatalysis, Raman spectroscopy has been performed over the 30 nm NWs with 

nanopyramids surface. Raman is ideal as it allows the in situ characterization of the sample 

during catalytic conditions showing the bond vibration of the intermediate adsorbed over 

the catalyst surface and the oxidation of the sample. 

Two Raman experiments were performed on the 30 nm NW nanopyramids catalyst.  Figure 

40 A)  shows the different vibrations produced by the catalyst at –0.4 V vs RHE for 30 

seconds.  Between 0 and 750 cm–1, it is possible to clearly distinguish three frequency peaks 

at 153, 209, and 409 cm–1. These peaks correspond approximately to the vibrations of 

Cu2O.101 The Cu2O presence was expected due to the XRD analysis in section 4.3.1 and it is 

attributed to the catalyst being exposed to air during Raman and XRD analysis. 

Two peaks can be found at 520  and 605 cm-1  which do not correspond to any Cu or C 

vibration. This vibrations corresponds to the SiO2 sample contamination that is shown in 

figure 39.102 

Below 750 cm–1 two more peaks can be encountered at 270 cm–1 and 348 cm–1. The intensity 

of these two peaks compared to the background noise is lower than in the other 5 peaks, 

therefore they could be a false peak. However, these frequencies correspond to the Cu–CO 

vibrations modes, being 270 cm–1  the frustrated rotational mode of CO, and the 348 cm-1 

the Cu−CO stretch vibration. Moreover, if we look at 2100 cm–1, another small peak appear 

which correspond to the intramolecular CO stretching.47,103 The peaks are relatively low, and 

there is very low selectivity towards C products for the 30 nm NWs with nanopyramids at 

bias less cathodic than -1.1 V. Therefore, it is possible that  the CO intermediate can be found 

at the surface of the catalyst at low negative overpotentials (–0.4V vs RHE), however it not 

possible to assure it. 

Between the frequencies of  750 cm–1 and 1750 cm–1 a series of peaks can be seen that 

correspond to the vibrations of the ligand, oleylamine.104 The presence of the ligand over 

the surface would be expected, as there has not been any negative bias applied to the 

surface or any other process that could eliminate the oleylamine from the catalyst surface. 

However, between the oleylamine peaks, we can encounter a specially predominant peak 

at 1065 cm–1 that is approximately the vibration frequency of carbonate (CO3
–).103 The 

presence of carbonate over the catalyst surface is expected as the electrolyte is 0.1 M 

KHCO3. 
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Figure 40: Raman scattering signal from the  30 nm NW with a secondary nucleation of nanopyramid catalyst. A) Signal after 30 seconds at 

-0.4 V Vs RHE before the Current Voltage experiments. B) Signal after 30 seconds at -1.1 V Vs RHE before the Current Voltage experiments 
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After the experiment at –0.4 V vs RHE for 30 seconds, 9 cycles of a cyclic-voltametry between 

0.55 V to –0.9 V vs RHE were done to the same catalyst sample. After 112 minutes of activity 

the voltage was set at  –1.1 V for 30 seconds, and all the vibrations were recorded in figure 

40 b).  

In figure 40 b) all the vibration peaks that correspond to oleylamine have considerably 

decreased. Therefore, it is proven that after 112 minutes of CV  between 0.55 V to –0.9 V vs 

RHE  on the catalyst, there is a particial reduction of  the oleylamine ligands from the surface. 

There are still vibration peaks that correspond to Cu2O at 160, 215 and 530 cm-1 even though 

there is a high cathodic bias.  The oxygen presence could be attributed to the formation of 

an oxide layer at anodic bias during the CV perfomed previously to this experiment. 

Moreover,  the SiO2 vibration are still present over the catalyst surface. 

Due to the more cathodic bias, as we can already produce ethylene at -1.1 V, we can see the 

Cu-CO vibration at 290 and 372 cm-1 with a much higher intensity than at figure 40 A). 

However, the vibration at 2100 cm-1 can not be found.  

Finally, a new vibration peak appears at 701 cm-1 which corresponds to the CO2-  vibration. 

