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Abstract 

Nanoporous (np) materials are characterized by a three-dimensional network of solid 

ligaments and pores with dimensions from a few nanometers to tens of micrometers. 

Dealloying is a powerful and versatile method to fabricate np-materials with tunable 

structural and chemical properties for electrochemical synthesis and catalysis. This 

dissertation consists of two parts, in which the first discusses the dealloying processes 

of Zn80Cu20 alloy ribbons in acidic and alkaline environments. The findings reveal that 

the nanostructure can be controlled by varying the nature of the electrolyte solution, pH 

value, dealloying time, and temperature. The species adsorbed on the surface of the 

alloy greatly influences the surface diffusivity of Cu, with enhanced surface diffusion 

leading to the formation of larger ligaments which grow in size over time (e.g., chloride 

anions in HCl). The formation of Cu (hydr)oxide species, with slower diffusivity, in 

alkaline media results in a smaller ligament-pore structure. Cross-section analysis 

indicates that the dealloying process is controlled by interfacial processes. Interestingly, 

local Zn-rich regions were found in np-Cu ribbons dealloyed in 0.1 M HCl.  

The second part focuses on the utilization of the prepared np-Cu as a cathode material 

for the electrosynthesis of cyclic carbonates from carbon dioxide (CO2) and epoxides 

under mild conditions. The cathode (np-Cu/GC) was prepared by drop-casting of np-Cu 

on glassy carbon (GC) substrate. Very good yields were obtained for 1,2-butylene 

carbonate (74 ± 4%) and propylene carbonate (62 ± 6%). When different cathode 

materials were explored, low yields on bare GC, but similar yields on polycrystalline Cu 

were achieved. Although the pore-ligament structure is beneficial to enhance the CO2 

reduction reaction (CO2RR), its impact on the yield of cyclic carbonate is negligible. This 

implies that the activation of CO2 to the CO2
• – radical anion is not the rate-limiting step, 

but rather the ring closure of the final intermediate to form cyclic carbonates. 

Furthermore, the np-Cu/GC shows very good stability and reusability for this organic 

electrosynthesis reaction. Altogether, this dissertation provides deeper insights into the 

reaction mechanism of cyclic carbonates formation on Cu-based electrodes and allows 

tuning the structural properties of np-Cu.   
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Zusammenfassung 

Nanoporöse (np) Materialien zeichnen sich durch ein dreidimensionales Netzwerk von 

Ligamenten und Poren mit einer Größe von Nanometern bis zu einigen Mikrometern 

aus. Entlegieren ist ein effizientes Verfahren zur Herstellung von np Materialien für die 

elektrochemische Synthese und Katalyse. Diese Dissertation besteht aus zwei Teilen, 

wobei der erste Teil die Entlegierungsprozesse von Zn80Cu20-Legierungsbändern in 

saurer und alkalischer Umgebung behandelt. Die Nanostruktur kann durch Variation der 

Elektrolytlösung, des pH-Werts, der Reaktionszeit und der Temperatur gesteuert 

werden. Zum Beispiel erhöht sich die Diffusionsgeschwindigkeit von Cu 

Oberflächenflächen, wenn Chloridionen aus HCl auf dieser adsorbiert werden. Dies 

führt zur Bildung von größeren Ligamenten. Jedoch ist die Oberflächenbeweglichkeit 

der Cu Atome im alkalischen geringer und es kommt zur Bildung von kleineren 

Ligament-Poren-Struktur. Die Querschnittsanalyse zeigt, dass der 

Entlegierungsprozess durch Grenzflächenprozesse gesteuert wird. Interessanterweise 

fanden sich in den in 0,1 M HCl entlegierten np-Cu-Bändern Bereiche mit hohem       

Zn-Gehalt.  

Der zweite Teil konzentriert sich auf die Verwendung des hergestellten np-Cu als 

Kathodenmaterial für die Elektrosynthese von cyclischen Carbonaten aus Kohlendioxid 

(CO2) und Epoxiden unter milden Bedingungen. Die Kathode (np-Cu/GC) wurde durch 

Auftropfen einer np-Cu-Suspension auf ein Glaskohlenstoff-Substrat (GC) hergestellt. 

Sehr gute Ausbeuten wurden für 1,2-Butylencarbonat (74 ± 4%) und Propylencarbonat 

(62 ± 6%) erzielt. Kathodenmaterialvariation führte zu niedrigen Ausbeuten auf GC, 

aber vergleichbaren Ausbeuten auf polykristallinem Cu. Obwohl die nanoporöse 

Struktur die CO2-Reduktionsreaktion verbessert, ist ihr Einfluss auf die Ausbeute an 

cyclischen Carbonaten vernachlässigbar. Die Aktivierung von CO2 ist also nicht der 

geschwindigkeitsbestimmende Schritt. Außerdem zeigt das np-Cu/GC eine sehr gute 

Stabilität und Wiederverwendbarkeit. Insgesamt liefert diese Dissertation tiefere 

Einblicke in den Reaktionsmechanismus der Bildung von cyclischen Carbonaten an   

Cu-basierten Elektroden und ermöglicht die strukturellen Eigenschaften von np-Cu 

kontrolliert zu verändern. 
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1. Introduction and Motivation 

Nanoporous (np) materials present a three-dimensional and self-assembled network of 

solid ligaments and pores, with scale length ranging from a few nanometers to tens of 

micrometers.1 They  possess unique properties, including high surface area, large 

number of low-coordinated surface atoms, and enhanced mass transport properties.1-3 

While nanoporous gold has been extensively studied4-6, nanoporous copper (np-Cu) has 

also attracted attention as a cheaper material, with several interesting applications in the 

fields of catalysis7, sensors8, and batteries9.  Dealloying is considered as a powerful and 

versatile synthetic route to fabricate np materials, which has been extensively applied in 

the last two decades.10-12 The characteristics of np material obtained during dealloying 

processes can be controlled by varying the dealloying conditions, such as the 

electrolyte, dealloying temperature, and time.13,14 Moreover, the tunable residual content 

of the less noble metal in np materials prepared by dealloying adds the advantage of 

modifying the electronic and geometric properties of the noble metal-rich materials.7 For 

example, it has been reported that residual Ag content strongly influences the surface-

enhanced Raman spectroscopy (SERS) effects of np-Au prepared from dealloying of 

Ag-Au master alloys.15 

The nature of the dealloying electrolyte is a critical factor that significantly influences the 

obtained nanoporous structure. It is associated with different dealloying rates and 

surface mobility of Cu atoms, depending on the specific electrolyte environment.7,16 

Different np-Cu morphologies and dealloying mechanisms have been observed in 

alkaline and acidic media.7,14,16-24 The choice of anions in the electrolyte solution also 

plays a significant role in determining the size of ligaments in the resulting nanoporous 

structure. For example, adsorbed chloride ions enhance Cu surface diffusivity, leading to 

an increase of ligament size, whereas the presence of adsorbed phosphate ions shows 

an inhibition effect and thus much smaller ligament size.14,19 These variations highlight 

the sensitivity of the dealloying process to the chemical environment and the specific 

ions present in the electrolyte, which can lead to diverse structures and properties in  

np-Cu materials.  
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In addition to the electrolyte, the choice of alloy employed in the dealloying process also 

has a great impact on the resulting nanoporous structure. Alloys can be manufactured 

using different techniques including melt-spinning25, quenching of molten metals16, and 

electrodeposition of less noble metal followed by thermal annealing7. These methods 

can lead to different crystal phase structures, levels of homogeneity, and thicknesses of 

master alloys, which, in turn, influence the characteristics of the dealloyed structure. For 

example, the partial dealloying of Au40Cu28Ag7Pd5Si20 ribbons (25 µm thick) in            

1 M HNO3 showed an inhomogeneous structure between the surface and cross-section 

of the ribbons.26 This observation might be attributed to the dealloying front propagation 

process and its fundamental mechanism for these thick alloy ribbons, compared to thin 

alloy films prepared by Zn deposition and thermal annealing method.  

This dissertation is divided into six chapters, where Chapter 1 gives a general 

introduction as well as the motivation and objectives of this work. Chapter 2 discusses 

the fundamental principles of porosity evolution by dealloying, carbon dioxide reduction 

reaction (CO2RR), and organic electrosynthesis. This basic knowledge is required to 

fully understand the presented results. In Chapter 3, the experimental procedures are 

explained, including the preparation and characterization of samples, and the 

electrosynthesis experiment. The chemicals and instruments utilized throughout this 

work are also mentioned.  

The evolution of a three-dimensional porous structure from melt-spun Cu alloy ribbons is 

not well explored in the literature. Therefore, Chapter 4 provides deeper insights into 

porosity evolution in np-Cu ribbons, formed by chemical dealloying of melt-spun 

Zn80Cu20 ribbons in 0.1 M HCl, 5 M and 15 M H3PO4, as well as 1.3 M NaOH solutions. 

Here, the effects of the dealloying conditions on the structure and residual Zn content of 

np-Cu ribbons have intensively been investigated by varying the nature of electrolyte, 

de-aeration and agitation of the electrolyte solution, dealloying time and temperature. 

The dealloyed ribbons were investigated both on top-view as well as the cross-section. 

This allows us to gain better understanding of the dealloying process for fabricating np-

Cu ribbons with tailored structural and chemical properties for applications in 

electrochemical synthesis27,28, sensors8,29 and catalysis30-32. 
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Chapter 5 presents the practical application of the prepared np-Cu in the 

electrosynthesis of cyclic carbonates from CO2 and epoxides at room temperature and 

ambient pressure. For this purpose, np-Cu, dealloyed in 0.1 M HCl for 168 h (7 days), 

was drop-casted on glassy carbon (GC) substrate and evaluated as cathode material, 

referred to as np-Cu/GC. Cyclic carbonates are typically obtained by the catalytic 

coupling reaction of CO2 with epoxides. The catalysts used for this purpose have several 

drawbacks. For example, homogenous catalysts such as quaternary ammonium salts, 

phosphonium salts, and ionic liquids, face significant challenges related to the catalyst 

recovery and reusability, as well as product purification.33-35 These limitations restrict 

their practical applicability in industrial processes. On the other hand, heterogeneous 

catalysts such as metal oxides and metal complexes require more extreme reaction 

conditions, namely high CO2 pressure (10 - 200 bar) and temperature (≥100 °C), which 

reduces the sustainability of the cyclic carbonate synthesis processes.34-36  

Electrochemical synthesis presents a promising solution to overcome the shortcomings 

of conventional organic synthesis. For this purpose, copper cathodes have been widely 

used, producing higher yields of cyclic carbonates compared to other materials such as 

stainless steel, nickel, or titanium.37-40 This can be attributed to the excellent activity of 

copper towards the reduction of CO2 to CO2
• – radical anion.41-44 Planar electrodes are 

typically used in organic electrosynthesis.45,46 Therefore, the development of cathode 

materials with higher surface area and superior catalytic activity for the electrochemical 

CO2 reduction reaction (CO2RR) can be a promising approach to enhance the yield of 

cyclic carbonates. To our knowledge, there is currently no literature available reporting 

the use of np electrode materials for the cyclic carbonate formation from epoxide and 

CO2. Our results show comparable yields of cyclic carbonates on np-Cu/GC to those 

formed on flat polycrystalline Cu, despite its enhanced electrochemically active surface 

area and remarkable catalytic performance for CO2RR. This observation rules out CO2 

activation as the rate-limiting step of the cyclic carbonate formation. The findings of this 

work enable us to gain a deeper understanding of the role of the cathode in the reaction 

pathway involving CO2 and epoxide and to assess the applicability of np materials in 

organic electrosynthesis. This comprehensive study allows tuning the structural and 
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chemical properties of np-Cu material for a wide range of possible applications in 

electrochemical synthesis and catalysis. 
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2. Background  

This work spans across different scientific fields, including corrosion science, 

electrochemical and organic chemistry. Therefore, this chapter aims to introduce the 

relevant theoretical background knowledge. First, Section 2.1 discusses the 

fundamental principles of the evolution of nanoporous structures through dealloying. 

Afterwards, Section 2.2 provides an overview of the fabrication methods of nanoporous 

copper, and its various applications. Finally, in Section 2.3, the field of organic 

electrosynthesis is introduced as an attractive application of electrochemistry for the 

synthesis of valuable organic compounds, such as cyclic carbonates. 

2.1. Porosity evolution  

In general, np materials can be fabricated by templating or dealloying methods. 

Templating includes the utilization of sacrificial molds or templates with pores that act as 

a framework for depositing metals. These templates can be either inorganic (hard 

templating) or polymeric (soft templating). Once the metal is deposited, the templates 

are then removed to form a metal replica of the template structure.47,48 This method 

allows for precise control over the porous structure. However, it can be time consuming 

and experimentally complex due to the multiple steps involved. Another approach of 

templating is the dynamic hydrogen bubble template technique which involves the 

electrodeposition of metal ions onto a substrate, accompanied by numerous hydrogen 

bubbles.49,50 Here, hydrogen bubbles are used as a special dynamic template, and 

metal is deposited around the bubbles to form three-dimensional metal foams.49,50 

Although this method does not require the addition of external templates, achieving 

precise and uniform pore sizes is still a challenge.  

On the other hand, dealloying is a powerful and versatile method for the fabrication of np 

materials (Figure 1).10,12,51 This process involves the selective dissolution of the less 

noble component from an alloy chemically7,14,52,53 or electrochemically54-56. Chemical 

dealloying refers to a free corrosion process, where the sample is immersed in an 

electrolyte solution (acidic or alkaline)13, whereas in electrochemical dealloying an 

external electrical potential is applied to the sample while it is immersed in an electrolyte 
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solution to remove the less noble metal from an alloy.57 Both techniques offer the 

possibility to tune the characteristics of the nanostructure (e.g., ligament size) by 

adjusting the parameters of the dealloying process. While electrochemical dealloying 

enables more direct control over the corrosion process58, chemical dealloying offers the 

advantage of a simple set-up with the need for specific instrumentations. In the last two 

decades, many efforts have been done to understand the evolution of bicontinuous 

ligament-pore structures by dealloying.10-12  

 

Figure 1: Porosity evolution during dealloying modeled by kinetic Monte Carlo 
simulation. Primary dealloying (a) with initial surface roughening and partial passivation, 
(b) formation of small ligaments, (c) proceeding of the corrosion front inward, leaving a 
high concentration of less noble species in the ligaments’ interior. (d) Coarsening of the 
structure during secondary dealloying and reduction of the residual amount of less noble 
element. Figure reprinted from ref. 59. 

 

It is suggested that dealloying occurs at two processes or stages: primary and 

secondary.58,60 The primary dealloying (Figure 1a – c) involves the selective dissolution 

of the less noble component from the alloy, resulting in the formation of a np structure. It 

primarily happens at the alloy's surface or near the initial interface exposed to the 

a

d

b

c
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corrosive electrolyte. While primary dealloying initiates the formation of porosity, 

secondary dealloying supplements this process by further dissolving the residuals of the 

less noble component from the nano-ligaments, potentially enhancing the porosity or 

modifying the structure. The secondary dealloying can occur during coarsening      

(Figure 1d).  

In the following sections, we will give an overview of the proposed models of porosity 

evolution in the literature and discuss important dealloying parameters, such as 

dealloying threshold and critical potential. 

 

2.1.1. Models of porosity evolution during dealloying 

The main dealloying mechanisms proposed in the literature to explain the microstructure 

evolution during dealloying are bulk diffusion model61 and surface diffusion (percolation 

dissolution) model11,62,63. 

In the bulk diffusion model proposed by Pickering and Wagner61, it is suggested that the 

rate-limiting step in the electrolytic dissolution of a binary alloy is the solid state diffusion 

of the less noble metal element via a divacancy mechanism. This mechanism is 

illustrated in Figure 2a showing the dealloying of a binary alloy, denoted as AxBy, where 

A (in green) represents the more noble metal and B (in orange) represents the less 

noble metal. Based on the bulk diffusion model, the more noble component A which is 

the faster diffuser, migrates towards the surface, as indicated by the dark arrows. The 

lighter arrows represent the combined flux of the less noble atoms B and vacancies 

moving inward within the alloy. As a result of this process, a negative dendrite-like 

structure predominantly composed of component A would be generated.  

The flux of vacancies can lead to the creation of Kirkendall voids within the interior of the 

alloy.64 Kirkendall effect refers to the movement of the bimetallic interface when two 

attached metals are heated to temperatures where atomic diffusion occurs.65,66 This shift 

is caused by the metals having different interdiffusion rates. Consequently, there is also 

an associated flux of vacancies towards the faster diffusing metal. Void formation is the 

result of these vacancies clustering at structural defects in the metal, such as grain 
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boundaries.65,66 For example, it has been reported that severe Kirkendall voids form in 

the Cu3Sn/Cu interface after solid-state aging in solder joints, which greatly weaken the 

mechanical properties of the joint.67 Geng et al.68 also observed the formation of 

Kirkendall voids during the dealloying of Li-Sn systems. This phenomenon occurred 

under specific conditions: when the mole fractions of Li were less than 0.5 and at 

potentials lower than the critical potential (see Sections 2.1.2 and 2.1.3). Under 

conditions, dealloying was rate-limited by the solid-state mass-transport of Li from the 

alloys.  

 

Figure 2: Proposed models of porosity evolution during dealloying of a binary alloy AxBy, 
where A is the more noble component represented in green color and B is the less noble 
component in orange color. The atom fractions of the two components are denoted as x 
and y. (a) Bulk diffusion of component A resulting in a negative dendrite-like structure, 
and (b) percolation dissolution yielding bi-porosity. The dark arrows signify the 
movement of component A to the surface, whereas the light arrows show the collective 
flow of the atoms of component B and vacancies directed toward the interior of the alloy. 
Figure reprinted from ref. 64. 

 

The divacancy-mediated lattice diffusion within the alloy is too slow to contribute in any 

significant manner to the ambient temperature selective dissolution process.64 

Therefore, the subsequent work of Sieradzki63 and Erlebacher11,62 lead to the 

development of an alternative model for porosity evolution, known as the surface 

a b

Bulk Diffusion Percolation

Component A Component B
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diffusion or percolation dissolution model. This model is based on the concept that when 

the concentration of the less noble component in an alloy surpasses a critical threshold, 

continuous atomic-scale pathways form. These pathways effectively eliminate the need 

for solid-state transport to facilitate selective dissolution and act as routes for the 

electrolyte to infiltrate the alloy, causing the less noble component to dissolve, as 

displayed in the scheme in Figure 2b. 

 

Figure 3: Schematic of porosity evolution in dealloying of a binary alloy AxBy according 
to the surface diffusion (percolation dissolution) model. (a) A B-rich-AxBy alloy system 
where A is the more noble component represented in green color and B is the less noble 
component in orange color. The atom fractions of the two components are denoted as x 
and y. (b) The dissolution of the less noble metal, B, takes place at high-coordinated 
terrace sites. The black lines indicate the possible interconnected atoms of the less 
noble metal through the bulk of the alloy, allowing continuous percolation. (c) As 
dissolution proceeds layer by layer, interfacial uphill surface diffusion of the more noble 
metal, A, takes place, leading to surface roughening. (d) This process leads to the 
formation of a bicontinuous ligament-pore structure with B-rich ligaments.   