According to the bibliography is a possible intermediate for the creation of HCOO* and, 

therefore, explain the selectivity toward formic acid of the 30 nm NWs with nanopyramids 

catalyst.103  

 

4.4.3 40 nm nanowires and multiple shapes nanoparticles 

 

 

 

 

 

 

 

 

 

40 nm NW with multiple shape NPs is the most catalytically active sample from all the 

catalyst tested. This is proved in figure 41 that shows a 75.67% and a 77.66% FE toward C 

products at –1.3V for both the pristine and the Reduced loading samples. However, both 

samples have a minimum of activity at –1.1 V, where the only product that could be found 

Figure 41: Average FE toward Carbon products from the last 10 injections from the catalyst formed by 40 nm nanowire and multiple 

shapes of nanoparticles A) Pristine sample and B) Reduced Loading sample  

A) Reduced loading sample Pristine sample B) 
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was formic acid on the pristine sample. No selectivity towards CO, ethylene or methane was 

found for neither the pristine and the reduced loading sample even after several attempts. 

The current during all -1.1 V experiments was lower than -1 mA and stable.  The FE for liquid 

product in the pristine sample implies that the formic acid is mainly produced by the NPs, 

as the reduced loading sample has low concentration of NPs even in comparison with the 

reduced loading samples of the other catalysts. Therefore, if the reduced loading sample, 

composed almost exclusively of nanowires, does not produce any Carbon product at –1.1V, 

the difference with the pristine sample has to be attributed to the NPs. Moreover, the high 

selectivity of the sample toward methane, with a maximum at -1.3 V of 31.4% with the 

pristine sample could be explained by high density of (111) facets as shown in the work of 

Hori et al.24  Moreover, as showed in the review performed by Zhao et al.105, there is a direct 

correlation between the increase in size of the Cu NPs with a higher tendency to create 

methane and ethylene.   

At –1.2 V, the pristine sample produces mainly formic acid with a 25.3% FE meanwhile, the 

main product for the reduced loading sample is ethylene with a 24%. The principal 

component of the reduced loading sample are nanowires, which implies that the major 

producer of ethylene are the NWs. As shown in the work of Zhang et a.l25 the diameter of 

the NW has a great impact on the FE toward ethylene. Thicker nanowires with a diameter 

of 50 nm are 8 times more efficient for C2 products than 20 nm NW due to a an increase of 

the proportion area of (100) facets against the edge sites of the 5-fold NWs. Therefore, as 

the pristine sample has a higher proportion of NP and a very low FE towards ethylene (3.3%), 

we can conclude that the larger NPs are much more catalytically active than the NWs in the 

pristine sample at –1.2 V. The lack of activity at –1.1 V and the low activity of the NWs at –

1.3 V imply that the catalyst need a high cathodic bias to be activated, even more cathodic 

than for both 30 nm NWs catalyst (Figure 31 and 35). Adding the low conductivity of the 

sample (less than -1 mA at -1.1 V)  and that this catalyst is the one with the higher 

concentration of ligands during synthesis (10 mmol), suggest that the excess of ligand over 

the catalyst surface blocks the active sites of the catalyst at lower cathodic bias. Raman 

spectroscopy should be done over the 40 nm NWs with multi-shaped NPs to analyze the 

ligand removal.  

At –1.3 V there is no liquid product in any of the samples. In the pristine sample, methane 

went from 0.93% at –1.2V to a, 30 times higher, 30.54%, and the ethylene went from 3.32% 

to  34.66%. On the other hand, the ethylene reached a FE of 40.43% for the reduced loading 

sample and methane went to 28.82%. According to Nie et al.99 over the (111) surface, the 

top product at lower overpotentials is formic acid; however, at more cathodic bias the FE 

shifts from HCOOH to methane. This process would explain how at -1.2V in the pristine 

sample, formic acid is the main product with a 25.3% and at -1.3 V the methane production 

is over 30%. However, XRD experiments have to be done to only the NPs to  be able to proof 

the (111) exposed facets or electron diffraction with HRTEM. 
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In the case of 40 nm NWs with multi–shaped NPs it seems that there is no increase in the 

reduction power of the catalyst with a higher concentration of nanoparticles. The reason 

can be attributed to different size of the nanoparticle, but also to the lack of intermediate 

tranfer between NPs and NWs.The size of the NPs is linked with the surface´s binding energy 

to different intermediate, which is the reason than according to Zhao et al.105 larger 

nanoparticle had a higher tendency to create C2 products and methane. A higher adsorption 

of CO* over the surface allows the reduction of the intermediate in the same NP to methane 

and avoid its tranfer towards the NWs. Therefore, intermediates created on the NPs would 

not be able to continue their reduction toward ethylene over the NWs. Hence, we see the 

final product as not the synergy between two types of nanostructures but the sum of the 

products catalysed by two different catalyst phases. Nanoparticles with (111) facets mainly 

produce C1 products and nanowires that mainly produce ethylene, as shown in the proposed 

mechanism in figure 42. 