 

Porosity evolution by surface diffusion or percolation dissolution model is illustrated in 

detail in the schematic in Figure 3 for the dealloying of a binary alloy AxBy. The more 

noble atoms (A) are represented in green circles, whereas the less noble metal atoms 

(B) in orange (Figure 3a). Nanostructure formation is the result of two elementary 

processes: dissolution of the less noble component, B, and surface diffusion of the more 

noble component, A. The process starts with the dissolution of a single B atom from the 

alloy surface, leaving behind a terrace vacancy (Figure 3b). The atoms coordinating this 

vacancy have fewer lateral near-neighbors than other B atoms in the terrace and are 

B-rich

ligaments

A: more noble component

B: less noble component

Dissolution of 

B atoms

Surface diffusion 

of B atoms
Evolution of 

Ligament/ Pores
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thus more susceptible to dissolution. As a result, the entire terrace is stripped, leaving 

behind A atoms undercoordinated. To prevent this highly non-equilibrium state, these 

more noble atoms tend to diffuse and agglomerate into clusters (Figure 3c). This 

exposes the next layer of B atoms to the corrosive electrolyte, leading to the dissolution 

of more layers of the less noble atoms from the alloy. Consequently, the clusters 

enriched with more noble atoms transform into three-dimensional hills, denoted as 

ligaments (Figure 3d). The ligaments have base perimeters that grow in diameter as 

dealloying proceeds, and eventually not enough noble metals atoms are provided to 

passivate them effectively, allowing them to be undercut. This process causes the pores 

to split, resulting in an expansion of the surface area and enabling the continued 

development of porosity into the interior of the original alloy.11,62  

The dealloying temperature has a remarkable effect on the characteristic length of the 

np structure.69-77 This is attributed to correlation of the temperature on the surface 

diffusivity of the more noble component along the alloy-electrolyte interface (𝐷𝑠), shown 

in Equation (1)73,76,77, where 𝑑(𝑡) is the ligament size at given dealloying time t, 𝐾 is the 

Boltzmann constant, 𝑇 is the dealloying temperature, γ is the surface energy of the more 

noble metal, 𝑡 is the dealloying time and 𝛼 is the lattice parameter of the more noble 

metal.  

𝑫𝒔 =
𝒅(𝒕)𝟒𝑲𝑻

𝟑𝟐 𝜸𝒕𝜶𝟒
 

Equation (1) 

Zhang et al.76 reported surface diffusivity of gold adatoms in 20 wt.% NaOH solutions at 

−20, 25, and 95 °C to be 2.1 x 10-23 , 2.3 x 10-21 , and 1.6 x 10-19 m2 s-1, respectively. 

This increase in the surface mobility of Au leads to the formation of np-Au structures 

with ligament/channel sizes of 5.3 ± 0.9, 7.7 ± 1.5, 15.0 ± 3.0 nm at dealloying 

temperatures of −20, 25, and 95 °C, respectively. Similarly, Qian et al.73 reported 

surface diffusivity of gold in 70% HNO3 solution at −20 °C as 9.0 x 10-22 compared to 2.0 

x 10-19 m2 s-1 at 25 °C. The authors found that low dealloying temperature can effectively 

delay the coarsening of the nanoporous structure, where lowering the dealloying 

temperature to −20 °C leads to the formation of np-Au with average nanopore sizes four 

times smaller (7 nm) those formed at 25°C (28 nm).   
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For the porosity evolution to occur, two criteria should be met. First, the atom fraction (or 

mole fraction) of the less noble component needs to exceed a minimum value, the 

dealloying threshold. Second, dealloying potential needs to exceed the critical dealloying 

potential.  

 

2.1.2. Dealloying threshold 

In order for the selective dissolution of the less noble atoms to extend beyond just the 

alloy's surface exposed to the corrosive electrolyte, there needs to be a continuous and 

connected cluster of these atoms (Figure 3b, black lines). This connected cluster, 

known as a percolating cluster, serves as an uninterrupted pathway for the dissolution 

process. Additionally, it facilitates the penetration of the electrolyte into the solid bulk, 

enabling the corrosion process to persist. Sieradzki et al.63 defines the dealloying 

threshold for an alloy system as the lowest atom fraction of the less noble metal element 

at which this element can be preferentially dissolved from the bulk of an alloy. Below the 

delaying threshold, at a certain point, the surface will be passivated with the noble metal 

atoms and the deeper layers of the alloy cannot be fully dealloyed. Above the dealloying 

threshold, an atomic-scale network of less noble component runs through the entire 

structure of the alloy, ensuring continuous dissolution. It is reported that for the 

dealloying of ZnCu alloys, a minimum content of 18 ± 2 at. % of Zn is required78, 

whereas Ag content over 55 at. % is needed for dealloying of AgAu alloys.12  

 

2.1.3. Critical potential 

Another key parameter for porosity evolution by dealloying is the critical potential. This 

critical potential marks the onset of percolation dissolution in an alloy with a composition 

exceeding the dealloying threshold, as illustrated in the schematic in Figure 4. At 

potentials below the critical potential, the dissolution exclusively takes place at surface 

sites with lower coordination such as step edges and these surface sites are rapidly 

passivated with the remaining more noble atoms. This leads to a passivated, planar 

morphology.1,79,80 Above the critical potential, dissolution of the less noble atoms 
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initiates from highly coordinated terrace sites, which leads to the creation of a terrace 

vacancy that then grows laterally into a vacancy cluster as lateral near neighbors are 

subsequently dissolved. The more noble, atoms tend to diffuse with the receding step 

edge rather than be left as thermodynamically unfavorable adatoms, a kind of interfacial 

uphill diffusion. This process leads to the formation of bicontinuous structure with a 

ligament/pore network.1,62,80   

 

Figure 4: Schematic illustration of the polarization curve an alloy undergoing selective 
dissolution. Below the critical potential (Ec), the alloy undergoes a “passivation-like” 
behavior whereas over the critical potential selective dissolution and the evolution of a 
bicontineous porous structure occurs. Figure reprinted from ref. 80. 

 

In general, for an alloy to become nanoporous during dealloying, a difference in potential 

required to dissolve the alloy component in its pure form must be separated by a few 

hundred millivolts.62 The dealloying critical potential, Ec, is given by Sieradzki et al.80 in 

Equation (2), where �̅� is the reversible potential for the flat surface, 𝐾 is Boltzmann’s 

constant, 𝑇 is the absolute temperature, 𝑝 is the atom fraction of the less noble 

component in a binary alloy ApB1-p, 𝜂(𝑥) is the overpotential for the dissolution process. 
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𝑬𝒄 = �̅� − 
𝑲𝑻

𝒏𝒒
 [𝒑 𝐥𝐧 𝒑 + (𝟏 − 𝒑)(𝟏 − 𝒑)] +  𝜼(𝒙) Equation (2) 

 

A lower bound critical potential for percolation dissolution, resulting in bi-continuous 

porosity formation, of 0.55 V vs Li+/Li was reported for Li-Sn alloys systems.68 

 

2.1.4. Coarsening of np structure 

After the formation of np structure by primary dealloying, the process of secondary 

dealloying occur, driven by curvature and surface-diffusion mediated coarsening (see 

Figure 1). Dealloying and coarsening are distinctly different processes. Dealloying 

involves chemical or electrochemical driving forces that lead to the dissolution of the 

less noble component and surface diffusion of the more noble metal, and result in 

porosity and increase of the surface area over time. In contrast, coarsening, is driven by 

the endeavor to reduce the net excess surface energy that was introduced during 

dealloying.81 In porous metals, coarsening proceeds by ligament pinch-off, in which 

surface diffusion pulls material away from saddle-point curvature ligaments, which thin 

to one atom thick and then break. The kinetics of ligament pinch-off are controlled by 

Rayleigh instabilities and has the geometric effect of reducing the topological genus.81,82  

The genus is a topological concept that describes the number of "handles" or "holes" an 

object has. For example, a sphere has a genus of 0 whereas a torus has a genus of 1. 

Bubbles reduce the topological genus of the structures in which they reside. For 

instance, a bubble inside a sphere has genus of –1. 

The Rayleigh instability problem83 pertains to the spontaneous fragmentation or breakup 

of a fluid thread or column into smaller droplets or segments due to surface tension 

effects. The typical scenario involves a cylindrical hat is subjected to small perturbations. 

When the perturbations reach a critical wavelength, the amplitude will grow because the 

total surface energy of system decreases, leading to the formation of droplets or smaller 

segments. This effect would apply to void cylinders as well, meaning that they would 

break up into a series of bubbles. Erlebacher et al.82 applied these ideas to open 
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porosity dealloyed metals, where the structure is seen as a network of both solid 

cylinders and void cylinders. Therefore, Rayleigh instabilities lead to both ligament 

pinch-off and bubble formation. After a bubble is created, it becomes detached from any 

mass transport paths for additional morphological changes. Conversely, pinched-off 

ligaments remain connected to the entire primary external surface of the structure, 

allowing further potential evolution. As ligament pinch-off, they can destroy nearby 

bubbles; thus, over longer times the number of bubbles decreases. It is suggested that 

the coarsening kinetics align with the t1/4 power law,  that is expected for coarsening 

mediated by surface transport.81 

 

2.2. Nanoporous copper (np-Cu) 

Np-Cu has many interesting properties, such as unique pore structure, high surface 

area, large number of low-coordinated surface atoms, enhanced mass transport 

properties, and high electrical and thermal conductivities. These properties make np-Cu 

a promising material for many applications in energy storage, sensing, and catalytic 

systems. This chapter will discuss the fabrication methods and distinctive characteristics 

of np-Cu, as well as its applications. 

 

2.2.1. Fabrication of np-Cu 

Various binary alloys have been used to form np-Cu via dealloying, including              

Zn-Cu7,14,20,84-87 Al-Cu18,21, Ti-Cu22,88, Mn-Cu16,89,90, and Mg-Cu91-93, among which Zn-Cu 

remain one of the most commonly studied dealloying systems. The phase diagram of 

the copper and zinc alloys is presented in Figure 5, showing the relationship between 

temperature, composition, and the phases present in the alloy. For the different phases, 

different crystalline brass structures exist: Cu for α-phase, Cu1Zn1 for β-phase, Cu5Zn8 

for γ-phase, Cu0.7Zn2 for δ-phase, Cu2Zn8 for ε-phase, and Zn for η-phase. Different 

brass phases show different dealloying behaviors.85,94 For example, Egle et al.14 

reported fast dealloying kinetics and formation of homogenous ligament-pore network 
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when Zn-rich Zn80Cu20 alloy (Cu1Zn5 single crystal phase)  was dealloyed in 5 M HCl, 

compared to Zn50Cu50 (consisting of Cu5Zn8, Cu3Zn1 and Cu1Zn1 crystal phases). The 

fast dealloying kinetics of the Zn80Cu20 alloy is a consequence of the lower critical 

potential of Zn-rich brasses.  

 

Figure 5: Cu-Zn binary phase diagram as reported in the ASM Alloy Phase Diagrams 
Database95 based on the assessment of Miodownik96. 

 

The selective dissolution of Zn from Zn-Cu alloys occurs due to the large equilibrium 

potential difference of Cu and Zn. The Pourbaix diagrams of copper and zinc are shown 

in Figure 6. It is apparent that the dissolution potentials of copper and zinc exhibit a 

difference of approximately 1 volt, both in acidic and alkaline conditions. Consequently, 

this potential difference leads to the selective dissolution of Zn from Zn-Cu alloys when 

exposed to a corrosive electrolyte. 
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Figure 6: Pourbaix diagram for (a) copper and (b) zinc. Figure reprinted from ref. 97.  

 

An overview of the methods employed in the literature to produce np-Cu can be found in 

Table 1. It is seen that properties of the dealloyed nanoporous structure are greatly 

affected by the master alloy, as well as the dealloying conditions, such as nature of 

electrolyte, dealloying temperature, and time. The different techniques used for the 

preparation of the master alloy, lead to different crystal phase structures, homogeneities 

and thicknesses, and hence influence microstructure morphology of the dealloyed      

np-Cu. For example, Mn70Cu30 alloys prepared by two different processes, arc and 

quench melting, have shown different oxide inclusions and second phases, which 

contribute to different homogeneity of the nanoporous structure.16 The morphology of 

np-Cu is also affected by different annealing temperatures used to form Zn-Cu alloy 

films after electrodeposition of Zn layer on a Cu substrate, where samples with low 

thermal alloying temperature (100 °C) showed separated nanoparticles instead of 

forming interconnected porous structure.20 

The dealloying conditions such as the nature of electrolyte and dealloying temperature 

influence the Zn dissolution and surface diffusivity of Cu, consequently affecting the 

resulting ligament-pore structure. Egle et al.14 investigated the dealloying of Zn80Cu20 

alloy in different electrolyte solutions of hydrochloric acid (HCl), phosphoric acid 

a b
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(H3PO4), sulfuric acid (H2SO4) and nitric acid (HNO3). The oxidation potential of HNO3 is 

too positive to allow for selective dissolution of Zn. On the other hand, sulfuric acid forms 

a thick ZnSO4 surface layer that prevents further dealloying. However, HCl and H3PO4 

have negative oxidation potentials and thus are able to selectively dissolve Zn forming 

highly soluble Zn salts. Therefore, the authors investigated the dealloying of Zn80Cu20 in 

the following electrolytes: 5 M H3PO4, 15 M H3PO4, 5 M H3PO4 + 5 M HCl, 5 M H3PO4 + 

0.25 M NaCl, 5 M HCl, and 5 M HCl + 0.25 M NaCl. Larger ligaments (129 ± 41 nm after 

36 h) were observed in HCl compared to ligaments (46 ± 9 nm after 24 h) formed after 

dealloying in 5 M H3PO4. This effect is attributed to the enhanced surface diffusion of Cu 

by the adsorbed chloride anions on the surface of the alloy. On the other hand, 

adsorbed phosphate anions suppress Cu mobility, leading to smaller ligaments. 

Increasing the concentration of H3PO4, from 5 to 15 M results in the formation of smaller 

ligaments (35 ± 8 nm). While the addition of NaCl to 5M HCl led to further increase the 

ligament size compared to 5 M HCl, the addition of NaCl to 5 M H3PO4 only slightly 

increased the ligament size to 57 ± 16 nm. Dealloying in 5 M H3PO4 + 5 M HCl also 

gave similar ligament size of 51 ± 12 nm. Therefore, when both phosphate and chloride 

anions are present in the electrolyte, the suppressing effect of phosphate dominates the 

promoting effect of chloride anions. This effect was reported by other studies, where 

adsorbed chloride ions enhance the mobility of Cu surface atoms by 2 – 5 magnitudes 

compared to a chloride free enviroment.14,19 

Although dealloying in acidic environments is more common, some studies investigated 

the formation of np-Cu in alkaline media, where ligament sizes ranging between 15 to   

43 nm were reported in sodium hydroxide (NaOH) solutions.7,17,20,72 Here, the dealloying 

process is mainly restricted by the slow surface diffusion of Cu oxide species, forming in 

alkaline solutions. It is suggested that the surface diffusivity of Cu oxide species is two to 

three magnitudes slower than metallic Cu, explaining the remarkably smaller     

ligament-pore structures compared to those formed in HCl.7,17-19,72  
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Table 1: Comparison of reported literature of np-Cu fabricated by dealloying. Table 
reprinted with modifications from ref. 52 

starting alloy alloying method dealloying conditions ligaments size [nm] Ref 

Zn80Cu20 ribbon 
(20-40 µm thick) 

Melt spinning 0.1 M HCl at 25°C  
 
 
 
 
 

1.3 M NaOH at 25°C 

68 ± 14 (8 h) 
73 ± 14 (24 h)        
86 ± 19 (48 h) 
111 ± 27 (72 h) 
115 ± 28 (6 days) 
128 ± 27 (13 days) 

21 ± 4 (8 - 48 h) 

52 

Zn80Cu20 alloy 
cubes 
(3x3x0.3 mm3) 

Purchased from 
GoodFellow 

5 M H3PO4  

 

15 M H3PO4  

5 M H3PO4 + 5 M HCl  

5 M H3PO4 + 0.25 M NaCl  

5 M HCl  

5 M HCl + 0.25 M NaCl  

46 ± 9 (24 h) 

53 ± 14 (6 days) 

35 ± 8 (24 h) 

51 ± 12 (24 h) 

57 ±16 (24 h) 

129 ± 41 (24 h) 

156 ± 76 (24 h) 

14 

Zn80Cu20 film 
(2 µm thick) 

Electrodeposition of 
Zn and subsequent 
thermal annealing 

0.1 M HCl at RT  
 

1.3 M NaOH at RT 

33 ± 6 (8 h) 
100 ± 38 (48 h) 

33 ± 14 (8 h) 

7 

ZnCu films Electrodeposition of 
Zn and subsequent 
thermal annealing 

5 wt.% NaOH at RT  ~15 (24 h) 20 

ZnCu films  Co-electrodeposition 
of ZnCu 

1 M HCl at RT - 84 

Mn70Cu20 
ribbons 

Melt-spinning 2 M HCl at RT  114 – 214 (2-17 h) 25 

Mg12Cu88 

ribbons 
Melt-spinning 0.3 M HCl at RT 20 ± 5 98 

Al15Cu85 ribbons Melt-spinning 1.6 M HCl at 75 °C  

2.6 M NaOH at RT 

80 - 100 

20 - 40 

17 

Al35Cu65 ribbons Melt-spinning 1.6 M HCl at 90±5 °C  100 – 300 (1-2 h) 21 

Al40Cu60 ribbons Melt-spinning 1.6M HCl at 90±5 °C  100 - 300 (1-2 h) 21 

Al50Cu50 ribbons Melt-spinning 1.6 M HCl at 90±5 °C  300 – 500 (1-2 h) 21 

Mn72Cu28 

ribbons 
Melt-spinning 0.1 M HCl at 25°C 48.7 nm* (3.5 h) 

 
99 

Mn70Cu30  Metal melting 
followed by 
quenching 

0.05 M HCl  

1 M citric acid  

0.01 M H2SO4 + 0.001 M 
MnSO4 

1 M (NH4)2SO4  

125 ± 30 (8 days) 

80 ± 20 (10 days) 

45 ± 11 (6 days) 

53 ± 8 (6 days) 

16 
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starting alloy alloying method dealloying conditions ligaments size [nm] Ref 

ZnCu films Electrodeposition of 
Zn and subsequent 
thermal annealing 

0.1 M HCl at 50 °C 

0.1 M HCl at 60 °C 

0.1 M HCl at 70 °C 

0.1 M HCl at 80 °C 

0.1 M HCl at 90 °C 

132 (5 h) 

140 (5 h) 

174 (5 h) 

218 (5 h) 

265 (5 h) 

77 

Al67Cu33 
powders 

Melt-spinning 5 wt% HCl at 25 °C 

5 wt% HCl at 60 °C 

5 wt% HCl at 75 °C 

5 wt% HCl at 90 °C 

30 ± 5 (10 h) 

50 ± 5 (5 h) 

90 ± 10 (5 h) 

150 ± 10 (5 h) 

 

100 

Al3Cu60 ribbons Mechanical milling 2 M NaOH at 3 °C 

2 M NaOH at 25 °C 

2 M NaOH at 50 °C 

2 M NaOH at 70 °C 

2 M NaOH at 90 °C 

18 ± 2  

21 ± 3  

30 ± 3 

36 ± 4 

43 ± 4 

72 

*pore size 

 

Dealloying in higher temperature leads to the formation of np-Cu structures with larger 

ligaments, due to the enhanced Cu surface diffusivity. Zhan et al.77 reported a significant 

increase in Cu surface diffusion rates from 8.97 x 10-17 to 1.61 x 10-15 m2 s-1 in 0.1 M HCl 

when the dealloying temperature increases from 50 to 90°C. This improved mobility of 

Cu atoms results in a remarkable coarsening of np-Cu, with a doubling of the size of the 

ligaments (132 and 265 nm after dealloying for 5 h at 50 and 90°C, respectively). Similar 

findings were reported by Liu et al.100, where Cu surface diffusivities of 9.45 x 10-20,     

1.63 x 10-17, 1.79 x 10-16, and 1.44 x 10-15 m2 s-1 were found in 5 wt.% HCl solutions at 

25, 60, 75, and 90°C, respectively. The authors reported a growth in ligament size from 

30 ± 5 nm at 25°C to 150 ± 10 nm at 90°C. On the other hand, the same pattern was 

observed in alkaline environments, with slower Cu diffusivity compared to HCl, where 

Cu surface diffusion coefficients of 1.7 x 10-19, 6.5 x 10-19, 5.9 x 10-8, 1.6 x 10-17 and    

3.5 x 10-17 m2 s-1 were reported in 5 M NaOH at 3, 25, 50, 70 and 90°C, respectively.72  

These numerous studies in the literature illustrate that the properties of np-Cu can be 

adjusted through the control of alloying and dealloying parameters.  
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2.2.2. Applications of np-Cu 

Np-Cu is a material with unique properties, making it suitable for various applications in 

the fields of sensing, energy storage and catalysis. Among the several advantageous 

properties of np metals, their intrinsic conductivity and high surface area make them 

excellent electrode materials for electrochemical sensors.8,29,101-104 Their versatility as 

sensor materials lies in its tunable properties and surface functionalization. As a result, 

np-Cu shows to be promising material for a wide range of sensing applications, including 

the detection of substances like glucose102, nitrite101, glyphosate29, and carbendazim103. 