 

 

Figure 42: Reduction pathway mechanism for the reduction of CO over the the 30 nm NWs with multi–shaped nanoparticles catalyst 
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In figure 42 is shown how CO2 (A) can adhere to the NP (B) and be reduced to the COOH* 

intermediate. If there is a low cathodic bias  (-1.1 V or -1.2 V) the COOH* intermediate 

becomes formic acid. However, if the cathodic bias is -1.3 V, the COOH* becomes CO* and 

them methane. Alternatively, CO2 can adhere to the nanowire and be reduced to CO* 

intermediate (C). If the overpotential is -1.1 there will be no product (F), however if the 

overpotential is -1.2 or -1.3 CO* would be reduced to ethylene.  

As we can observe in figure 43, the current and thus, the average current of both samples 

is stable except for a drastic change produced by the elimination of gas bubbles formed 

close to the cell´s membrane. A differentiating characteristic of the 40 nm NW with irregular 

shape NP catalyst in comparison with the 30 nm NWs is that the current is more negative 

for the reduced loading sample than the pristine one. 

Moreover, there is no current increase at the beginning of the experiment in neither the 

pristine sample or the reduced loading sample. The average current over the full experiment 

is stable with the exception of the two jumps in currents caused by the elimination of gas 

bubbles over the membrane´s surface. Even more, the growth of FE towards ethylene rises 

rapidly and it slows down at 30 minutes in both samples, whereas for the 30 nm NWs the 

growth of the ethylene FE does not slow down until at least an hour. This differentiating 

characteristic could be attributed to two reasons. First, lack of reduction of the ligands over 

the catalyst surface which would also explain the low conductivity of the sample. Second, 

minor to no surface reconstruction. In the 30 nm NWs, we attributed the surface 

reconstruction to the elimination of edge sites and the migration of the NPs. In the 40 nm 

NWs with multi-shaped NPs the NWs and NPs are considerably larger than in both the other 

catalysts. The surface energy of the edge sites of larger nanoparticles is lower than in smaller 

nanoparticles and, therefore, more stables. In combination with the lower current during 

catalysis and the lower removal of ligands over the catalyst´s surface is reasonable that the 

40 nm NWs with multi-shaped NPs is more resistant to surface reconstruction. 
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Ethylene FE and current for 40 nm NW with irregular shape NP  –1.3 V 

Pristine Sample 

Reduced Loading Sample 

Figure 43:  FE evolution of the Ethylene production against time during an activity experiment at –1.3 V  using  30 nm NWs  and multiple shape NPs 

as a catalyst and the current, and average current against time during the catalytic activity. 
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In the case of the 40 nm NWs with a secondary nucleation of multi–shaped NPs, there is 

also a considerable loss of material in comparison with the sample pre-activity (figure 30 

section 4.3.2). Most of the aggregation of NPs have disappeared into the electrolyte and the 

NWs can be found individually without forming any time of bundle (see figure 44 A)). 

However, as seen in figure 42, the current is stable during all catalysis and the selectivity 

towards C product increases over time, therefore the loss of material has to be immediate 

at the beginning of the experiment. 

The size of the nanowires and the NP are respectively 45.74±13.22 nm and 153.1±53.6 nm. 

Both sizes are inside the standard deviation of the pre activity sample which are 40.27±5.31 

nm and  165±49.5 nm respectively. On the EDX mapping, silicon contamination can be found 

over the electrode, which is attributed, as in the case of the 30 nm NWs with nanopyramids, 

to the SiO2 polish powder used in the electrode preparation. As in the 30 nm NWs with 

nanopyramids catalyst, most of the oxygen is located over the silicon or the exposed glassy 

carbon, figure 44 A) and B). Therefore, as in the 30 nm NWs catalysts, it seems as the 

oxidation of the catalyst that we could see in the XRD analysis is principally located on the 

NPs and there is not a clear oxidation of the catalyst due to be exposed to air during activity 

for SEM analysis. However, HRTEM imaging should be done in the future to the catalyst 

sample after activity in order to identify the exposed facets of the surface in both the NWs 

and NPs and measuring the lattice distance of the exposed facets, it should be possible to 

determine if it is Cu0 or it is oxidated as the crystal lattice depends on the element and its 

oxidation state. 
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Figure 44:  A) SEM image of the 40 nm NWs  with multi-shaped NPs catalyst after 2 hours of activity at –1.3 V vs RHE. B) Superposition of the EDX 

mappings of the Cu element, O element and Si element on the same area of the catalyst. C) EDX mappings of the O element on the same area of 

the catalyst .  
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4.7 Comparison of the electrocatalytic performance 
between the different catalysts at –1.3 V vs RHE 
 

Table 2: Electrocatalytic performance of the different catalyst. 

In a general review of Table 2, we can see that the three different catalysts have several 

things in common at -1.3 V vs RHE.  

The main product of all catalysts is ethylene, and the presence of C2 product is between 3 

(Pristine sample of 30 nm NW with multi-shaped NPs) to 0.8 times (Pristine 40 nm NW with 

multi-shaped NPs) higher than C1 products. During the experiments of Hori et al.13 and Kuhl 

et al. 46., the maximum efficiency toward ethylene using polycrystalline Cu is 24% and with 

a high FE toward methane, CO, Formate and ethanol. The preferential growth presented in 

all catalyst samples in the (111) direction with (200) interplanar distance shown in the XRD 

analysis in section 4.3.1 support the idea that the exposed facets over the NWs surface is 

(100). In combination with the proven characteristic of the high selectivity toward ethylene 

of the Cu (100) exposed facets24 we can conclude that all catalyst nanowires have (100) 

exposed facets which favour the selectivity towards ethylene 

Another factor they have in common is the need for higher negative overpotentials to 

produce a high FE toward ethylene.  During the experiments of Hori et al.13 and Kuhl et al46 

with polycrystalline copper,  the maximum FE towards ethylene when using bulk Copper can 

be found at –1.1 V vs RHE. Whereas in the NWs catalysts, a potential of –1.3 V vs RHE is 

needed to be able to surpass 25% FE. The closest one being the reduced loading sample of 

40 nm NW with a 24% at –1.2V. Even more, the current of all samples,  with a maximum of 

–3,07 mA and a minimum of –1.77 mA at –1.3 V, is signinifcantly lower than from  bulk 

copper, which exceeds –18 mA at –1.2 V in the experiments of  Kuhl et al.46    This low current 

 
 

Catalyst 

 
 

Sample 

 
Average 
current 

(mA) 

 
Number of 
injections/ 

time 

FE toward 
ethylene 

during the 
last 10 

injections 

Total FE 
toward 
Carbon 

products 

  
FE C2 

products /FE 
C1 products    

30 nm NWs 
with multi-
shaped NPs 

Pristine –2.33 29 (116 min) 41.9% 64.9% 3.2 

Reduced 
Loading 

–2.17 20 (80 min) 32.2% 54.3% 1.5 

30 nm NWs 
with 

Nanopyramids 

Pristine –3.07 29(126 min) 25.7% 36% 2.5 

Reduced 
Loading 

–1.8 20 (80 min) 20.3% 39.4% 1.1 

40 nm NW 
with multi-
shaped NPs 

Pristine –1.77 16 (64 min) 34.7% 76,7% 0.8 

Reduced 
Loading 

–2.12 21(84 min) 40.4% 78.3% 1.7 
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could be due the presence of organic compounds (the ligands) over the catalyst surface. 

According Raman experiments performed over the 30 nm NWs with nanopyramids (figure 

40 section 4.4.2) the ligands are partially removed due to the negative potentials. However, 

no organic molecules have been found in any of the  NMR analyssis of the catalyst after 

activity which could mean that a majority of the ligands resist reduction during activity. A 

better process of elimination of the ligands could be key for lowering the overpotential 

needed and increasing the exposed surface area. The dielectric barrier discharge plasma 

treatment, which eliminates the organic compounds using plasma, is a promising technique 

for future ligand removal experiments.106 

Comparing the catalyst composed by the 30 nm NWs with multi-shaped NPs and the 30 nm 

NWs with nanopyramids, we can see that in both cases, the presence of NPs significantly 

enhances the production of ethylene. In the pristine 30 nm NWs with multi-shaped NPs, the 

ethylene production triplicates (3.2) the production of C1 products, but in the reduced 

loading sample, the production of C2 products is only 1.5 times higher than C1 products. 