Np-Cu also shows excellent properties as a substrate for Surface-Enhanced Raman 

Spectroscopy (SERS).105-108 Furthermore, np-Cu foams109,110 and CuxO on nanoporous 

Cu composites111 shows to be high-performance electrodes for supercapacitors, offering 

several benefits like low-cost, the ability to operate under atmospheric conditions, and 

having minimal ohmic losses during cycling.109,110 On the other hand, np-Cu is a 

promising anode for lithium ion batteries, such as np-Cu on Li foil112, np Si/Cu 

composites9, and tin-coated np-Cu113.   

The tunable properties and high reactivity of nanoporous copper make it a versatile 

material for catalytic applications, with the potential to contribute to the development of 

more efficient and sustainable chemical processes, such as methanol oxidation31, 

hydrogenation of biomass-derived furfural to furfuryl alcohol32, and the hydrogen 

evolution reaction in water splitting114,115. Np-Cu has been extensively studied for the 

electrochemical reduction of CO2 to valuable chemicals and fuels, as it offers a 

substantial specific surface area and a multitude of under-coordinated sites.116-122 The 

electrochemical CO2 reduction reaction (CO2RR) involves the cathodic reaction with the 

general form: 

X CO2 + n H+ + n e− → Product + y H2O Equation (3) 

 

Whereas the anodic reaction is the hydrogen evolution reaction (HER): 

2 H2O → O2 + 4 H+ + 4 e− Equation (4) 
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A wide range of products can be produced by CO2RR including formic acid, carbon 

monoxide, methanol, methene, oxalic acid, acetic acid, acetaldehyde, ethanol, ethylene, 

ethane, propionaldehyde, and propanol.43,123,124 Metal electrodes used for CO2RR are 

generally classified based on their selectivity into four groups43,125, shown in Figure 7. 

˗ Group 1: Pb, Hg, Tl, In, Sn, Cd, and Bi produce primarily formate (HCOO−). 

˗ Group 2: Au, Ag, Zn, Pd, and Ga produce primarily carbon monoxide (CO). 

˗ Group 3: Ni, Fe, Pt, and Ti reduce very little CO2 and instead almost exclusively 

reduce water to H2. 

˗ Group 4: Cu stands out in uniquely producing a number of hydrocarbons, 

aldehydes, and alcohols. Cu is thus the only pure metal that reduces CO2 to 

products requiring more than two electron (>2e−) transfers with substantial 

Faradaic efficiencies. 

 

Figure 7: CO2 reduction metal classification. Four groups are identified: H2 (red), formic 
acid (yellow), CO (blue) and beyond CO* (cyan). The black lines show the 
thermodynamics of adsorbed or none-adsorbed hydrogen (ΔGH*=0, for ½ H2↔H*) or CO 
(ΔGCO*=0, for CO↔CO*). Figure reprinted from ref. 125. 

 

The splitting of the metals into these four groups has been explained as the result of 

their binding energy to key CO2RR and HER intermediates, including *H, *OCHO, 
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*COOH, and *CO. The unique ability of Cu to reduce CO2 to >2e−products may be due 

to the fact that it is the only metal that has a negative adsorption energy for *CO but a 

positive adsorption energy for *H (see Figure 7).43,125 The binding energy of adsorbed 

CO (*CO) on Cu is proposed to be a key descriptor for reduction activity to 

>2e−products.126,127 Moreover, studies have shown that CO adsorption on Cu 

suppresses the competing HER due to site blocking effects and changes in *H binding 

energy.43,128 This inhibition prevents hydrogen evolution at these active sites, redirecting 

the electrochemical reactions toward the desired CO2 reduction instead of hydrogen 

production. 

The ability to reduce CO2 to valuable hydrocarbons, aldehydes, and alcohols is of great 

interest, leading to extensive research efforts to better understand the reactivity of Cu 

and tuning it to achieve greater selectivity, stability, and efficiency.129-133 Nanostructuring 

of Cu electrodes has been widely applied in attempts to improve selectivity and energy 

efficiency for CO2RR.117,118,121,134,135 For example, Yang et al.134 tuned the C2 chemical 

selectivity by systematically altering the morphology of Cu mesopore electrodes. The 

authors prepared Cu mesopore electrodes with controlled pore widths and depths by 

using a thermal deposition process onto a structured template. Pores of 30 nm diameter 

and 40 nm depth yield mainly C2H4 at −1.7 V vs NHE, whereas CH4 is the main CO2RR 

product on polycrystalline electrodes. However, electrodes with wider pores (300 nm 

pore width) give product distributions more similar to polycrystalline Cu. The authors 

attributed the increase in C2 products for the electrodes with narrow pores to an 

increased local pH. Interestingly, as the pore depth was increased from 30 to 70 nm 

(keeping width 40 nm), the major C2 product changed to the saturated hydrocarbon, 

C2H6. This change could be caused by re-adsorption and further reduction of the 

products due to the longer retention time in the catalyst layer.  

Another study by Zeng et al.118 investigated np-Cu films with a ligament size of 35 ± 6 

nm for CO2RR. The utilization of np-Cu results in doubling the current density of CO2RR 

and the Faradaic efficiency of formic acid, compared to that of Cu foils. Increasing the 

ligament size to 63 nm after a post-annealing treatment leads to an increase of the 

Faraday efficiency toward formic acid from 29 to 45%. The authors suggest that this  

enhanced selectivity and Faraday efficiency could be attributed to the presence Cu2O 
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formed after the post-annealing step.116 On the other hand, Hoang et al.121 reported the 

fabrication of np-Cu films prepared by electrodeposition of Cu on Au substrate with    

3,5-diamino-1,2,4-triazole as additive. This material showed high activity for CO2 

reduction, resulting in facile production of ethylene and ethanol.  

In a summary, the unique properties of np-Cu can enhance the selectivity and efficiency 

of CO2RR, contributing to the development of sustainable energy conversion 

technologies. Moreover, these attributes make np-Cu a promising material for other 

applications in sensing, supercapacitors, and lithium ion batteries. 

 

2.3. Electrosynthesis of cyclic carbonates  

After exploring its unique properties and versatile applications, this section focuses on 

the application of np-Cu in the electrosynthesis of cyclic carbonates. Key concepts like 

organic electrosynthesis and CO2 utilization will be introduced. Afterwards, the available 

literature regarding the synthesis of cyclic carbonates will be discussed. 

 

2.3.1. Organic electrosynthesis 

While the origins of electrosynthesis can be traced back to the mid-nineteenth century, 

with the pioneering contributions of Kolbe136, it has recently entered a period of renewed 

expansion and development. This renaissance is driven by the increasing interest of 

intermittent renewable energy sources, which involves the use of local and temporary 

excesses of electric energy to produce value-added chemicals.137 It also reflects the 

synthetic community's aspiration to transition toward more environmentally friendly and 

efficient methodologies.138 Compared to the conventional methods for reduction and 

oxidation of organic compounds, electrochemistry provides several interesting 

features.137-140 It enables the substitution of hazardous and toxic chemicals with electric 

current, which reduces the amount of generated waste and thereby promoting enhanced 

cost-effectiveness and environmental compatibility. Additionally, organic 

electrosynthesis generally takes place under mild conditions, such as atmospheric 

pressure and room temperature, making it inherently safe process. One of the most 
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famous examples of the application of organic electrosynthesis is the industrial-scale 

production of adiponitrile, a key ingredient used in the production of polyamides, such as 

nylon-6,6.141 The Monsanto-Baizer process involves the cathodic hydrocoupling of 

acrylonitrile and currently affords over 300,000 tons per year of adiponitrile.141,142 Other 

commercial and pilot electrochemical processes currently used within the chemical 

industry include the electrosynthesis of acetoin from butanone (BASF) and Calcium 

gluconate from glucose (Sandoz).138 

There are two main operational modes to perform electrolytic conversions: galvanostatic 

(constant current) and potentiostatic (constant voltage).140,143-145 In galvanostatic 

electrosynthesis, only two electrodes are required, one serving as the anode for 

oxidation processes and the other as the cathode for reduction processes. In this mode, 

a constant current is applied through the electrolyte using a galvanostat, acting as the 

power supply. Here, the potential of the reaction is not controlled. Initially, the substance 

with the lowest redox potential undergoes transformation. As time progresses, the 

starting material is gradually consumed, leading to a decrease in its concentration, while 

the product continues to form. At a certain point, the mass transport becomes 

insufficient, leading to an increase in the cell voltage. Continuing the electrolysis beyond 

this point may lead to the formation of undesired side products (over-electrolysis).143,144 

Galvanostatic operation is a simpler, cheaper, and easier approach compared to the 

potentiostatic mode. 

On the other hand, potentiostatic electrosynthesis includes the use of a third electrode, a 

reference electrode, that provides a constant reference potential as a fix point. A 

potentiostat is employed to maintain a constant potential between the working and 

reference electrodes. The selected potential is usually set to a value 10–20% higher 

than the redox potential, to ensure a continuous transport of the starting material to the 

electrode. As the starting material is consumed over time, mass transfer to the electrode 

becomes the limiting factor. Consequently, the current gradually decreases and 

electrolysis process reaches its endpoint when the current falls below 5% of the initial 

current.143,145 The potentiostatic method allows precise control of the reaction pathways, 

making it particularly useful for synthesizing complex organic molecules. 
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Organic electrosynthesis can be carried out in various types of electrochemical cells, 

depending on the specific requirements of the reaction and desired outcomes. The most 

common types of cells include the undivided and divided cells. In the undivided 

configuration, as shown in Figure 8a, the anolyte and catholyte are present within the 

same compartment without any physical barrier between them. This type of cell offers 

several advantages, including cost-effectiveness, simple design, lower internal 

resistance, and longer operational lifespan.138,140 In some cases, the effectiveness of an 

electrolysis process can be hindered by an unavoidable reaction occurring at the other 

electrode, leading to issues like a significant reduction in yield or contamination of the 

desired product. To overcome this limitation, the use of a divided cell with two separate 

compartments (Figure 8b) is necessary. Usually, porous materials like sintered-glass 

frits or ion-exchange membranes are used to separate the two compartments. Divided 

cells introduce additional costs, additional seals, and potential maintenance issues.138,144 

 

Figure 8: Schematic representation of (a) undivided, (b) divided, and (c) flow cells for 
organic electrosynthesis. The blue arrow in (c) represents the flow of the electrolyte into 
and out of the cell. 

 

Recently, a third type of cells, the flow cell, Figure 8c, has gained interest both in 

academic and industrial laboratories.146,147 It allows reactions to be carried out 

continuously as reactants are fed into the cell and products are removed, throughout the 

- + - +a b c
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process. Despite the need for extra electrical equipment and the associated additional 

costs, flow cells offer the advantage of enabling continuous synthesis under well-defined 

and standardized conditions. Additionally, flow cells provide the opportunity to reduce 

the quantities of solvents and starting materials, thereby lowering reagent costs, and 

minimizing waste generation compared to traditional batch electrosynthesis.138,148,149  

The choice of electrode material is a crucial aspect of designing electrochemical 

processes. Ideal electrode materials should possess several key characteristics such as 

adequate electronic conductivity, corrosion stability, and selectivity.138,150 However, 

predicting the best material based solely on theoretical concepts is challenging due to 

the complex nature of electrode processes.150 Therefore, the selection of the most 

suitable electrode material is typically determined through empirical methods and 

experimentation. For example, Buckley et al.151 investigated several cathode (Cu, steel, 

graphite) and anode (Mg, Al, Sn, Zn) materials for the reaction of styrene oxide with 

CO2. Under their reaction conditions, Cu Cathode and Mg anode were found to be the 

optimal electrodes combination which gives the highest yields of styrene carbonates. 

 

2.3.2. Carbon dioxide and its utilization 

The carbon atom in CO2 is in its most oxidized form resulting in a thermodynamically 

stable molecule, with a standard heat of formation of –394 kJ∙mol-1. Therefore, CO2 

exhibits low reactivity, and a substantial amount of energy is needed to convert it into 

other chemical compounds. For the utilization of CO2 as chemical feedstock, four 

strategies are suggested in the literature152-154: (i) using high-energy starting materials 

such as small ring compounds (e.g. epoxides), (ii) choosing oxidized low-energy 

synthetic targets such as organic carbonates, (iii)  shifting  the  equilibrium  to  the  

product  side  by removing a particular compound, or (iv) supplying physical energy such 

as electricity. During the electrochemical reduction of CO2, when one electron is 

transferred, it is transformed into a radical anion (CO2
• –). The radical anion has a bent 

geometry with an angle of 135° and the bond length is extended by approximately     

0.08 Å compared to the neutral linear state, clearly indicating the weakening of the 

carbon-oxygen bond.155,156 This highly reactive CO2
• – has been identified as the key 
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intermediate state in many CO2 transformation reactions such as carboxylation 

processes156 or cycloaddition of CO2 to epoxides41,42.  

Many chemical compounds are commercially produced from CO2 such as urea, salicylic 

acid, cyclic carbonates, aliphatic polycarbonate, and methanol.157,158 The first well-

established method for the chemical utilization of CO2 is urea production from carbon 

dioxide and ammonia (Bosch–Meiser process), which has been a commercial process 

since 1922.157-159 The production of five-membered cyclic carbonates from CO2 has 

been industrialized since the 1950s.152 Section 2.3.3 provides an overview of the 

conventional and electrochemical synthesis of cyclic carbonates from CO2. 

 

2.3.3. Conventional and electrochemical synthesis of cyclic carbonates 

Cyclic carbonates are a class of organic compounds that contain a carbonate functional 

group arranged in a ring structure. They exhibit attractive features that make them a 

target of interest, including high boiling temperature, low toxicity, minimal odor levels, 

low evaporation rates, biodegradability, and solubility in a wide range of solvents.160 

Cyclic carbonates are widely used as polar aprotic solvents, green reagents, industrial 

lubricants, and precursors for polycarbonates.34,35,160-162 Lately, cyclic carbonates have 

gained significant attention, particularly in the field of lithium ion batteries, driven by the 

growing popularity of electric vehicles. They are often employed as electrolytes in lithium 

ion batteries due to their favorable electrochemical stability, ion conductivity, and ability 

to form protective films.163-165  

Cyclic carbonates can be produced by different routes, displayed in Figure 9. The 

reaction of diols with the high toxic carbonyl dichloride, known as phosgene, and 

ethylene glycol to produce ethylene carbonate (Figure 9a) was reported by Nemirowsky 

et al.166  in 1883. Since then, several other routes have been discovered including the 

reaction of diols with dimethyl carbonates, urea, CO, and CO2 (Figure 9b – e).160 Other 

starting materials have been employed for the reaction with CO2 such as halohydrins, 

propargyl alcohols, alkenes and epoxides (Figure 9f – i). However, among these 

chemical routes, the atom-economic addition of CO2 to epoxides is currently the most 

attractive one, especially with respect to sustainability.160 Catalysts are typically 
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necessary for the reaction between epoxides and CO2 to proceed at a reasonable rate. 

The nature of the catalyst, as well as the specific epoxide and reaction conditions, 

significantly influence the selectivity between the two potential products of the CO2-

epoxide reaction: cyclic carbonates and polycarbonates. Consequently, the design and 

development of active and selective catalytic systems is a central topic of research in 

the domain of the conversion of CO2 into cyclic carbonates. 33-35,160,161,167,168 

 

Figure 9: An overview of the routes used to produce cyclic carbonate in the literature 
using the following starting materials (a) Phosgene, (b) dimethyl carbonate, (c) urea, (d) 
CO, and (e) CO2 have been converted with diols to yield cyclic carbonates. Furthermore, 
(f) halohydrins, (g) propargyl alcohols, (h) alkenes and (i) epoxides have been used as 
starting materials for the coupling reaction with CO2. Figure reprinted from ref. 160. 

 

The catalysts used for this reaction (e.g., metal complexes36, metal organic frameworks 

(MOFs)169, and silica-based catalysts170) typically demand harsh reaction conditions to 

function effectively, such as high CO2 pressure (10 - 200 bar) and temperature 

(≥100 °C). These conditions reduce the sustainability of cyclic carbonate formation 

processes. Homogeneous catalysts also face significant challenges regarding the 

catalyst recovery, reusability, and product purification.33-35 Consequently, 
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electrosynthesis presents a promising solution to overcome the shortcomings of 

conventional organic synthesis.  