However, in both the pristine and the reduced loading sample, the C1 production remains 

similar with a 22% and a 22.1% respectively, being the main product CO. On the other hand, 

the 30 nm NWs with nanopyramids produced 2.5 times more ethylene in the pristine sample 

than C1 but it is a 1:1 proportion at the reduced loading sample  being the main C1 product 

formic acid. Both catalysts have a similar XRD pattern and NW diameter. Therefore, the 

difference in FE has to be attributed to the different structure of the NPs. The (111) 

preferential growth causes that the sides of the nanopyramids have (111) exposed facets as 

seen in figure 45. Exposed (111) facets and experiments done with Cu nanopyramids with 

(111) facets show a high FE towards CH4 and formic acid.24,98 However, in the 30 nm NWs 

with nanopyramids there is a low FE toward methane. Methane share the same 

intermediate as ethylene which is CO*, however formic acid is formed through the COOH* 

intermediate that instead of being reduced to CO* desorps the surface of the catalyst (see 

the proposed reaction mechanism in figure 36). The conclusion is that the CO* intermediate 

that would produce  methane in the nanopyramids is being transferred to the (100) facets 

of the NWs and reduced toward ethylene. However, if we reduce the NPs concentration the 

interparticular distance increases and the intermediate transfer is reduced difficulting the 

reduction of COOH* to CO* to ethylene. Therefore, the difference between the 30 nm NWs 

with nanopyramids and the 30 nm NWs with multi-shaped NPs that justified the high 

selectivity of the pristine sample towards ethylene, is that in the multi-shaped NPs there is 

no COOH* to CO* step as the multi-shaped NPs don´t produce formic acid but they do have 

a higher FE towards CO and methane (see the proposed reaction mechanism in  figure 34). 

Thus, the limiting step is the transfer capacity of the  CO* intermediates from the NPs 

towards the NWs, which justified the increase of CO production on the reduced loading 

sample. 
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Figure 45: Surface structure of the Cu Nanopyramids 

In the case of 40 nm NWs with multi-shaped NPs, we can observe that the trend is the 

opposite for the catalysts with 30 nm NWs. The FE towards ethylene is higher for the 

reduced loading sample (40.4%) than the pristine sample (34.7%). Moreover, the rate 

between C2 products/ C1 products is also the opposite of that with 30 nm NWs. In the pristine 

sample there are more C1 products than C2 with a proportion C2/C1 proportion of 0.8. 

Meanwhile, the reduced loading sample produces 1.7 times more C2 products. Even more, 

at –1.2V, using the pristine sample, the main product is Formic acid (25,25%) with only a 

3,32% FE toward ethylene. Nevertheless, the reduce loading sample has 15,16% for Formic 

Acid but 23,96% for Ethylene. Consequentially, we can infer that the NPs not only do not 

increase the FE towards ethylene of the NWs, but they decreased the reduction power of 

the catalyst. However, the pristine sample of the 40 nm NWs with multi-shaped NPs is the 

second highest producer of ethylene with a 40.4% only behind the pristine sample 30 nm 

NWs with multi-shaped NPs (41.9%). Therefore, if the NPs reduced the ethylene selectivity 

but the sample still produced 40% of ethylene we can conclude that 40 nm NWs have a 

higher selectivity toward ethylene than 30 nm NWs which is consistent with the research of 

Zhang et Al.27 who showed how 50 nm NWs had a considerably higher selectivity toward 

ethylene than the 25 nm NWs. In the 40 nm NWs with multi-shaped NPs the size of the NPs 

is 165±49.5 nm whereas for the 30 nm NWs with multi-shaped NPs is 121.7±13.6. According 

to Zhao et al.105 the increase in size of the NPs favours the production of methane and 

ethylene. The hypothesis is that the larger size of the NPs increases the adsorption energy 

of the CO* intermediate over the NPs surface, which avoids its transfer to the NWs. 

Therefore the NPs lowers the FE of the NWs toward ethylene limiting its access to CO2 as 

there is a competing adsorption reaction of the CO2 over the NPs and NWs´ surface as 

proposed in the reaction mechanism shown in figure 42. 

 

(111) Preferential 

growth 

(111) exposedl 

facets 
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Regarding the stability of the catalyst, Both the pristine samples of the catalysts composed 

of 30 nm NW and a secondary nucleation (multi–shaped or nanopyramids) were able to 

operate for 29 injections (116 minutes). However, there was a constant growth of the 

ethylene FE during the full experiment even though there is a considerable loss in catalyst 

material over the electrode surface after catalysis. Even more, in the pristines sample there 

is a slow shift towards less negative currents during the experiments even with the increase 

in ethylene. Whereas the reduced loading counterpart of the 30 nm NWs and multi-shaped 

NPs and the 30 nm NWs with nanopyramids, have a stable current during the full experiment 

and a slower and lower growth of ethylene production. These results indicates that the loss 

of material has to be immediate once the experiment commences and therefore does not 

affect negatively to the current or FE during the experiment, and that there is surface 

deformation during catalysis that favours the production of C1 products. NWs and NPs are 

still present after catalysis as seen in the post-activity characterization in figure 33 and 39. 

Therefore the reconstruction is not creating bulk copper. In the work of Yifan et al.78, During 

the electrocatalytic reduction of CO2 using using 20 nm 5–fold NWs with (100) exposed 

facets, they attributed the 10% shift on the FE between methane to ethylene after 20 

minutes of activity to the surface reconstruction of the edge sites of the NWs. Therefore a 

possibility is that the shift in current and FE towards ethylene is due to the elimination of 

the edge sites during catalysis that affects principally the NPs, which would explain the 

stability of the reduced loading samples. However, XRD analysis or HRTEM imaging have to 

be done to the post catalysis sample measuring the exposed facets of the NPs and the NWs 

to be able to assure this. Another explanation could be the migration of the NPs over the 

catalyst surface over the electrode towards the NWs under catalysis conditions, reducing 

the inter-particle distance and favouring the exchange of intermediates between NPs and 

NWs. In figure 33 we can see that all the NPs of the 30 nm NWs with multi-shaped NPs are 

found forming clusters around the NWs. However, in the case of the nanopyramids in figure 

39 the NPs are more evely distributed no definitive assessment can be done.  

The pristine catalysis experiment of the  40 nm NWs with multi-shaped NPs pristine sample 

was stopped only after 16 injections (64 minutes). The current of the 40 nm NWs is more 

stable than the current of the 30 nm NWs samples and the ethylene growth stabilizes after 

30 minutes whereas with the 30 nm NWs it takes longer than an hour. This suggest that 

there is no, or at least a low, catalyst´s surface reconstruction. The larger size of the NPs and 

the NWs or the higher concentration of ligands attached to the surface (during catalysis, the 

40 nm NWs use the highest concentration of Oleylamine, 10 mmol) could be the reason to 

the higher resistance of the surface to change its structure. 
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5. Conclusion and Outlook 
 

The catalyst synthesized during our research had a secondary nucleation. Due to this 

condition, we proposed to answer the following questions: 

- Do the nanoparticles present in the nanowire catalyst enhance the FE towards 

ethylene of the nanowires? 

After reducing the nanoparticle loading using the size-selective precipitation method, we 

compared the electrocatalytic performance of each catalyst with its reduced loading 

version. This showed that the 30 nm NWs catalysts had a higher reduction power for CO2 

than the catalyst with lower nanoparticle concentration. The pristine sample of the 30 nm 

NWs catalysts had a higher FE toward Carbon products and significantly higher toward 

ethylene. However, it was also shown that the shape of the nanoparticles had a significant 

impact on the final product. Nanopyramids had a higher tendency to create the formic acid 

the multi-shaped nanoparticles had a higher tendency to catalyse CO*, therefore, the 30 nm 

NWs with multi-shaped NPs had a higher FE toward ethylene 

Nevertheless, as seen for the 40 nm NWs catalyst, the NPs can also reduce the FE towards 

ethylene. The reduced loading sample of the 40 nm NWs with multi-shaped NPs have a 

higher FE toward ethylene than the pristine sample. Therefore, the presence of NPs on the 

pristine sample diminishes its reduction power. The reason is the CO2´s competitive 

adsorption reaction over the NPs and the NWs, limiting the availability of CO2 for its 

reduction to ethylene over the NWs surface. 