The first electrochemical synthesis of cyclic carbonates from CO2 and epoxide under 

room temperature and atmospheric pressure was reported in 1955 by Tascedda and 

Duniich.171 The study used a nickel(II) cyclam complex as a catalyst with stainless steel 

cathode, magnesium anode, dimethylformamide the solvent and potassium bromide as 

the supporting electrolyte. This was an attractive system for the synthesis of cyclic 

carbonates in mild conditions. Since then, several studies have explored this reaction 

using different electrode materials, electrolytes, and different epoxides as starting 

materials, where a catalyst is not required anymore. A summary of the literature is listed 

in Table 2. 

Electrochemically, cyclic carbonates can be obtained through the coupling reaction 

between CO2 and epoxides38,151,172 or diols45,46 whereas the reaction with alcohols27,39 

produces aliphatic carbonates. Zhang et al. reported a higher yield of cyclic carbonates 

when epoxides173 were used as a starting material (86 – 95% yields) in comparison to 

diols (28 – 58 % yields)174. Furthermore, the choice of solvent has an impact on the 

yield. Acetonitrile performs well in electrochemical settings due to its high dielectric 

constant and it is a good solvent for CO2 (0.27 M).175,176 This was supported by Xiao et 

al.172 who reported a higher conversion of epoxides to cyclic carbonates when 

acetonitrile was used as a solvent compared to dimethylformamide. Ionic liquids were 

also reported as electrolytes, substituting organic solvents with supporting 

electrolytes.38,40,46 However, their use is not widely spread due to their high cost and 

viscosity.  
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Table 2: Comparison of reported literature of electrosynthesis of cyclic carbonates. 
Table reprinted from the manuscript submitted to a journal.   

Starting 
material 

Temp. 
(°C) 

electrolyte Cathode Anode 
Current 
density 

[mA cm-2] 

Charge 
[F mol-1] 

Yield of 
products 

Ref 

Epoxides  
 (0.1 M) 

 
RT 

0.1 M TEAI-
MeCN 

np-Cu/GC 

Mg 2.0 2.0 

PC 
BC 

62 ± 6 % 
74 ± 4 % 

This 
study 

Cu 
PC 
BC 

63 ± 5 % 
76 ± 4 % 

GC 
PC 
BC 

14 ± 3% 
20 ± 3% 

Epoxides 
(0.067 M) 

0 
0.1 M TEAI-

MeCN 
SS Mg 2.9 1.3 PC 70 % 172 

Epoxides 
(0.1 M) 

25 
0.1 M TEAI-

MeCN 
Cu NP Mg 3.0 2.5 

PC 
BC 

86 % 
68 % 

177 

Epoxides 
(0.1 M) 

25 
0.1 M TEAI-

MeCN 
Ag NP Mg 3.0 2.0 

PC 
BC 

70 % 
57 % 

178 

Epoxides 
(0.15 M) 

RT 
0.1 M TEAI-

MeCN 
Cu/CS Mg 4.1 2.0 

PC 
BC 

95 % 
87 % 

173 

Epoxides 50 
TBAB (1.0 
eq.)-MeCN 

Cu Mg ˗˗ a 
- 
 

PC 94 % 151 

Epoxides 
(0.01 M) 

RT C4MIMBF4 Cu Mg ˗˗ b 
- 
 

PC 87 % c 179 

Diols  
(0.15 M) 

RT 
0.2 M TEAI-

MeCN 
Cu/PC 

graphit
e 

12.2 1.0 
PC 
BC 

46 % d 
47 % d 

174 

Diols 
(0.1 M) 

50 C4MIMBF4 Ni Mg ˗˗ b 1.0 
PC 
BC 

4 % 
12 % 

46 

Diols 
(0.1 M) 

0 
0.1 M TEAI-

MeCN 
Cu 

graphit
e 

17.2 1.0 
PC 
BC 

19 % d 
44 % d 

45 

Diols  
(0.15 M) 

25 
0.1 M TBAI-

MeCN 
Cu 

graphit
e 

4.1 1.0 
PC 
BC 

21 % 
23 % 

39 

Alcohol  50 C4MIMBF4 NPC-Ag Pt ˗˗ b 1.0 DC 80 % 27 

Galvanostatic electrosynthesis in undivided cells using 1 atm CO2 was used. a 60 mA was applied. 
b Potentiostatic electrosynthesis. c Conversion %. d Divided cell.  

Starting material: [Epoxides] propylene oxide and 1,2-butylene oxides were used. [Diols] 1,2-propandiol 
and 1,2-butanndiol were used. [Alcohol] Methanol was used.  

Electrolyte: [TEAI] Tetraethylammonium iodide; [TBAI] Tetrabutylammonium iodide; [TBAB] 
Tetrabutylammonium bromide; [C4MIMBF4] 1-Butyl-3-methylimidazolium tetrafluoroborate (ionic liquid).  

Cathode: [np-Cu/GC] nanoporous copper (ligament size 115 ± 28 nm) on glassy carbon (Cu loading 1 mg 
cm-2); [SS] Stainless steel; [Cu NP] Cu nanoparticles with particle size of 100 nm; [Ag NP] Ag 
nanoparticles with particle size of 100 nm; [Cu/Cs] Carbon sphere-loaded Cu nanoparticles with Cu 
loading of 8 wt%; [Cu/PC] Copper nanoparticles on porous carbon with Cu loading of 19.5 wt%; [NPC-Ag] 
Silver-coated nanoporous copper.  

Cyclic carbonates PC: propylene carbonate, BC: 1,2-butylene carbonate, DC: (aliphatic) dimethyl 

carbonate. 
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Other reaction parameters are usually screened for choosing the optimal conditions, 

including the supporting electrolyte, current density, passed charge, and electrode 

materials. Sacrificial magnesium anodes and copper cathode materials have been 

widely used, giving higher yields of cyclic carbonates compared to other cathode 

materials such as stainless steel, nickel, or titanium.38-40,180 Recently, nanostructured 

materials have been developed by some research groups in an attempt to improve the 

electrosynthesis of cyclic carbonates.173,174,177,178 Yields between 31 and 86% of 

different cyclic carbonates were achieved on copper nanoparticles.177 Moreover, Zhang 

et al.173 reported higher yields of propylene carbonate on carbon sphere-loaded Cu 

nanoparticles (68%) compared to the sheets (44%).  

To our knowledge, there is currently no literature available reporting the use of np 

electrode materials for the cyclic carbonate formation from epoxide and CO2. However, 

np materials have been employed in other electrochemical reactions involving CO2. For 

example, Wang et al.27 applied a silver-coated np copper electrode in the CO2  fixation to 

methanol in ionic liquid to produce (aliphatic) dimethyl carbonate with a yield of ~80% 

compared to silver sheet (yield of ~59%).  

The reaction pathway of epoxide with CO2 has not been fully understood. It is suggested 

that CO2 activation is necessary for the reaction with epoxides to take place in ambient 

conditions. This assumption is drawn from experiments in which cyclic carbonates were 

not detected when the electrolysis was carried out in the absence of external current or 

potential.42,46,172 It is proposed that the activation process involves the electro-reduction 

of CO2 to form the CO2
• – radical anion.39,41,172 Distortion of the commonly linear structure 

of neutral CO2 towards a bent structure of the radical anion results in a pronounced 

activation at the electrophilic center of CO2, consequently enhancing the efficiency of the 

reaction with epoxide.42  

Pérez-Gallent et al.41 performed Fourier transform infrared spectroscopy (FTIR) 

investigations to explore the rate-limiting step for the synthesis of propylene carbonate 

on copper electrodes. First, propylene oxide was reduced at –2.5 mA (–2.86 V vs 

Ag/AgClO4) for 30 minutes. This conditioning step was expected to activate the epoxide 

and thus lead to the opening of the ring. Then, CO2 was introduced in the 
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electrochemical cell (at a current of –0.5 mA at which no propylene carbonate was 

observed in previous experiments) and absorbance spectra were recorded every           

4 minutes for 45 minutes. If the activated propylene oxide was the active species, 

propylene carbonate should form directly after the addition of CO2. However, the 

absence of the band at 1800 cm-1 (corresponding with propylene carbonate) when a 

mild reduction current was applied with CO2 present in solution, suggests that the 

reductive ring opening is not a critical step but rather that CO2 needs to be activated. 

When a higher current is applied in the presence of CO2 and propylene oxide, propylene 

carbonate was formed. These experimental findings suggest that under electrochemical 

conditions the reaction pathway starts with the activation of CO2. Therefore, the authors 

suggest the electroreduction of CO2 to CO2
• – as a key step for the formation of 

propylene carbonate.  

Similarly, theoretical and experimental investigations by Xiao et al.172 suggest the 

activation of CO2 to be the first step of the reaction of epoxides with CO2. The authors 

propose that the formed radical anion CO2
• – is stabilized via the coordination of its 

oxygen atom to Mg2+ (from the sacrificial Mg anode) and Br− (from the supporting 

electrolyte tetrabutylammonium bromide, TBAB). The formed intermediate I (Figure 10) 

reacts with the epoxide (II), leading to opening of the ring and insertion of CO2 (III, IV, 

V). The ring closure of VI, leads to the formation of the product VII through 

intramolecular nucleophilic replacement of bromine atom by a negatively charged 

oxygen atom.  
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Figure 10: Proposed mechanism for the synthesis of cyclic carbonates from CO2 and 
R(+)-styrene-oxide according to Xiao et al.172. 

 

Gallardo-Fuentes et al.42 conducted DFT calculations to theoretically investigate the 

propylene oxide reaction with CO2. The study explored the activation of CO2 by 

potentiostatic electrolysis (applying a potential of –2.4 V vs Ag/AgCl), incorporation of 

Mg cations from a sacrificial Mg anode in the electrolyte, and the utilization of the ionic 

liquid 1‐butyl‐3 methylimidazolium bromide [C4C1Im][Br] as electrolyte. Two possible 

scenarios were investigated to simulate the ring opening step of the epoxide, shown in 

Figure 11a. The first model (TS1-C4C1Im) examines the interaction between the 

epoxide, the [C4C1Im]+ cation, Br– and CO2. This pathway involves an energy barrier to 

open the epoxide of 27.5 kcal/mol. The second scenario (TS1-Mg) considers the 

interaction between the epoxide in the presence of Mg2+, Br– and CO2, with an energy 

barrier of 6.8 kcal/mol to open the epoxide. The energetically preferred pathway, 

I

II

III

IVVVI

VII
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indicated by TS1-Mg, highlights the influence of the ionic liquid's anion as a ring-opening 

agent and the Lewis acid Mg2+ as the catalyst.  

 

Figure 11: Free Energy Profiles (a) for the cycloaddition between CO2 and propylene 
oxide catalyzed by Mg2+ (solid line) and [C4C1Im]+ cation (dashed line), (b) for the 
reaction between CO2 and propylene oxide catalyzed by Mg2+ with an extra electron 
(CO2

• – solid line) and without an extra electron (neutral linear CO2 dashed line). Figure 
reprinted from ref. 42. 
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To understand the influence of overpotential on the ring opening stage, the process was 

simulated both with and without the introduction of an additional electron. The reaction 

barriers for these stages were found to be 6.8 kcal/mol for TS1-Mg (ring opening without 

an extra electron) and 8.9 kcal/mol for TS1-Mg-e (ring opening with an extra electron). 

The free energy profile in Figure 11b indicates that intermediates Int-1 and Int1-e 

exhibit similar energy levels, maintaining a linear CO2 structure. However, the relevant 

difference appears when CO2
• – is in its bent configuration, because in this case the 

energy of Int2-e is almost 17 kcal/mol lower. This outcome reinforces the significance of 

overpotential (the additional electron in the calculation) in the reaction, facilitating the 

formation of an electrophilically activated CO2
• – species. In this context, the 

overpotential's role is crucial in bending the CO2 molecule, thereby stabilizing the 

system and promoting the nucleophilic attack of oxygen to carbon, subsequently leading 

to the ring closure steps.42,172  

The DFT calculations of Gallardo-Fuentes et al.42 shows that the ring closing as the rate 

determining when the system is coordinated by Mg2+ and it is favored by 5 kcal/mol in 

the simulation, in the presence of applied overpotential. This is in contrast with the 

findings from Pérez-Gallent et al.41 and Xiao et al.172 that the CO2 activation is the rate-

limiting step of the reaction.  Based on their findings, Gallardo-Fuentes et al.42 proposed 

the reaction pathway of CO2 with propylene oxide shown in Figure 12.  

Although Gallardo-Fuentes et al.42 and Xiao et al.172 agree that Mg2+ and Br– are 

necessary for the reaction to proceed, they propose different intermediates that facilitate 

the ring opening of the epoxide. Xiao et al.172 suggest that intermediate I (Figure 10) 

formed from the radical anion CO2
• –, Mg2+ and Br− is responsible for the ring opening, 

whereas Gallardo-Fuentes et al.42 propose that the halide species from the ionic liquid or 

supporting electrolyte (e.g., Br− from TBAB) are responsible for the ring opening, while 

Mg2+ facilitates this process (I – II, Figure 12). CO2 is activated to form CO2
• –, which 

attacks the already open epoxide (III) and the product (IV) is formed by ring closure. 

Further investigations are required to gain a deeper understanding of the reaction 

pathway and identify the intermediates involved. 
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Figure 12: Proposed mechanism for the reaction of CO2 with propylene oxide according 
to Gallardo-Fuentes et al.42. The species “A” is a general Lewis acid such as Mg2+ from 
the sacrificial Mg anode. 
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3. Experimental Procedures  

3.1. Samples preparation  

3.1.1. Fabrication of Zn80Cu20 alloy ribbons  

The master alloy ribbons were prepared via melt-spinning technique using an Edmund 

Buehler Melt-spinner SC (Figure 13).  Melt-spinning is a rapid solidification process, in 

which molten metals are expelled out onto a cold rotating wheel to form ribbon-shaped 

alloys.181 First, the chamber was evacuated to 10-3 mbar and then filled with Ar 

(99.995%, Nippon Gases) to a pressure of 0.4 bar, to prevent the oxidation of the 

starting materials. The metals, pure copper (99.99%, Alfa Aesar) and zinc (99.9%, Alfa 

Aesar) foils, were then inductively melted in a quartz glass crucible at ~850 K for one 

minute. This temperature was chosen to avoid any Zn evaporation.  

 

Figure 13: (a) The melt-spinner device used in this study to fabricate Zn80Cu20 master 
alloy ribbons. (b)  A zoom-in of the chamber, consisting of an argon gas inlet, quartz 
glass crucible, where metals are molten by an induction coil, and a rotating copper 
wheel.  
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In the next step, 5 -10 g of the melt was pressed out of the crucible onto a rotating 

copper (Cu) wheel. When it hits the wheel, the melt rapidly solidifies at cooling rates of 

105 – 106 K s-1, forming alloy ribbons. The geometric dimensions of the formed Zn80Cu20 

ribbons are 4 –10 cm long, 2 – 3 mm wide, and 35 ± 3 µm thick, respectively. The 

master alloy was prepared and supplied by Dr. Daniel Crespo at the Polytechnic 

University of Catalonia, Barcelona, Spain.  

 

3.1.2. Chemical dealloying of Zn80Cu20 alloy ribbons 

The Zn80Cu20 alloy ribbons were chemically dealloyed under free corrosion to form 

nanoporous copper (np-Cu). First, the pristine ribbons were cleaned with highly purified 

water (18 MΩ cm at room temperature, ElgaPureLab Classic) and propan-2-ol (99.5%, 

Fisher Scientific) using an ultra-sonication bath. The dealloying electrolytes were     

0.1 M hydrochloric acid (HCl), 5 M and 15 M phosphoric acid (H3PO4), and              

1.3 M sodium hydroxide (NaOH).  The electrolyte solutions were prepared by diluting 

37% HCl (ACS reagent, VWR Chemicals), 85 wt.% H3PO4 (99.99%, Merck) or by 

dissolving the respective amount of NaOH pellets (99.99%, Alfa Aeser) in highly purified 

water, respectively. All solutions were saturated with Ar (99.999%, Air Liquide) for at 

least 30 min before starting the dealloying process. 

Ribbons were chemically dealloyed in 25 mL vials under Ar atmosphere at 25°C using a 

bath thermostat (Lauda, ECO RE620), as shown in Figure 14. To investigate the effect 

of the dealloying temperature on the nanoporous structure, the dealloying in HCl was 

carried out at 15, 25, and 50 °C. Only in 1.3 M NaOH, the ribbons were attached to a Cu 

foil (0.1 mm thick, 99.999%, Alfa Aesar), using a Cu wire (99.999%, 1 mm diameter, Alfa 

Aesar), to accelerate the Zn dissolution (Figure 14b). As Zn dissolution occurs during 

the dealloying process, hydrogen evolution reaction (HER) takes place concurrently on 

the cathodic site. The hydrogen bubble formation on the sample surface is illustrated in 

Figure 14 a´– b´. Samples were taken out from the solution after different dealloying 

times (3.5, 8, 24, 48, 72, 168, and 312 h in 0.1 M HCl and 1.3 M NaOH; 3, 5, and 7 h in 

M and 15 M H3PO4). The dealloyed ribbons were washed with highly purified water and 

propan-2-ol, dried in Ar atmosphere and immediately used for further investigations or 
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stored in vacuum to avoid air oxidation. All experiments were repeated at least three 

times.  

 

Figure 14: Setup of the dealloying process, showing the ribbons immersed in vials 
containing (a, a´) solutions of HCl, H3PO4, or (b, b´) NaOH and the hydrogen bubbles 
formation during the dealloying process; (c) the vials placed in a glass container under 
an argon atmosphere; (d) the container positioned in a thermostat to maintain a constant 
temperature of 25°C throughout the dealloying. The image in (b´) was reprinted with 
permission from ref. 52. 
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3.1.3. Drop-casting of np-Cu ribbons on glassy carbon (GC) 

A dop casting technique was utilized to prepare a practical electrode, consisting of a thin 

film of np-Cu ribbons coated on a glassy carbon (GC) plate. This electrode is referred to 

as np-Cu/GC. The preparation steps are displayed in Figure 15. First, a GC plate 

(dimensions 35 x 20 x 2 mm) was polished with 0.05 μm of aluminum oxide powder 

(Buehler, Germany) onto a Microcloth polishing paper (Buehler, Germany, #423710). 

The GC plate was cleaned with highly purified water and propan-2-ol. Second, a 

dispersion was prepared by mixing and horn sonication (Branson SFX 250 Sonifier) of   

8 mg of np-Cu ribbons and 1 mL of propan-2-ol (99.5%, Fisher Scientific) for 20 minutes. 

To avoid heating the sample, the vial was put in a beaker filled with ice during horn 

sonication.  

 

Figure 15: Preparation steps of the drop-casted np-Cu material on the GC substrate. 
(a) Zn80Cu20 alloy ribbons; (b) np-Cu ribbons after chemical dealloying; (c) suspension of 
np-Cu material in propan-2-ol after horn sonication; (d) drop-casting of the np-Cu on GC 
plate under argon; and (e) the resulting np-Cu/GC electrode. Figure reprinted from the 
manuscript submitted to a journal.  
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Subsequently, 10 μL of the dispersion was uniformly pipetted onto the surface of the GC 

plate and dried at room temperature under Ar. This process was repeated until a loading 

of 1 mg cm-2
geo (per geometric surface area) Cu on GC was achieved. The np-Cu/GC 

was directly used as a cathode for electrolysis or stored in vacuum to avoid air oxidation. 

When the np-Cu/GC was reused after electrolysis, it was immersed in concentrated 

phosphoric acid (85 wt.% H3PO4) for 5 seconds as a chemical polishing step, washed 

with highly purified water and propan-2-ol, and dried under Ar. 

 

3.2. Physicochemical characterization 

3.2.1. Scanning Electron Microscopy with Energy-dispersive X-ray Spectroscopy 

(SEM-EDX) 

The structure and morphology of pristine and dealloyed ribbons as well as np-Cu/GC 

were investigated using a Helios NanoLAB 600i SEM operated at an accelerating 

voltage of 5 kV and a current of 0.17 nA. For top-view SEM images, aluminum flat FIB 

pin mounts (12.7 mm diameter) were used to secure the samples (Figure 16a). 

 

Figure 16: Sample holders used for SEM measurements. (a) Flat FIB pin mounts for 
top-view, and (b) 90° FIB pin mounts for cross-section investigations. The flat surface of 
the 90° pin mounts was simultaneously used for top-view analysis.  

 

The samples were fixed to the FIB mounts using adhesive carbon tape. The cross-

section acquisitions were carried out by putting the samples vertically on a 90° FIB pin 

Top-view

Cross-section
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mount so that the cross-section of the samples was parallel to the optical zone of the 

beam (Figure 16b). Micrographs were acquired at a working distance of 4.0 mm and a 

dwell time of 30 µs. Sample areas were imaged in a magnification range from 1,500x to 

200,000x. 

ImageJ 1.46r software was then used to establish the ligament sizes of np-Cu ribbons 

from several SEM micrographs. Ligament size was measured at a minimum 

magnification of 80,000 kx, with the width of ligaments measured at 1 – 4 positions 

(Figure 17a). Very thin bridges between ligaments, or ligaments that were covered by 

other ligaments by more than 30 % were excluded from the measurements          

(Figure 17b – c). The mean ligament size was estimated by analyzing more than 200 

arbitrary ligaments from at least three different dealloyed samples. 

 

Figure 17: SEM micrograph of np-Cu at a magnification of 150,000 kx, showing the 
estimation of ligament size. (a) The measured width of the ligaments is represented by 
green lines, while unmeasured distances are indicated by red line, including (b) thin 
bridges, and (c) covered ligaments, respectively.   

 

The coverage of np-Cu on the GC surface was evaluated using the thresholding method 

in ImageJ 1.46r software. In the context of this study, the coverage refers to the 
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percentage of the surface area occupied by np-Cu (ligaments) relative to the total 

surface area analyzed. SEM micrographs of np-Cu/GC at magnifications of 1,200x, 

3,500x, and 6,500x were used for the analysis. In greyscale images, intensity values of 

0 and 100 % represent pure black and white, respectively. Therefore, pixels with 

intensities below threshold values of 45, 52, and 60%, representing the black GC 

substrate, were replaced by red pixels. The area percentage of np-Cu ligaments and the 

GC background were then estimated for each threshold value. The mean coverage of 

np-Cu/GC was calculated from three samples.  

Applying too low or too high threshold values would lead to incorrect estimation of the 

coverage. The impact of using different threshold values (20, 52 and 80%) on the 

estimation of coverage is highlighted in Figure 18. Applying too low threshold values 

(Figure 18b) leads to the inclusion of parts of the background in the estimation of the 

np-Cu area, resulting in an overestimation of the coverage. Conversely, too high 

threshold values (Figure 18d) lead to an underestimation of the coverage, where parts 

of the ligaments are incorrectly measured with the background. The coverage of np-

Cu/GC for this SEM image was estimated as 78, 65, and 43 % for threshold values of 

20, 52, and 80%, respectively. Therefore, the middle values of 45, 52, and 60 % were 

shown to give the best separation of the grey ligaments from the black background and 

were used in this study.  

The chemical composition of pristine and dealloyed ribbons was investigated using a 

Helios NanoLAB 600i SEM equipped with an Apollo 10 EDX detector (EDAX AMETEK) 

and Everhart-Thornley secondary electron detector. The microscope was operated at an 

accelerated voltage of 20 kV, and a beam current of 0.34 nA. The magnification was set 

15,000 kv to measure sample area of approximately 85 µm2. The acquisition time for 

each EDX spectrum was about 60 seconds. The characteristic intensities of the K line 

for O, Cu, and Zn at 0.525, 6.924 and 8.630 keV were evaluated, respectively. The 

chemical composition was calculated from at least three spectra measured on different 

positions for at least three samples.  
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Figure 18: Estimation of coverage of np-Cu/GC by the thresholding method in ImageJ 
1.46r software. (a) SEM micrographs of np-Cu/GC, where a threshold value of (b) 20 %, 
(c) 52%, and (d) 80 % were used for the adjustment of the background.  

 

3.2.2. (Scanning) Transmission Electron Microscopy with Energy-dispersive X-ray 

Spectroscopy ((S)TEM-EDX) 

The morphology and chemical composition of np-Cu ribbons at higher magnification was 

investigated by JEOL JEM2100F microscope equipped with an Oxford INCA Energy 

TEM250 EDX system with a Silicon Drift Detector (SDD). Np-Cu (1 mg) was dispersed 

in propan-2-ol (4 mL) by horn sonication for 30 minutes. Then, 5 µL of the dispersion 

was pipetted on a holey carbon film coated TEM grid (EMS, 300 mesh) and dried at 

room temperature in air. The TEM images were taken at an accelerating voltage of 200 

kV. To better understand the elemental distribution within the ligaments, EDX elemental 
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mappings of sample areas of up to 1 µm2 were performed and evaluated using INCA 

5.03 software (Oxford Instruments). 

 

3.2.3. X-ray Diffraction (XRD) 

To analyze the crystallinity and crystal phases of the pristine and dealloyed ribbons, an 

X-ray diffractometer Empyrean (PANalytical) equipped with a Cu tube, Bragg-Brentano 

unit, soller and PIXcel1D detector was employed. The setting parameters were as 

follows: 2  range from 10° to 90°, step size of 0.03°, counting time of 900 s, sample 

spinning time of 2 s, and total acquisition time of 3 h. The ribbons were positioned on a 

self-made Plexiglas disc with a centered depth of 1 mm and a diameter of 10 mm.  

Data processing and evaluation were performed by Rietveld analysis using TOPAS 

version 5.0 software. The background was fitted using Chebychev polynomial function, 

order 5. The crystallographic phases of the samples were identified by utilizing reference 

patterns of Zn80Cu20 (Space group P63/mmc, ID: #1524894), Cu38Zn62 (Space group     

I-43m, ID: #1100057), and Cu2O (space group Pn-3m, ID: #1000063) from the 

International Centre for Diffraction Data (COD)182. The quality of the fit between the 

calculated and experimental XRD patterns was expressed by weighted profile residual 

(Rwp) values. 

 

3.2.4. X-ray Photoelectron Spectroscopy (XPS) 

The surface composition and chemical state of Zn and Cu species in the pristine and 

dealloyed ribbons were characterized using an ESCLAB 250 Xi spectrometer (Thermo 

Fisher). The XPS spectra were collected with monochromatic Al Kα radiation with a 

photon energy of 1486.6 eV. Survey spectra were collected from 0 to 1350 eV with pass 

energy of 100 eV and resolution step of 1 eV. Experimental parameters for the 

acquisition of high resolution XPS spectra of C 1s, O 1s, Cu 2p, and Zn 2p as well as 

Auger spectra of Cu and Zn LMM are summarized in Table 3. An Ar ion source 

(MAGCIS, Thermo Fisher) was used to sputter a geometric surface area of 
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approximately 2.25 mm2. Samples were introduced for a short time and not heated to 

avoid contamination during XPS measurements and sputtering processes. 

 

Table 3: Experimental acquisition parameters for survey and high-resolution spectra for 
XPS investigations of Zn80Cu20 alloy ribbons. Table reprinted with permission from ref. 
52. 

XPS line Pass energy 

[eV] 

Number of scans 

[a.u.] 

Dwell time 

[ms] 

Energy step size 

[eV] 

survey 100 10 10 1 

C 1s 10 10 50 0.02 

O 1s 10 10 50 0.02 

Cu 2p 20 30 50 0.035 

Cu LMM 20 50 50 0.025 

Zn 2p 10 10 50 0.035 

Zn LMM 20 10 50 0.02 

 

To determine the elemental depth profile of Zn80Cu20 alloy ribbons, a sequence of depth 

profile measurements was conducted. The measurement sequence consisted of three 

sputter cycles at 2 kV for 30 s, followed by 5 sputter cycles at 4 keV for 120 s, and finally 

one cycle at 4 keV for 300 s. The increase in local temperature on the sputtered area of 

the samples under vacuum accelerates the volatilization rate of Zn. This is related to the 

differences in temperature dependence of the saturated vapor pressures of zinc and 

copper.183-185 For this reason, results from the XPS depth profiles of pristine ribbons 

were corrected by the standard deviations calculated from commercial ZnCu alloy (Alfa 

Aesar, Brass foil alloy 260, Cu 69 %, Zn 31%). The commercial alloy showed 

experimental composition of 84.3 at.% and 15.7 at.% Cu and Zn, respectively      

(Figure 19). 

Being a surface sensitive analysis method, XPS was also employed to investigate the 

formation of a lead monolayer on the surface of np-Cu/GC following an underpotential 

deposition of lead (Pb-UPD) experiment. After disposition of Pb monolayer, the 

electrode was washed with highly purified water and propan-2-ol, dried under Ar, and 

directly measured. The experimental parameters for the acquisition of high resolution 

XPS spectra of C 1s, O 1s, Cu 2p, Zn 2p, and Pb 4f are summarized in Table 4. Data 
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analysis for all XPS data was performed by Avantage software (Thermo Fischer 

Scientific, version 5.9911). 

 
Figure 19: XPS sputter depth profile of commercial ZnCu alloy (69.4 at.% Cu and 30.5 
at.% Zn) up to 90 nm showing the standard deviation of measured composition (84.3 
at.% Cu and 15.7 at.% Zn) due to the sputter process and different sublimation 
temperatures of Zn and Cu. Figure reprinted with permission from ref. 52. 

 

Table 4: Experimental acquisition parameters for the survey and high-resolution spectra 
for XPS analysis of np-Cu/GC after Pb-UPD deposition. 

XPS line Pass energy 

[eV] 

Number of scans 

[a.u.] 

Dwell time 

[ms] 

Energy step size 

[eV] 

survey 100 10 10 1 

C 1s 10 5 50 0.02 

O 1s 20 10 50 0.02 

Cu 2p 20 30 50 0.035 

Zn 2p 20 20 50 0.035 

Pb 4f 20 40 50 0.02 
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3.2.5. Raman spectroscopy 

To investigate the chemical state of Cu of different samples, Raman spectroscopy 

measurements were carried out. Raman mappings were acquired using an alpha300 

RSA Raman Imaging Microscope (WITec), equipped with a 532 nm laser, a 600 l/mm 

grating, and a Zeiss EC Epiplan-Neofluar Dic 50x / 0.8 objective. A spectrum was 

recorded with an integration time of 2 s every 1 µm. Mappings were collected for a total 

area of 200x200 µm for np-Cu/GC and 100x100 µm for np-Cu ribbons and 

polycrystalline Cu foil. The measured spectra were processed in the Witec Project FIVE 

5.2 software for cosmic ray removal and baseline subtraction. Spectra were then fitted 

using Gauss peak fitting function, and Raman peak areas at 218 cm-1 and 295 cm-1 

were used for the estimation of Cu(I) and Cu(II) species, respectively. The ratio of Cu(I) 

to Cu(II) was calculated for every spectrum, and a mean value was established for the 

whole mapping area. 

 

Figure 20: Reference Raman spectra of Cu2O [ID: #R050384] in black, and CuO       
[ID: #R060978]  in grey, obtained from the RUFF™ project Database186.  
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Figure 20 shows the reference spectra for cupric oxide [CuO, ID: #R060978] and 

cuprous oxide [Cu2O, ID: #R050384] from the RUFF™ project Database.186 The Raman 

spectrum of CuO shows three Raman peaks corresponding to the Raman-active 

vibrational Ag (at 295 cm−1), and Bg (at 347 and 630 cm−1) modes.187-189 On the other 

hand, the Raman spectrum of Cu2O shows no Raman-active peaks. The peaks at 218 

cm-1 and 410 cm-1 are assigned to multiphonon Raman scattering and the peak at 623 

cm-1 corresponds to the IR-active mode T1u.189-191  

The Cu(I):Cu(II) ratio was investigated for three samples: np-Cu/GC electrode after 

electrolysis experiments, dealloyed np-Cu ribbons, and unpolished polycrystalline Cu foil 

(0.25 mm thick, 99.999%, Alfa Aesar). All samples were washed with highly purified 

water (18 MΩ cm at room temperature) and propan-2-ol. The np-Cu/GC electrode and 

np-Cu ribbons were dried under Ar and stored in vacuum. Both samples were in contact 

with air for a few hours during the Raman measurements.  

   

3.3. Electrochemical characterization  

3.3.1. Cyclic voltammetry (CV) 

To investigate CO2 reduction reaction (CO2RR), cyclic voltammetry (CV) profiles were 

recorded using a potentiostat (Reference 600+, Gamry Instruments) and a home-made 

undivided glass cell (Figure 21). The electrolyte solution was 0.07 M 

tetraethylammonium iodide in acetonitrile (TEAI-MeCN), saturated with N2 or CO2 for at 

least 30 minutes. A graphite sheet and a silver/silver chloride (Ag/AgCl; in 3 M KCl) 

electrode were used as counter and reference electrodes, respectively. Different 

materials were employed as a working electrode: np-Cu/GC, copper wire (99.999%,          

1 mm diameter, Alfa Aesar), or bare GC disk (5 mm diameter, Pine Research 

Instrumentation). For all electrochemical measurements, a rotating disc electrode (RDE) 

equipped with a GC disk (5 mm diameter, Pine Research Instrumentation) was used as 

a substrate for np-Cu, with a Cu loading of 1 mg cm-2
geo (Figure 21b, b´). The freshly 

prepared np-Cu/GC was directly used for electrochemical measurements. The copper 

wire was polished with crystalline diamond suspensions of 9, 6, and 3 µm sizes (MetaDi 
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Supreme, Buehler) onto a Microcloth polishing paper (Buehler, Germany, #423710). The 

GC disk was polished with 0.05 μm of aluminum oxide powder onto a Microcloth paper.  

All CV profiles were recorded with a scan rate of 0.02 V s-1 in the potential range from     

–1.0 to –2.0 V vs Ag/AgCl. Gamry Framework and Echem Analyst software version 

7.8.5 were used for data acquisition and analysis, respectively.  

 

Figure 21: (a) Experimental set-up for CO2RR in 0.1 M TEAI-MECN, consisting of (1) 
CO2 gas inlet, (2) Cu wire working electrode, (3) graphite counter electrode, and (4) 
Ag/AgCl reference electrode. (b, b´) The np-Cu/GC working electrode used for all 
electrochemical measurements, where np-Cu was drop-casted on a GC disk with 
diameter of 5 mm.   

 

3.3.2. Lead under potential deposition (Pb-UPD) 

UPD-assisted surface area measurements were carried out by recording CV profiles 

using a potentiostat (VSP300, Biologic), operated with EC-Lab software (v11.32). The 

CV profiles were registered in a solution containing 0.01 M perchloric acid (HClO4,       

(4)

(3)

(2)
(1)

b´

ba

3 mm
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70 vol.%, 99.999%, Sigma-Aldrich), 0.1 M sodium perchlorate (NaClO4, ≥98.0%, Sigma 

Aldrich), 0.01 M lead(II) perchlorate hydrate (Pb(ClO4)2, ≥99.995%, Sigma Aldrich),  and 

0.05 M sodium chloride (NaCl, ≥99.0%, Sigma Aldrich). Solutions were freshly prepared 

by dissolving/diluting their respective amount in highly purified water (18 MΩ cm at room 

temperature). Background experiments were performed in the same solution but in the 

absence of Pb2+ ions. The electrochemical experiments were performed in a home-

made three-electrode glass cell (see Figure 23) with a np-Cu/GC (Figure 21b, b´) or 

polycrystalline Cu disk as working electrodes, platinum mesh (99.95%, Alfa Aesar) as a 

counter electrode, and a Pb wire (99.9%, Alfa Aesar) as a reference electrode. The 

polycrystalline Cu disks were polished with crystalline diamond suspensions of 9, 6, and 

3 µm sizes (MetaDi Supreme, Buehler) onto a Microcloth polishing paper, washed with 

highly purified water and propan-2-ol. Directly before use, they were immersed in         

85 wt.% H3PO4 for 5 seconds, washed again, and dried under Ar. This two-step 

polishing served to ensure an oxide-free surface. The Pt mesh was flame annealed prior 

to use, and the reference electrode was pretreated by etching in a diluted nitric acid (1:1 

ratio) solution, heated up to 50 °C for 5 minutes. The solution was purged with Ar 

(99.999%, Air Liquide) at least two hours before UPD experiments.  

First, CV profiles were recorded in a potential range from 0.4 to –0.4 vs Pb/Pb2+ at scan 

rate of 0.01 V s-1 to identify the regions of bulk deposition and UPD of Pb (Figure 22). 

Then, they were registered in UPD potential region from 0.4 to 0.0 V vs Pb/Pb2+ at    

0.01 V s-1, where a monolayer of Pb forms on the surface of the working electrode. From 

the deposition and stripping peaks in the CV profiles, the averaged integrated charge, 

�̅�dep./strip. (in A V-1) was estimated, then divided by the scan rate, 𝒗 (in V s-1) to get the 

charge, 𝑄 (in µC).  

𝑸 =
�̅�𝒅𝒆𝒑./𝒔𝒕𝒓𝒊𝒑.

𝒗
 Equation (5) 

 

The electrochemically active surface area, ECSA (in cm2), was calculated by 

normalizing the charge of Pb-UPD by the charge of one monolayer of Pb on pure flat Cu 

(300 µC cm-2)192,193. 
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𝑬𝑪𝑺𝑨 =
𝑸

𝑸𝑷𝒃−𝑴𝑳
 Equation (6) 

The enhancement of the surface area of np-Cu/GC is estimated by the roughness factor 

(RF), which refers to the ratio between the electrochemically active surface area and, 

ECSA, and the geometric surface area Ageo of the electrode. Since it is not possible to 

determine the Ageo for np-Cu/GC, the geometric surface area of the GC substrate  

(0.195 cm2) was used for the estimation of RF.  