Consequently, during this research we have demonstrated there is a strong impact in the 

final selectivity of the nanowires due to the presence of nanoparticles.  

To further understand the synergy between nanowires and nanoparticles, it will be 

necessary to research the intermediates formed on the catalyst surface at –1.3 V to the 

three different catalysts. Raman spectroscopy was done over the 30 nm NWs with 

nanopyramids catalyst at –1.3 V, however the excess bubbling produced during the 

electrocatalysis made it impossible to detect the Raman scattering vibrations. The Raman 

spectroscopy over the 30 nm NWs with nanopyramids showed two vibration modes of the 

CO intermediate and presence of CO2- which is considered an intermediate of HCOO*.103 

HCOO* produces formic acid that is the main product of the 30 nm NW with nanopyramids 

at -1.1 V.  Comparing the peaks at -1.1 V, -1.2 V and -1.3 V would help understand the FE 

evolution and the state of the surface catalyst at operando conditions. 

Moreover, we were not able to completely remove the nanoparticle loading from the 

catalyst sample. If we could analyse the FE carbon products of the NWs in isolation and the 

NPs in isolation, it would help us understand how the interaction between them really 
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affects the final product. A possible approach is the electrophoresis technique. 

Electrophoresis allows the nanoparticles´ separation by their migration velocity inside a gel 

medium in an electric field.90 

- How do different shapes and sizes of these nanostructures affect the nanowire´s 

catalytic performance? 

From Raman spectroscopy and the selectivity of the different catalysts, we can draw several 

conclusions. 

Nanoparticles with  (111) exposed facets as the nanopyramids have a higher tendency to 

produce formic acid through the formation of  HCOO* intermediate. Whereas multi-shaped 

NPs tend to produce the CO* intermediate and therefore increase the selectivity toward 

methane and ethylene. 

Nanowires with larger diameter tend to have a higher FE to ethylene and are more 

catalytically active than nanowires with a smaller diameter, which agrees with Yifan et al.78. 

On the other hand, larger nanoparticles in the presence of nanowires do not help to increase 

the total FE toward ethylene and mainly produce methane and, according to Zhao et al., 

ethylene but at a lower FE than the NWs. However, the production of ethylene of the larger 

NPs without the presence of NWs should be studied to be able to confirm it.   

The first step to understand the synergy between different sizes of NWs and NPs should be 

the characterization using HRTEM of the 120 nm multi–shaped NPs from the 30 nm NWs 

with multi-shaped NPs. Understanding the average exposed facets and the type and number 

of active sites would help us understand the reason of the high CO* production and its 

transfer to the NWs.  

Another important experiment would be mixing the 40 nm NWs with the 120 nm multi–

shaped NPs from the 30 nm NWs with multi-shaped NPs. If the high CO* intermediate 

production and tranfers of intermediates towars the 40 nm NWs is similar to those to the 

30 nm NWs a significant increase in FE over ethylene can be expected. 

 

- What is the stability of Cu anisotropic NPs, like NWs, under operando conditions? 

Does the presence of other nanostructures with different shapes have an effect on 

the stability of the catalyst? 

Both the pristine samples of the catalysts with 30 nm NWs (with multi-shaped NPs and with 

nanopyramids) were able to perform for 2 hours with a constant increase of the  FE toward 

ethylene. However, in both pristine samples there is a current shift towards more positive 

current due to surface reconstruction. This surface reconstruction can be the etching of 

edge sites, the migration of nanoparticles towards the nanowires or both. Meanwhile, the 

reduced loading samples of both catalysts started to reduce its FE toward ethylene after 70 
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minutes of activity, still, the current is stable during the full duration of the experiment. 

Thus, in the case of the multi-shaped nanoparticles and the nanopyramids in conjunction 

with 30 nm NWs, the nanoparticles affect the current stability of the catalyst even though 

it  enhances the selectivity towards ethylene. Therefore, longer electrocatalysis experiments 

with a duration of 4+ hours should be done to the pristine samples of the 30 nm NWs with 

multi-shaped NPs and the 30 nm NWs with nanopyramids to be able to know if the current 

shift eventually stabilizes or if it is a continuous current degradation.  