𝐑𝐅 =  
𝐄𝐂𝐒𝐀

𝑨𝒈𝒆𝒐
 Equation (7) 

 

Figure 22: CV profile of polycrystalline Cu in the potential range from 0.4 to –0.4 vs 
Pb/Pb2+ at a scan rate of 0.01 V s-1 in Pb-containing solutions (solid line) using platinum 
mesh and a Pb wire as counter, and reference electrode, respectively, showing the (a) 
deposition and (b) stripping peaks of Pb monolayer, as well as the (c) deposition and (d) 
stripping of multilayers of Pb atoms on the surface of Cu. The background CV profile 
was recorded in Pb-free solutions (dashed line).  

 

Pb UPDBulk Deposition

a

b

c

d
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3.3.3. Double layer capacitance measurements 

Double layer capacitance measurements were carried out to estimate the 

electrochemically active surface area (ECSA) of np-Cu/GC electrode. Electrochemical 

experiments were performed using a potentiostat (VSP300, Biologic) and a home-made 

three-compartment glass cell. The electrolyte solution was 0.1 M perchloric acid (HClO4) 

prepared by diluting 70 vol.% HClO4 (99.999%, Sigma Aldrich) in highly purified water 

(18 MΩ cm at room temperature) and saturated with Ar for at least 2 h before each 

experiment. Np-Cu/GC, bare GC disk, or polycrystalline Cu disk were used as working 

electrodes. All working electrodes have the same geometric area of 0.196 cm2 (disk 

diameter of 2 mm). A platinum mesh (99.99% metal basis, Alfa Aesar) and 

mercury/mercurous sulfate electrode (Hg/HgSO4, AMATEK) were used as counter and 

reference electrodes, respectively (Figure 23). For this experiment, a rotating disk 

electrode (RDE) equipped with a GC disk (5 mm diameter, Pine Research 

Instrumentation) was used as a substrate for np-Cu with metal loading of 1 mg cm-2
geo. 

CV profiles were recorded in a potential range from –0.1 to –0.2 V vs Ag/AgCl at 

different scan rates of 0.02, 0.04, 0.05, 0.075, 0.10, and 0.15 V s-1. All potentials were 

converted into silver/silver chloride (Ag/AgCl) scale. The electrochemical experiments 

were repeated three times for three independent np-Cu/GC samples. 

CV profiles were recorded in the potential range (–0.1 to –0.2 V vs Ag/AgCl) where no 

apparent Faradaic processes occur, and it is assumed that measured current in this 

non-Faradaic potential region is due to double-layer charging. The charging current, iC, 

is measured from CV profiles at multiple scan rates.  The double-layer charging current 

is equal to the product of the scan rate, v, and the electrochemical double-layer 

capacitance, C, as given by Equation (8).173,194,195 Thus, a plot of iC as a function of v 

yields a straight line with a slope equal to C (see Figure 42 in Section 5.2.2).  

iC = v * C  Equation (8) 

In order to determine the enhancement of surface area of the np-Cu/GC, the measured 

capacitance, C np-Cu/GC, is divided by the capacitance of a reference material. In this 

study, bare GC was used as a reference electrode, therefore, the roughness factor (RF) 
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of the np-Cu/GC is determined by Equation (9) by dividing C np-Cu/GC by the double-layer 

capacitance of bare GC, CGC.   

RF = Cnp-Cu/GC / CGC Equation (9) 

 

 

Figure 23: Experimental set-up of double layer capacitance measurement, consisting of 
a home-made three compartment glass cell with (1) Pt mesh counter electrode, (2) 
working electrode, (3) mercury/mercurous sulfate electrode (Hg/HgSO4) reference 
electrode, (4) gas inlet bubbling through frit in the electrolyte, and (5) gas inlet above the 
electrolyte solution. 

 

Bare GC was chosen as a reference material instead of polycrystalline Cu due to the 

large difference in the double-layer capacitance between the two materials. Figure 24 

show the CV profiles of np-Cu/GC (in black), bare GC (in grey), and polycrystalline Cu 

(in orange) in the potential range –0.1 to –0.2 V vs Ag/AgCl at a scan rate of 0.02 V s-1 

in argon-saturated 0.1 M HClO4 electrolyte. It is obvious that polycrystalline Cu has a 

much lower double-layer capacitance than that of bare GC. And since the GC substrate 

was not fully covered with np-Cu, np-Cu/GC also shows high double-layer capacitance 

(3)

(2)

(5)

(1) (4)
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in respect to Cu. Therefore, dividing by the double layer capacitance of polycrystalline 

Cu in Equation (9) would deliver extremely high RF values for np-Cu/GC.  

 
Figure 24: CV profiles of the np-Cu/GC (black), polycrystalline Cu (orange) and bare GC 
(grey) at a scan rate of 0.02 V s-1 in argon-saturated 0.1 M HClO4 electrolyte, using 
platinum mesh and mercury/mercurous sulfate electrode (Hg/HgSO4) as counter and 
reference electrodes, respectively. Figure reprinted from the manuscript submitted to a 
journal.  

 

3.4. Electrosynthesis experiments 

3.4.1. General Procedure 

 

Galvanostatic electrolysis was conducted in an undivided cell (Figure 25), with an AIM-

TTI MX100T Triple Output Multi-Range DC power supply. The electrolyte was prepared 

by dissolving 1 g of tetraethylammonium iodide (98%, Sigma Aldrich) in 40 mL 

acetonitrile (HPLC grade, Merck) to form 0.1 M TEAI-MeCN. The electrolyte was 
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saturated with CO2 (99.998 %, Air Liquid) at least 30 minutes before beginning the 

electrolysis. A gas balloon was used to ensure CO2 atmosphere during the electrolysis. 

The electrolyte was agitated with magnetic stirrer at 600 rpm. The electrolysis was 

carried out at room temperature. The anode was a magnesium (Mg) foil (99.999%, Alfa 

Aesar, dimensions 35 x 20 mm). Different cathode materials were tested: np-Cu/GC, 

polycrystalline copper plate (dimensions 35 x 20 mm) and bare GC plate (dimensions   

35 x 20 mm).  The distance between the anode and cathode was ~ 1 cm. The starting 

materials for the reaction with CO2 were propylene oxide (99.5%, Fluka) and              

1,2-butylene oxide (1,2-Epoxybutane 99+%, Sigma Aldrich). 

 

Figure 25: Experimental set-up of the electrolysis, (a) including a cell, CO2 balloon and 
a stirrer, (b) the undivided cell with the cathode and anode.  

 

The electrodes underwent specific cleaning and polishing procedures prior to the 

electrolysis experiments. The freshly prepared np-Cu/GC electrode was used directly, 

while the reused electrode was washed with highly purified water and propan-2-ol, dried 

under Ar, and stored in vacuum. Before reuse, np-Cu/GC was immersed in 85 wt.% 

H3PO4 for 5 seconds as a chemical polishing step, washed, dried under Ar, and 

immediately used. The polycrystalline Cu plate was polished with crystalline diamond 
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suspensions of 9, 6, and 3 µm sizes onto a Microcloth polishing paper (Buehler, 

Germany, #423710), washed with highly purified water and propan-2-ol. Directly before 

use, the plate was immersed in 85% H3PO4 for 5 seconds, washed again, and dried 

under Ar. The bare GC was polished with 0.05 μm of aluminum oxide powder onto a 

Microcloth polishing paper, cleaned with highly purified water and propan-2-ol. The Mg 

foil, used as an anode, was polished with 0.05 μm of aluminum oxide (Al2O3) powder 

onto Silicon Carbide polishing paper (CarbiMet P120, Buehler, Germany) and cleaned 

with highly purified water and propan-2-ol. 

 

3.4.2. GC-MS 

A Shimadzu GCMS-QP2020 gas chromatography coupled with mass spectrometry (GC-

MS) was employed for identification of the reaction products. The capillary column used 

was an Optima 5 HT (Macherey-Nagel, length 30 m, inner diameter 0.25 mm, film 

thickness 0.25 μm). Helium was used as the carrier gas. The electron ionization was 

accomplished by electron impact (EI) with energy of 70 eV.  

 

3.4.3. GC-FID 

Yields of the generated cyclic carbonates were determined using gas chromatography 

with flame ionization detector (GC-FID, Shimadzu GC-2010 Plus) equipped with an 

Optima 5 MS capillary column (Macherey-Nagel, length 15 m, inner diameter 0.25 mm, 

film thickness 0.25 μm).  The data analysis was conducted with Lab solution software 

(version 4.5, Shimadzu). For the blank experiment without any current flowing through 

the cell, magnesium bromide (MgBr2) was dried under high vacuum at 200°C for 8 hours 

and added to the reaction mixture.  

The product yields were determined from the calibration curves using propylene 

carbonate (PC, 99.5%, Thermo Scientific) and 1,2-butylene carbonate (BC, 98%, BLD 

Pharmatech Ltd). Mesitylene (98%, Merck) was added to the reaction mixture as an 

internal standard. A series of known amounts of cyclic carbonates (PC or BC) was 

added to a solution with a known amount of mesitylene. The ratio of number of moles, n, 



58 
 

of cyclic carbonates/mesitylene was plotted against the peak area ratio of cyclic 

carbonates/mesitylene from the corresponding peaks in the gas chromatogram    

(Figure 26).  

 

Figure 26: Gas chromatography calibration curves for (a) propylene carbonates, PC, 
and (b) 1,2-butylene carbonates, BC, using mesitylene as an internal standard.  

 

Equation (10) and Equation (11) were used for the quantification of propylene 

carbonates and 1,2-butyleen carbonates from the crude reaction mixtures after 

electrolysis. 

𝒏𝑷𝑪

𝒏𝒎𝒆𝒔𝒊𝒕𝒚𝒍𝒆𝒏𝒆
= 𝟒. 𝟑𝟑𝟑𝟗

𝑨𝒓𝒆𝒂𝑷𝑪

𝑨𝒓𝒆𝒂𝒎𝒆𝒔𝒊𝒕𝒚𝒍𝒆𝒏𝒆
 

Equation (10) 

𝒏𝑩𝑪

𝒏𝒎𝒆𝒔𝒊𝒕𝒚𝒍𝒆𝒏𝒆
= 𝟐. 𝟖𝟕𝟕𝟔

𝑨𝒓𝒆𝒂𝑩𝑪

𝑨𝒓𝒆𝒂𝒎𝒆𝒔𝒊𝒕𝒚𝒍𝒆𝒏𝒆
 

Equation (11) 
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4. Preparation and characterization of nanoporous copper ribbons 

This chapter is reprinted in adapted form from ref. 52 with permission from the Journal of 

Physical chemistry C, copyright 2022 American Chemical Society.  

Co-authors’ contribution: A. Dworzak performed the TEM measurements. D. Crespo 

prepared the master alloy. F.U. Renner contributed in the research planning. C. Dosche 

helped with the XPS analysis. M. Oezaslan supervised the whole work and contributed 

in the editing of the manuscript.  

 

4.1. Characterization of pristine Zn80Cu20 alloy ribbons 

The morphology, crystal structure, and chemical composition of initial Zn80Cu20 ribbons 

prepared by melt-spinning were investigated by using SEM, EDX, XRD, and XPS 

techniques. Figure 27a displays a SEM micrograph of as-prepared ribbons with visible 

grain boundaries. The dots that appear on the ribbon surface are expected to be oxide 

species, immediately forming on the metal surface by exposure to air. From the EDX 

data, the elemental quantification was found to be 23 ± 1 at.% Cu and 77 ± 1 at.% Zn on 

the surface as well as in the cross-section of the as-prepared ribbons. This is in 

excellent agreement with the crystal structure detected by XRD. The XRD profile in 

Figure 27b shows reflexes at 2 values of 38.1°, 42.1°, 43.7°, 58.1°, 68.7°, 77.9°, 83.9°, 

and 84.9°. Rietveld analysis indicated that these reflexes correspond to a hexagonal 

Cu20Zn80 phase with space group of P63/mmc (COD182, pattern ID: #1524894). Other 

crystal phases, e.g. monometallic metals or oxides were not detected by XRD.  

Moreover, the survey and high resolution XPS spectra of Zn 2p, Cu 2p, and O 1s 

spectra of the ribbon surface are shown in Figure S1 of the Supporting information 

for Chapter 4. In Figure S1a – b, the Cu 2p and Zn 2p XPS spectra were 

deconvoluted and fitted with a doublet for Cu 2p1/2 and Cu 2p3/2 at 953.2 and 933.3 eV 

as well as for Zn 2p1/3 and 2p3/2 at 1045.5 and 1022.1 eV, respectively. The low intensity 

of the Cu 2p data signifies its minor content on the ribbon surface. To identify the 

chemical state of Zn, we also analyzed the corresponding Zn Auger spectra        

(Figure 27c), signifying three different oxidation states, namely for metallic Zn (blue 
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line, at 491.4 and 494.7 eV)196, for ZnO (green line, at 496.2 and 498.5 eV)196 and finally 

for Zn(OH)2 species (red line, at 499.8 eV)197. The formation of metal oxide and 

hydroxide species is confirmed by the O 1s XPS spectrum (peak maxima at 530.9 and 

532.5 eV), as shown in Figure S2c. The results from the deconvoluted XPS spectra 

clearly reveal that the top layer of Zn80Cu20 alloy ribbons is Zn-enriched and strongly 

oxidizes, forming a passivation layer with a thickness of few nanometers. The 

segregation of Zn to the surface is likely related to the melt-spinning process and/or its 

strong oxophilic character, when ribbons are in contact with air. Very likely, during the 

melt-spinning the liquid ZnCu impregnates a rotating cooled wheel. This quenching 

might lead to a change in mobility of Cu and Zn atoms based on the different melting 

temperatures. In other words, zinc shows a lower melting temperature and is therefore 

more mobile compared to copper with higher melting temperature. Thus, starting from 

the precipitation of denser ZnCu liquid, Zn atoms tend to segregate to the surface during 

the quenching process. 

In Figure 27d, the XPS sputter depth profile of pristine Zn80Cu20 ribbons shows the 

chemical distribution of Zn and Cu up to 77 nm of depth. After the first few mild sputter 

cycles, the amount of overall oxygen was negligible and only the ribbon surface is 

oxidized. Thus, it is not illustrated in the depth profile plot. The dashed area represents 

the deviation of the chemical composition due to the inhomogeneous sputter process of 

Zn and Cu (temperature dependence of the saturated vapor pressures of zinc and 

copper).183-185,198 On the top layer, the apparent Zn composition was 93 at.%. After the 

first 14 nm depth of the ribbons, the Zn content decreases to 72 ± 9 at.%, while the Cu 

content simultaneously increases from 7 at.% to 28 ± 9 at.%. Deeper layers up to 77 nm 

show a relatively constant distribution with 77 ± 7 at.% for Zn and 23 ± 7 at.% for Cu. 

This result is in excellent agreement with the EDX data. 

We can sum up that only the first 14 nm depth of alloy ribbons signifies a Zn-rich 

surface, but in the deeper layers both metals are homogeneous distributed with an 

atomic Zn:Cu ratio of 77:23 (± 7 at.%). 
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Figure 27: Structural characterization of pristine Zn80Cu20 alloy ribbons prepared by 
melt-spinning. (a) SEM micrograph at a scale bar of 1 µm; insert: photograph of pristine 
ribbons. (b) XRD profile with Rietveld analysis signifies the formation of hexagonal 
Zn80Cu20 crystal phase with space group of P63/mmc, lattice parameter of a = 2.734 ± 
0.001 Å and c = 4.293 ± 0.001 Å, and crystallite size of 165 ± 4 nm. Difference profile is 
denoted in grey line. The Rwp is the weighted profile residual as a quality of the fit. Blue 
hollow circles denote the Zn80Cu20 reference pattern (ID: #1524894 from COD182). (c) 
XPS Auger spectra and the corresponding fit of Zn LMM from the ribbon surface. The 
experimental data are denoted in grey, the resulting envelope is symbolized in black, 
and the background is indicated in yellow. (d) XPS sputter depth profile up to 77 nm 
showing the chemical distribution of Zn. The relatively large error bars are due to the 
inhomogeneous sputter process.  Figure reprinted with permission from ref. 52. 

 

4.2. Time-resolved ligament evolution of dealloyed Zn80Cu20 ribbons 

The effects of nature of electrolyte on the ligament evolution over dealloying time were 

investigated for pristine Zn80Cu20 alloy ribbons using a combination of SEM, (S)TEM, 
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EDX, XRD, and XPS techniques. Thereby, the ribbons were dealloyed in 0.1 M HCl and 

1.3 M NaOH for different reaction times (3.5. 8, 24, 48, 72, 92, 168, and 312 h) under 

free corrosion. We chose 0.1 M HCl and 1.3 M NaOH as electrolyte solutions to 

compare our results with previous work on np-Cu films7 and other research 

works.20,199,200 Throughout this paper, we will denote the multiple np-Cu samples 

dealloyed at different electrolytes for different dealloying times as follows: np-Cu 

(electrolyte, time). 

After dealloying, metallic grey ribbons changed color to brown/black (in NaOH) and 

brown (in HCl), see Figure S2 of the Supporting information for Chapter 4. The 

dealloyed ribbons had to be carefully handled due to the brittle nature of the material. 

Figure 28 displays a series of low and high resolution SEM micrographs of ribbons 

dealloyed for 3.5, 24, and 312 h in 0.1 M HCl at 25°C under Ar atmosphere. In the first 

3.5 h of dealloying time, the surface of the ribbons is only partially dealloyed 

accompanied by the evolution of pores, as shown in Figure 28a – a´. The initial 

dealloying process takes preferentially place at the grain boundaries of the ribbons. It is 

well-known that grain boundaries contain defects and under-coordinated surface atoms, 

where the diffusion rate of atoms along the grain boundaries is higher than the high-

coordinated terrace atoms on the grain surfaces.201,202 The appearance of pits signifies 

the attack of aggressive electrolyte at defect-rich parts of the ribbon surface, e.g. formed 

during reduction of the oxide-contained species visible as dots in the SEM micrograph, 

Figure 27a. Micro-cracks are observed in the dealloyed ribbons due to the strong 

volume changes during the Zn dissolution and the resulting crystal transformation from 

hexagonal close packed (hcp) to face-centered cubic (fcc).  

Over dealloying time, the evolution of pores is more and more pronounced, implying the 

continuous Zn dissolution from the surface of alloy ribbons. An entire formation of 

porous network structure, denoted as np-Cu material, is clearly observed after 24 h of 

dealloying time, displayed in Figure 28b – b´. It is well-known that the evolution of pores 

is controlled by the critical interplay between dissolution rate of less noble metal atoms 

and surface diffusion rate of remaining noble metal atoms. The np-Cu (HCl, 24 h) 

consists of self-assembled and homogeneous ligaments. Recently, a loss of ligament 

structure has been reported for np-Cu films after 72 h of dealloying time in 0.1 M HCl.7 
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For this reason, a very long dealloying period was applied to evaluate the structural and 

chemical stability of the np-Cu materials in HCl.  

 

Figure 28: Series of low (right) and high (left) magnification SEM micrographs of 
Zn80Cu20 ribbons (a, a´) after 3.5 h, (b, b´) 24 h, and (c, c´) 312 h (13 days) of dealloying 
time in 0.1 M HCl at 25°C under Ar atmosphere. Figure reprinted with permission from 
ref. 52. 
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Figure 28c – c´ display the low and high resolution SEM micrographs of the np-Cu after 

dealloying time of 312 h (13 days) in 0.1 M HCl at 25°C under Ar atmosphere. The     

np-Cu (HCl, 312 h) shows ligaments with larger size and rough ligament surfaces 

compared to np-Cu (HCl, 24 h). The visible coarsening of the porous structure can be 

attributed to the rapid surface diffusion of Cu at the surface–electrolyte interface over 

time induced by the presence of adsorbed chloride anions and by the tendency for 

surface energy reduction.203,204 This contrary observation can be explained by the 

different initial thicknesses and homogeneity of pristine Zn80Cu20 master alloys used in 

our previous dealloying experiments. The time-resolved changes in ligament size and 

chemical composition of np-Cu will be discussed later in more detail. 

Dealloying of the ribbons in alkaline solution shows a different behavior to that observed 

in acidic environment. Figure 29 displays a series of low and high resolution SEM 

micrographs of np-Cu after various dealloying times (8, 24, 92, and 312 h) in           

1.3 M NaOH at 25°C under Ar atmosphere. Figure 29a – a´ show the increased 

appearance of micro-cracks, forming along the grain boundaries of Zn80Cu20 alloy 

ribbons after 8 h of dealloying time. Beside the micro-cracks, ligaments with smaller size 

and less intense in depth compared to those in np-Cu (HCl) are formed within the grain. 

It is noted that no ligament formation is observed below a dealloying time of 8 h in 

NaOH. With increasing dealloying time, the structure and distribution of ligaments in np-

Cu (NaOH, 24 h) are similar to those observed after 8 h dealloying time, in            

Figure 29b – b´. Only the cracks appear much deeper with increasing dealloying time in 

alkaline media. The extent of the dealloying time up to 92 h leads to larger ligaments 

with more depth to the porous structure, as shown in the SEM micrograph of the 

dealloyed ribbons (Figure 29c). Interestingly, octahedral crystals with different sizes 

appear at the surface of the np-Cu (NaOH, 92 h). Further XRD and XPS analysis could 

identify the structure and composition of these crystals to be Cu(I)oxide (see         

Figure 30d). These crystals grew in frequency and size by increasing the dealloying 

time in alkaline solution. After 312 h (13 days), the surface of the dealloyed ribbons is 

entirely covered with µm-sized Cu2O crystals, as shown in Figure 29d. Based on the 

SEM analysis, we suggest that the surface diffusion process at the alloy–electrolyte 
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interface during dealloying might control the propagation of the three-dimensional 

bicontinuous ligament pore structure. This will be discussed in more detail later.  

 

Figure 29: Series of low (right) and high (left) magnification SEM micrographs of 
Zn80Cu20 ribbons after dealloying time of (a, a´) 8 h, (b, b´) 24 h, (c) 92 h, and (d) 312 h 
(13 days) in 1.3 M NaOH at 25 °C under Ar atmosphere. Figure reprinted with 
permission from ref. 52. 
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To correlate the morphological alterations from the SEM analysis with the changes in 

crystallographic phase structure and composition, XRD investigations and quantitative 

Rietveld analysis on treated ribbons were performed after various dealloying times in 

HCl and NaOH. In Figure 30a, the XRD profile of the np-Cu (HCl, 24 h) shows 2 

reflexes at 34.9°, 37.9°, 43.2°, 48.0°, 50.5°, 52.6°, 62.8°, 64.7°, 72.2°, 75.8°, 79.2°, and 

89.6°, ascribing to the cubic Cu38Zn62 (COD182, reference pattern ID: #1100057) with a 

space group of I-43m. In fact, the dissolution of zinc is accompanied by the changes in 

crystal structure from hexagonal Cu20Zn80 phase (P63/mmc) to cubic Cu38Zn62 (I-43m). 

Additional 2 reflexes at 43.3°, 50.5°, and 74.1° are detected for the np-Cu (HCl, 24 h), 

corresponding to the face-centered cubic (fcc) Cu phase with Fm-3m (COD182, pattern 

ID: 4105040). Quantitative Rietveld refinement indicates 84.4 ± 0.9 wt.% and     

15.6 ± 0.9 wt.% for Cu38Zn62 and pure Cu, respectively. The contribution of the pure Cu 

crystal phase grows by increasing dealloying time, indicating the successive loss of Zn 

from the bulk ribbons. Finally, after dealloying time of 312 h in HCl (Figure 30b), the Cu 

amount reaches 84.6 ± 1.0 wt.% and the Cu38Zn62 phase contributes to only     

15.4 ± 1.0 wt.%.  

In alkaline media, however, the XRD patterns of dealloyed ribbons were found to be 

strongly different. Two crystal phases, Cu20Zn80 and Cu38Zn62, were observed in np-Cu 

(NaOH, 24 h), shown in Figure 30c, with contribution of 30.7 ± 0.5 wt.% and      

69.3 ± 0.5 wt.%, respectively. The octahedral crystals observed in the SEM micrographs 

of np-Cu (NaOH, 312 h; Figure 29d) are also confirmed as Cu(I)oxide (COD182,           

ID pattern: 1000063, space group Pn-3m) by XRD. The Cu2O phase is represented by 

2 reflexes at 29.5°, 36.4°, 42.3°, 61.4°, 73.5°, and 77.4°. Quantitative Rietveld analysis 

reveals 81.7 ± 3.4 wt.% and 18.3 ± 3.4 wt.% for Cu2O and Cu, respectively. The wavy 

background in the XRD profiles is caused by the plexiglass used as sample holder (see 

Figure S3) due to the low sample quantities available for these measurements. 
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Figure 30: XRD profiles for np-Cu materials dealloyed in 0.1 M HCl for (a) 24 h and (b) 
312 h as well as in 1.3 M NaOH for 24 h (c) and (d) 312 h at 25°C under Ar atmosphere. 
The wavy background stems from the plexiglass used as a substrate for dealloyed 
samples. Rietveld analysis: (i) hexagonal Cu20Zn80 phase (P63/mmc), 
a = 2.734 ± 0.001 Å, c = 4.293 ± 0.001 Å, crystallite size of 165 ± 4 nm; (ii) cubic 
Cu38Zn62 phase (I-43m), a = 8.881 ± 0.002 Å, crystallite size 38 ± 1 nm; (iii) Fcc Cu 
phase (Fm-3m), a = 3.616 ± 0.002 Å, crystallite size 29 ± 3 nm;(iv) Cu2O phase (Pn-3m), 
a = 4.269 ± 0.001 Å, crystallite size 96 ± 3 nm. The following reference pattern IDs from 
the COD182 were taken: blue hollow circles (ID: #1524894) for Zn80Cu20, green triangles 
(ID: #1100057) for Cu38Zn62, orange squares (ID: #4105040) for Cu, and blue stars (ID: 
#1000063) for Cu2O. Difference profiles are denoted in grey line. The Rwp is the 
weighted profile residuals as a quality of the fit. Figure reprinted with permission from 
ref. 52. 
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In Figure 31, the compositional changes obtained from EDX are correlated with the 

dealloying time in HCl and NaOH. It also shows the trend, by which the ligament size 

alters with respect to the Zn content and dealloying time. First, we will describe the loss 

of Zn as a function of the dealloying time in 0.1 M HCl (Figure 31a). As the dealloying 

rate is associated with the dissolution rate of less noble metal from master alloy, it is 

obvious that the Zn content continuously decreases in HCl over time. The dissolution 

rate of Zn from the ribbon surface is very fast in the first hours of dealloying process. 

Within the first 3.5 h of dealloying time, the Zn content drops drastically from 77 ± 1 at.% 

(pristine) to 56 ± 3 at.%. After 24 h dealloying time, the remaining Zn content is still 

32 ± 5 at.% and continues to decline to 16 ± 4 at.% after 48 h. Finally, the Zn content 

was found to be 3 ± 2 at.% after 168 h and it remains almost constant until 312 h of 

dealloying time. The corresponding SEM micrographs of np-Cu (Figure 28c – c´) 

reveals that 2 – 3 at.% of Zn is still sufficient to retain the ligament structure. An entire 

loss of zinc leads to a loss of ligament structure and results in a polycrystalline solid 

film.7  

In Figure 31b, the dealloying of ribbons in 1.3 M NaOH shows a decrease in Zn content 

over time. At the beginning, the residual Zn content for np-Cu (NaOH, 3.5 h) was found 

to be similar to np-Cu (HCl, 3.5 h) with amount of 55-60 at.%. After that, the process 

became much slower in alkaline media. The amount of residual Zn dropped to        

50 ± 9 at.% after 24 h, and 37 ± 11 at.% after 48 h, until it had reached 1 – 2 at.% after 

312 h (13 days). An important finding to notice in alkaline medium is the detection of 

large amount of oxygen that increased strongly from 24 ± 10 at.% (after 92 h) to    

45 ± 19 at.% (after 312 h). The correlation of O, Cu and Zn contents over dealloying time 

in NaOH is shown in Figure S4 of the Supporting information for Chapter 4. As the 

atomic Cu:O ratios obtained over time deviate from Cu2O, we suggest that the formation 

of Zn and Cu (hydr)oxide surface species occurs during the dealloying process in 

alkaline corrosive environment. 

It is also important to clarify how the ligament size in the np-Cu materials changes over 

dealloying time in HCl and NaOH at 25°C. The mean ligament size was determined by 

analyzing of at least 200 ligaments from several SEM micrographs. Figure 31a displays 

the changes in ligament size as a function of dealloying time in 0.1 M HCl. In fact, the 



69 
 

formed ligaments of np-Cu materials were found to become larger and rougher over 

dealloying time. More precisely, the mean ligament size increases from 55 ± 12 nm 

(3.5 h) to 73 ± 14 nm (24 h) and finally to 128 ± 27 nm (312 h) in HCl. Due to coarsening 

of the ligaments in contact with a strong acid, the size distribution becomes broader as 

illustrated in Figure S5 of the Supporting information for Chapter 4. In this context, 

the residual Zn content decreases concurrently from 56 ± 3 at.% to 32 ± 5 at.% and 

finally to 3 ± 1 at.%. Thus, a reverse correlation is observed between the ligament size 

and residual Zn content in np-Cu by dealloying in HCl.  

Contrary to the dealloying behavior in acid, the ligament size of np-Cu remains almost 

unchanged with a size of 21 ± 4 nm until 48 h of dealloying time in 1.3 M NaOH, see 

Figure 31b. It is noted that the ligament size distributions are very narrow (see      

Figure S6). After that, a slight increase of the mean ligament size up to 36 ± 11 nm   

(1.7 fold) is observed. Obviously, the ligament size formed during dealloying in NaOH is 

much smaller than those in HCl.  

Due to its very high solubility in HCl as well as NaOH, we suggest that a supersaturation 

of soluble Zn compounds, e.g. ZnCl2 or Zn(OH)4
2- might not be reached in these 

electrolyte solutions, because no precipitation of Zn salts and no alteration of surface 

diffusion rate at the alloy–electrolyte interface have been observed. As shown in    

Figure 29d, only large Cu(I)oxide crystals via continuous re-deposition form and mainly 

cover the entire surface after 312 h of dealloying time in 1.3 M NaOH. We can sum up 

that the ligament size is independent from residual Zn content in the first 48 h of 

dealloying in alkaline media because of the lower diffusivity of Cu atoms by forming 

hyr(oxide) species along the alloy–electrolyte interface. This information is particularly 

useful for systematic studies of np-Cu materials in heterogeneous and electrochemical 

catalysis.  
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Figure 31: Dependence on dealloying time, residual Zn content, and ligament size after 
chemical dealloying of Zn80Cu20 ribbons in (a) 0.1 M HCl and (b) 1.3 M NaOH at 25°C 
under Ar atmosphere. The EDX quantification of chemical composition was determined 
from at least three sample areas at low magnification, while at least 200 ligaments from 
several SEM micrographs were analyzed to establish the mean ligament size. Each 
measurement was repeated at least three times for each sample. Figure reprinted with 
permission from ref. 52. 
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We wanted to mention that in all experiments a Cu substrate was attached to the 

pristine Zn80Cu20 ribbons during dealloying in 1.3 M NaOH. This was found to be 

essential for initiating and accelerating the dealloying process on Zn-rich surface. The 

high overpotential of the cathodic hydrogen evolution reaction (HER) as an opposite 

reaction hinders the oxidative dissolution of Zn and thus slows down the dealloying 

process by passivation. More precisely, the residual Zn content of dealloyed ribbons in 

1.3 M NaOH for 312 h (13 days) was found to be 62 ± 2 at.% (SEM micrographs,  

Figure S7). When the ribbons, however, were attached to a Cu substrate, the Zn 

dissolution process was enhanced and dropped to 61 ± 2 at.% after only 3.5 h of 

dealloying time. The iR-corrected HER polarization curves for pristine Zn80Cu20 ribbons 

and monometallic compounds are displayed in Figure S8, signifying a decrease of the 

overpotential for HER in the order of: pure Cu < Zn80Cu20 < pure Zn in 1.3 M NaOH. 

Thus, the passivation layer of a Zn-rich ribbon surface can break down in strong alkaline 

environment, when an electrochemical cathodic reaction like HER on more active metal 

surface with lower activation barrier (overpotential) is offered. This is also visible by the 

hydrogen bubble formation on the attached Cu foil, but not on the ribbons alone    

(Figure S9).  

 

4.3. Effects of dealloying temperature, electrolyte agitation and de-aeration on 

the structure of np-Cu 

The effect of electrolyte agitation on the pore-ligament evolution of np-Cu ribbons during 

the first 24 h of dealloying in de-aerated 0.1 M HCl at room temperature was studied to 

point out any mass transport restrictions based on the electrolyte solution within the 

pores. Figure S10 summarizes the results from the dealloyed samples with and without 

agitation evaluated by SEM-EDX measurements in the top and cross-sectional view. A 

similar dealloying behavior is observed in stagnant and agitated HCl solutions. The 

chemical composition, ligament size as well as the dealloying depth over the first 24 

hours (see Figure S10c) are very similar with and without stirring. A slight difference of 

the residual Zn content was observed after dealloying for more than 8 hours. We 

explained this observation by the different formation of laminar film resistance on the 
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ribbon surface with and without convection as mass transport resistance. To sum up, 

agitation of the electrolyte during dealloying does not have a significant influence on the 

structure since the mass transport of electrolyte into the pores is not the rate-limiting 

step in the dealloying process.   

The effect of de-aeration of the electrolyte was also investigated in HCl. Figure S11 and 

Table S1 in the Supporting information for Chapter 4 show very similar results of the 

np-Cu ribbons in aerated and de-aerated 0.1 M HCl at room temperature. We can point 

out that the de-aeration of HCl solution has no influence on microstructure evolution 

characteristics of np-Cu ribbons during dealloying. However, the de-aeration of 

aggressive electrolyte solution is important when the dealloying takes place in alkaline 

media, where soluble zinc species reacts with carbon dioxide from the air to form zinc 

carbonate. Zinc carbonate is insoluble in water, thus it precipitates on the surface of the 

ribbons and terminates the dealloying process.  

The dealloying temperature is very important parameter that influences the structure of 

np-Cu. Thus, the Zn80Cu20 ribbons were dealloyed for 24 h in 0.1 M HCl at 15°, 25° and 

50°C. Figure S12a and Figure S12b in the Supporting information for Chapter 4 

display the changes in residual Zn content and ligaments size with the dealloying 

temperature. The EDX analysis shows Zn content of 17 ± 3 at.% at 50°C, compared to 

32 ± 5 at.% at 25°C. The mean ligament size increases with higher dealloying 

temperature from 64 ± 12 nm, to 73 ± 14 nm, to 84 ± 15 nm at 15°C, 25°C and 50°C, 

respectively. The observed ligament size growth is related to the temperature-

dependent surface diffusion rates of Cu atoms, as reported in the literature.70,73,205 

Surface diffusivity of Cu along the alloy-electrolyte interface (Ds) is estimated from the 

following equation: 69-75 

𝑫𝒔 =
𝒅(𝒕)𝟒𝑲𝑻

𝟑𝟐 𝜸𝒕𝜶𝟒
 Equation (12) 

where d(t) in [m] is the ligament size at given dealloying time t, K is the Boltzmann 

constant (1.3806 x 10-23 J K-1 ), T in [K] is the dealloying temperature, γ is the surface 

energy of Cu (1.79 J m-2 )69,70,74, t in [s] is the dealloying time and 𝛼 is the lattice 
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parameter of Cu ( 3.616 x 10-10 m). The calculated Ds values of Cu in 0.1 M HCl were 

found to be 7.9 x 10-19 m2 s-1, 1.4 x 10-18 m2 s-1 and 2.6 x 10-18 m2 s-1 at 15°C, 25°C and 

50°C, respectively. Our results are in good agreement with the reported values from 

Aburada et al.71 in HCl and Erlebacher et al.62 in vacuum.   

Since the nanostructure is dependent on the dealloying time and temperature, 

measurement of the activation energy (Ea) is necessary to better understand the 

dealloying mechanism. An Arrhenius plot in Figure S12c shows a linear relationship 

between lnDs and 1000/T based on our experimental data. The slope of the fitted line 

equals to -Ea/R, where R is the gas constant (8.3145 J mol-1 K-1).70,72 In this work, Ea 

was determined to be 25.8 kJ mol-1. Zhang et al.75 have reported an Ea value of 36.6 kJ 

mol-1 for Cu in 0.1 M HCl, which is comparable to our result. Ea values between 17 and 

62 kJ mol-1 were reported in NaOH, H2SO4 and HF solutions.70,72,75,205  

Based on our experimental data, the surface diffusivity of Cu in 1.3 M NaOH at 25°C 

was estimated to be 9.4 x 10-21 m2 s-1, which is three orders slower than the diffusivity in 

0.1 M HCl at 25°C (1.4 x 10-18 m2 s-1). Therefore, smaller ligament sizes in alkaline 

media are attributed to the slower surface mobility of Cu atoms along the alloy–

electrolyte interface. This allows controlling the Zn content from 59 ± 3 at.% (NaOH, 8 h) 

to 37 ± 11 at.% (NaOH, 48 h) independent from the ligament size. Very interestingly, the 

ligament size could not be increased by simply adding NaCl into 1.3 M NaOH. An 

opposite trend is even observed, so that the ligament size becomes smaller. This 

observation is not yet fully understood and further investigations are required. We can 

sum up that the nature of electrolyte and dealloying temperature have a strong influence 

on the surface diffusion of Cu atoms and hence on microstructure evolution 

characteristics of np-materials. 