In the case of the catalyst with 40 nm NWs, the FE towards ethylene of the reduced loading 

sample began to decrease after only 50 minutes of activity. However, the current is stable 

during the full experiments in both the pristine sample and the reduced loading sample. 

Therefore, the bigger NPs do not have a impact on the stability of the sample, probably due 

to resistance to surface deformation. 

Due to the loss of material across the catalyst support during catalysis, XRD analysis after 

activity was not possible due to the received signal was too low. Therefore, we cannot know 

what the oxidation state of the catalyst was, whether there was a loss of the (100) exposed 

facets or whether new facets appeared during catalysis. ECSA studies should be done before 

and after the catalysis experiments to determine when this loss of material occurs and 

HRTEM imaging of the NPs and NWs after catalysis would indicate the oxidation state and 

exposed facets of the Cu nanostructures.  

In conclusion, it has been proved that the NPs impact the final selectivity of the NWs. This 

impact can be an enhancement or a reduction depending on the structure and size of these 

nanoparticles. The structure and size of the nanoparticles determine the type of 

intermediates created during catalysis conditions and how they can interact with the NWs 

to transfer those intermediates. Finally, also depending on the size and structure, the 

nanoparticles impact the catalyst stability. Smaller nanoparticles are more vulnerable to 

surface reformation during operando conditions which impact the average current density 

and the selectivity of the catalyst. 
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8. Annex A 
Colloidal synthesis used to optimize the synthetization of 
the Cu NWs catalysts. 

Salt 
Source 

Mmol 
Salt 

Mmol 
Olam 

Mmol 
TOA 

Growth 
Temperature 

Time 
(h) 

Result 

CuOAc 1 5 2 180 3 10 nm 
nanoparticles 

and 
microstructures 

CuOaC 1 6 2,5 180 3 Nanoparticles  
And 

microstructures 
CuOAc 

+ 
CuCl 

0,85 
+ 

0,15 

6 2,5 180 3 Nanoparticles 
and nanorods 

CuBr 1 6 2,5 180 3  

CuCl 1 7 2,5 180 3 Nanowire and 
nanoparticles 

CuCl 1 2.5 6 180o
 C 4 Bulk copper 

CuCl 1 2.5 6 200o
 C 3 Bulk copper 

 
CuCl 

 
1 

 
2.5 

 
6 

 
1600 C 

 
3 

No nanoparticle 
formation 

 
CuCl2 

 
1 

 
2.5 

 
8 

 
1800 C 

 
3 

Not enough 
reduction 

power 

 
CuCl+CuBr 

 
1 

 
2.5 

 
8 

 
1800 C 

 
3 

Nanowire and 
Nanoparticle 

formation 

 
 

CuCl 

 
 

1 

 
 

3 

 
 

3 

 
 

1800 C 

 
 

3 

Irregular 
nanowires and 

amorphous 
structures 

 
CuCl 

 
1 

 
0 

 
10 

 
1800 C 

 
3 

Nanoparticles 
and amorphous 

structures 
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9. Annex B 
30 nm NWs with multi-shaped NPs. 
 

 

 

 

 

 

 

 

Figure 46: TEM images with different magnifications of the 30 nm NW with multi-shaped NPs  
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10    Annex C 
30 nm NWs with Nanopyramids. 
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B) A) 

Figure 47: A) and B) HRTEM images of the Nanopyramids. C) Loss of catalyst sample over the electrode after activity 

at –1.3V shown  using SEM. D)  SEM image showing NWs and NPs structure afer 2 hours of activity at -1.3 V  
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Figure 48: A) and B) TEM images of the 40 nm NWs changing direction grothw C) TEM image of the 40 nm NWs with a high 

concentration of NPS  

A) 

 

B) 

C) 

 

11   Annex D 
40 nm NWs with multi-shaped NPs. 
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12   Annex E 
Absorption spectra of the 30 nm NWs with nanopyramids 
 

 

a) 

c) d) 

b) 

Graph 2: Uncoheren absorption spectrum of the pristine 30 nm NWs  nanopyramids sample at a) 0 s b) 45 s c) 90 s d) 135 s. All 

pristine catalysts sample shown a similar behaviour. 