 

4.4. Spatial distribution of residual Zn atoms in the ligaments 

Further investigations of the spatial distribution of residual Zn atoms within the ligaments 

of np-Cu were verified using high resolution STEM-EDX technique. EDX mappings of 

Cu (red) and Zn (green) within a single ligament of np-Cu ribbon (HCl, 168 h) are 

displayed in Figure 32. The average Zn content of the entire ligament (Figure 32a) was 
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found to be 3 at.%, which is in excellent agreement with the SEM-EDX analysis in 

Figure 31. Very interestingly, the overlaid EDX mapping (Figure 32b) clearly shows an 

Zn enrichment up to ca. 12 at.% in these regions, while Zn-poor regions only contain  

1 – 2 at.%. Separate EDX mappings of Cu and Zn are also shown in Figure 32c and 

Figure 32d, respectively.  

 

Figure 32: Elemental EDX mappings of Zn and Cu atoms inside single ligaments of np-
Cu materials (HCl, 168 h) probed by STEM-EDX. (a) Bright-field STEM micrograph of 
single ligaments prepared by dispersion of the np-Cu (HCl, 168 h) in propan-2-ol; (b) 
Overlaid EDX mapping of Cu (in green) and Zn (in red) of the respective sample area, 
showing Zn-rich and Zn-poor regions; separate EDX mappings of Cu (c) and Zn (d). 
Figure reprinted with permission from ref. 52. 
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surface atoms might explain the appearance of Zn-rich regions inside the np-Cu 

materials. Thus, we suggest that the residual Zn atoms are located in the relics of the 

master alloy. Obviously, the average concentration of Zn in the whole ligament is only 

an approximation, obtained from the bulk EDX, as the local Zn concentration differs 

within the ligaments. To sum up, the distribution of Zn atoms inside the ligaments of   

np-Cu materials is heterogeneous and, as a consequence, the appearance of Zn-rich 

regions near the surface might influence their catalytic properties, e.g. for 

electrochemical CO2 reduction reaction.  

 

4.5.  Cross-section analysis of np-Cu ribbons 

Until now, the porosity of np-Cu ribbons was analyzed by SEM from the plane view (see 

Figure 28 and Figure 29). To evaluate the dealloying front propagation within the 

relatively thick ribbons, cross-sectional SEM-EDX analysis of np-Cu ribbons treated at 

various dealloying time at constant temperature (25 °C) were performed.  

Figure 33 displays the cross-sectional SEM micrographs of a selection of np-Cu after 

dealloying for 24 h and 168 h in HCl and for 24 h in NaOH. As an overview, Table 5 lists 

the comparison between the obtained chemical compositions and ligament sizes of    

np-Cu in the plane and cross-sectional view of the SEM-EDX measurements. In    

Figure 33a – a´, the cross-sectional SEM micrographs of the np-Cu (HCl, 24 h) show a 

homogeneous porous micro-structure near the surface (comparable to the SEM 

micrographs in the plane view, (Figure 28b – b´), while the inner part is partially solid 

and dense. Interestingly, the ligaments formed near the surface were found to be 

smaller with higher Zn content compared to those on the surface. In the cross-sectional 

and plane view, the mean ligament size and the Zn content for np-Cu (HCl, 24 h) are 

56 ± 15 nm at 52 ± 6 at.% and 73 ± 14 nm at 32 ± 5 at.%, respectively. It is noted that 

the residual Zn content and ligament size measured in the inner part of dealloyed 

ribbons correspond to the surface composition and ligament size of np-Cu (HCl, 3.5 h). 

Altogether, we can distinguish three regions for the np-Cu (HCl, 24 h).  
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Figure 33: Low (right) and high (left) magnification cross-sectional SEM micrographs of 
Zn80Cu20 ribbons dealloyed in (a, a´) for 24 h and (b, b´) 168 h (7 days) in 0.1 M HCl or 
(c, c´) for 24 h in 1.3 M NaOH, respectively. Figure reprinted with permission from ref. 
52. 



77 
 

Region I: The surface of the dealloyed ribbons is exposed to the electrolyte all the time 

and thus commences to coarsen within the 24 hours, resulting in larger ligament size 

and lower residual Zn content.  

Region II: Micro-structure with smaller ligament size and higher Zn content form near the 

surface of dealloyed ribbons based on the dealloying front propagation within the master 

alloy ribbons and less exposure time to the highly aggressive electrolyte. 

Region III: The center of the master alloy showing dense and solid structure is further 

unaffected from any dealloying process under free corrosion. Thus, the middle part of 

the dealloyed ribbons signifies the same composition like the starting alloy ribbons.  

With increasing dealloying time, e.g. for 168 h = 7 days, we observed a homogenous 

pore network in the cross-sectional SEM micrograph of dealloyed ribbons, as shown in 

Figure 33b – b´. The composition of the np-Cu (HCl, 168 h) in the plane and cross-

sectional view was found to be very similar (around 3 ± 1 at.%), while the mean ligament 

sizes is a bit smaller, yet, not very different taking the error bars into account. Therefore, 

dealloying for longer period enables to form porous network structure that is controlled 

by varying the nature of electrolyte solution, pH value, dealloying time and temperature.  

To have a better understanding of the microstructure evolution characteristics and 

dealloying front propagation of Zn80Cu20 master alloy ribbons during dealloying process 

in 0.1 M HCl, the dealloying depth during the first 24 h was investigated. It is noted that 

the total thickness of the ribbons is decreasing during dealloying due to the shrinkage 

associated with dissolution of large amounts of Zn and phase transformation from 

hexagonal to cubic structure. More precisely, the total thickness strongly decreased 

about 45 %, from 35 ± 3 µm to 19 ± 1 µm, after 24 h of dealloying (see Figure 34a). 

Figure 34b shows a plot of normalized dealloying depth vs dealloying time. Such a 

strong shrinkage was also reported for np-Co, where cross-section thickness is 

decreased by 55% after dealloying.198 To consider the strong shrinkage of the ribbons, 

the dealloying depth was normalized by dividing its value by the total thickness of the 

ribbons at each dealloying time. In Figure 34b, we observed a linear relationship 

between normalized dealloying depth and dealloying time, indicating that the rate of 

dealloying front propagation is constant. This suggests that the dealloying is controlled 
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by the interfacial processes.11,73,208-210 If the mass-transport of electrolyte (diffusion of 

corrosive electrolyte solution in and out of the porous layers) would be the rate-limiting 

step, we would have seen slower dealloying front propagation over the dealloying 

period. Therefore, we conclude that the microstructure of np-Cu is controlled by the 

interfacial process, which is occurring at the interface between the alloy and electrolyte. 

Based on the plane-view SEM micrographs in Figure 29, we assumed that the 

ligaments mainly form at and near the surface of the ribbons dealloyed for 24 h in   

1.3 M NaOH. The cross-sectional SEM-EDX analysis (Figure 33c – c´ and Table 5) 

confirms our observation. Only the surface of the ribbons which is directly exposed to 

NaOH shows a porous micro-structure, while the inner part is still dense and solid. For 

the np-Cu (NaOH, 24 h) the content of Zn was found to be 73 ± 3 at.% and 57 ± 9 at.% 

near the surface (cross-section) and on the surface (in plane), respectively. The solid 

and dense inner part of the ribbon is very similar in morphology and chemical 

composition to the starting one (see cross-sectional SEM micrograph of pristine 

Zn80Cu20 ribbons in Figure S13). We can sum up that the dealloying process and thus 

the pore evolution is much slower in alkaline media compared to those in acidic. Since 

dealloying is an interface-controlled process, Zn dissolution and pore evolution rate 

control the penetration of the electrolyte and thus the dealloying of the bulk of the 

ribbons. The small pore network is likely related to the slower surface diffusion rates of 

the remaining Cu atoms by forming surface (hydr)oxide, which will be discussed in the 

next section.  
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Figure 34: Shrinkage of ribbons during dealloying and the dealloying rate. (a) Plot of 
total ribbons thickness at a given time [Dt] in black squares, and np-Cu ribbons 
shrinkage in thickness [100x ∆D/D0] in blue vs. dealloying time in 0.1 M HCl at 25°C 
under Ar atmosphere. D0 is the thickness of the ZnCu alloy ribbons before dealloying, 
and the change of thickness was calculated by ∆D= Dt –D0. (b) Plot of normalized 
dealloying depth vs. dealloying time in 0.1 M HCl at room temperature under Ar 
atmosphere. The normalized dealloying depth was calculated by dividing the dealloying 
depth by the ribbon thickness at a given time (Dt) due to its shrinkage. Each 
measurement was repeated three times for each sample. Figure reprinted with 
permission from ref. 52. 
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4.6. Dealloying of Zn80Cu20 ribbons in phosphoric acid [not published] 

The choice of electrolyte anion during the dealloying process has a significant impact on 

the formation and properties of the nanoporous structure. The effect of adsorbed 

chloride anions in enhancing the Cu surface diffusion was clearly observed during 

dealloying in 0.1 M HCl. On the contrary, previous research reported slower surface 

diffusion of the noble metal atoms in phosphoric acid (H3PO4).14,23,211 Therefore, in this 

study, the evolution of ligaments during chemical dealloying of Zn80Cu20 alloy ribbons in 

15 M H3PO4 at 25°C under Ar atmosphere was investigated. 
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Figure 35: Series of low (right) and high (left) magnification SEM micrographs of (a, a´, 
b, b´) plane-view and (c, c´) cross-section of Zn80Cu20 ribbons after (a, a´) 3 h and (b, b´, 
c, c´) 7 h  of dealloying in 15 M H3PO4 at 25°C under Ar atmosphere. 

 

Ribbons were taken out from the electrolyte after 3 h of dealloying time, and the 

formation of several cracks, with width of 276 ± 60 nm, is observed in Figure 35a. 
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During dealloying, significant volume changes occur related to the dissolution of the 

large amounts of the zinc, causing stress accumulation on the surface of the ribbons 

and the formation of cracks in the grain boundaries. At higher resolution, the SEM 

micrographs (Figure 35a´) illustrate small ligaments with mean size of 16 ± 3 nm on the 

surface of the dealloyed ribbons. Interestingly, ligaments were observed within the 

cracks. When samples were further dealloyed up to 7 h, plane-view SEM images 

(Figure 35b – b´) shows fewer cracks and ligaments. It is expected that the small 

surface ligaments exposed to the corrosive electrolyte for an extended duration can 

induce surface stress. In response to this stress, the surface undergoes coarsening as a 

mechanism to alleviate or reduce surface stress, resulting in surface flattening. On the 

other hand, the cross-section analysis (Figure 35c – c´) displays homogenous micro- 

structure with ligament size of 37 ± 7 nm. The large cracks formed at an early stage of 

dealloying allowed the electrolyte to enter the cracks and the dealloying process to 

proceed into the deeper layers of the ribbons. It is obvious that the ligament-pore 

structure is remarkably refined compared to dealloyed ribbons in HCl (see Figure 28 

and Figure 33), which is in agreement with the literature.14,211  

To explore the effect of acid concentration, dealloying was carried out in solutions of      

5 M H3PO4 at 25°C under Ar. Figure 36a– a´ shows the plane-view of np-Cu ribbons 

after 7 hours of dealloying, illustrating the presence of cracks, and some pores with no 

identified ligaments. The cross-section of the dealloyed ribbons (Figure 36b – b´) is fully 

porous with mean ligament size of 44 ± 8 nm. Therefore, a slightly larger ligaments 

forms in 5 M compared to 5 M H3PO4 solutions. This effect is attributed to the influence 

of phosphate anions on Cu surface diffusivity.  

It is well recognized that the adsorption of electrolyte anions on the surface of the 

ribbons influences the ligament size through its effect on the diffusivity of the noble 

metal. Surface diffusivity (Ds) of Cu was reported to be 5.49 x10-16 and 4.75 x10-17 m2 s-1 

in 10 wt.% HCl and H3PO4 solutions at 90°C, respectively.24  Furthermore, the diffusion 

coefficient of Au and Ag in H3PO4 was reported to be 2 – 3 magnitudes lower than in 

HCl.23,211 Consequently, the ligament size of np-Cu dealloyed in phosphoric acid is 

remarkably smaller (see Table 5). The higher concentration of phosphoric acid leads to 

the formation of smaller ligaments (37 ± 7 nm compared to 44 ± 8 nm in 15 M and 5 M 
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H3PO4, respectively, in the cross-section of the ribbons), due to the additional 

suppression of the surface diffusion. Here, the pH difference is not expected to play a 

significant role.14 Since no precipitation of Zn salts was observed, it is expected that 

highly soluble zinc dihydrogen phosphate Zn(H2PO4)2 is formed. Therefore, 

supersaturation of this salt is unlikely to be reached during dealloying in 5 M or             

15 M H3PO4 solutions.  

 

Figure 36: Series of low (right) and high (left) magnification SEM micrographs of (a, a´) 
plane-view and (b, b´) cross-section of Zn80Cu20 ribbons after 7 of dealloying in 5 M 
H3PO4 at 25°C under Ar atmosphere.  
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The chemical composition of the dealloyed ribbons was investigated with EDX.     

Figure 37 displays the changes of Zn content, in plane-view, during dealloying in diluted 

and concentrated phosphoric acid. During the first 3 hours of dealloying in 15 M H3PO4, 

a drastic drop of Zn content from 77± 1 at.% to 37 ± 6 at.% was observed. Zn content 

further decreases to 31 ± 4 at. % after 5 h, and reaches 29 ± 3 at.% after 7 h of 

dealloying. The cross-section of the samples dealloyed for 7 h shows 35 ± 7 at. % Zn, 

which is comparable to the composition of the plane-view. Similarly, the Zn content in 

np-Cu dealloyed in 5 M H3PO4 was found to be 40 ± 6, 36 ± 5 and 30 ± 4 at.% after 3, 5, 

and 7 h, respectively. The results indicate that phosphoric acid concentration has only a 

minor influence on the residual Zn content in the dealloyed ribbons.  

 

Figure 37: Residual Zn content after chemical dealloying of Zn80Cu20 ribbons for 3, 5, 
and 7 h in 5 M (black squares) and 15 M (blue hollow circles) H3PO4 at 25°C under Ar 
atmosphere. The EDX quantification of chemical composition was determined from at 
least three sample areas at low magnification. Each measurement was repeated at least 
three times for each sample. 

In this study, the distribution of Zn atoms inside the ligaments of np-Cu ribbons 

dealloyed in H3PO4 was not investigated. However, the presence of Zn-rich regions, 

similar to those observed during dealloying in HCl (Section 4.4), is expected. This 
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heterogenous distribution of Zn is associated with the surface diffusion of Cu atoms 

during the dealloying process. The formation of islands of Cu atoms results in trapping 

of some of the near-surface Zn atoms, which cannot be exposed to the electrolyte, and 

thus cannot be dissolved. The distribution of the less noble metal within the ligaments is 

not expected to change due to the slower Cu diffusivity in H3PO4 compared to HCl 

solutions. 

We conclude that the electrolyte anions play a crucial role in the dealloying process by 

altering the surface diffusivity of the noble metal. This allows for tailoring of the 

nanoporous structure by changing the dealloying electrolyte. The coarsening of the 

surface, resulting in a flattened surface, presents a challenge for the direct application of 

dealloyed ribbons in H3PO4. However, this can be overcome by the preparation of a 

dispersion of np-Cu that is then drop-casted on a substrate, where the ligaments in the 

cross-section become available for use. Another approach can be the dealloying in a 

mixture of HCl and H3PO4 to achieve a porous surface with the desired ligament size. 

 

4.7. Understanding ligament evolution in different electrolytes [partially published] 

Starting from Zn80Cu20 alloy ribbons prepared by melt-spinning, the microstructure 

evolution characteristics of the np-Cu with highly open and three-dimensional pore 

network is visualized in Figure 38. When the ribbons are immersed in 0.1 M HCl 

solution, the dealloying process is rapidly initiated by dissolution of Zn atoms from the 

top Zn-rich surface layer of alloy ribbons. This process leaves the more noble Cu 

surface atoms unstable and highly low-coordinated. The remaining Cu surface atoms 

tend to diffuse along the top layers and additional Zn atoms within the near-surface 

layers are successively exposed to the aggressive electrolyte. Therefore, a critical 

interplay between Zn dissolution rates and surface diffusion rates of Cu atoms controls 

the formation of highly porous and well-connected ligament network. 

Dealloying is controlled by the interfacial processes mentioned above. In case of using 

chloride-containing acidic solution, the chloride ions enhance the mobility of Cu surface 

atoms by 2 – 5 magnitudes compared to a chloride free enviroment.14,19 Chloride ions 
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can adsorb on a Cu-based surface, especially at low-coordinated sites and increase its 

mobility.19,203 This leads to formation of larger ligaments and pores (Table 5). The 

addition of chloride ions to an alkaline solution showed an opposite effect, which is still 

not well understood to date. The obtained ligament sizes in this work are in good 

agreement with the results published from other groups.14,16,17,20,99,203 An overview about 

the structural information and its experimental conditions for the formation of np-Cu are 

listed in Table 1 (Section 2.2.1). The enhanced Cu surface diffusion in HCl allows the 

dealloying front propagation into the entire ribbons (initial thickness of ribbons of          

35 ± 3 µm). Therefore, dealloying in HCl solution allows the formation of homogeneous 

np-Cu-rich materials.  

By immersing the Zn80Cu20 alloy ribbons in H3PO4, dealloying is rapidly started by 

dissolution of Zn atoms, followed by surface diffusion of Cu atoms. Contrary to 

dealloying in HCl, the adsorbed phosphate ions suppress Cu mobility, leading to the 

formation of smaller ligaments on the surface of the ribbons (16 ± 3 nm after 3 h of 

dealloying in 5 M H3PO4). The diffusion coefficient of Cu, Au and Ag in HCl was reported 

to be 1 – 3 magnitudes higher than in H3PO4.23,24,211 Consequently, the ligament size of 

np-Cu dealloyed in phosphoric acid is remarkably smaller than that of HCl (Table 5). 

Moreover, the higher concentration of phosphoric acid leads to more suppression of the 

surface diffusion and the formation of smaller ligaments (37 ± 7 nm in 15 M compared to 

44 ± 8 nm in 5 M H3PO4). Very interestingly, the surface undergoes coarsening to 

reduce surface stress, leading to flattening of the surface. During the initial phase of 

dealloying, numerous large cracks appeared on the surface as a result of the stress 

induced by the rapid dissolution of Zn (approximately 30 at. % of Zn was lost within the 

first 3 hours of dealloying). These cracks allow the corrosive solution to initiate the 

dealloying into the deeper layer of the ribbons, which over time leads to the a fully 

porous cross-section. The proposed dealloying mechanism in phosphoric acid is shown 

in Figure 38b. 
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Table 5: Comparison of chemical composition and ligament size between the surface (in 
plane) and cross-section of dealloyed ribbons. Table reprinted with modifications from 
ref. 52. 

ribbons 

Zn [at.%] via EDX Cu [at.%] via EDX ligament size [nm] 

in plane 
cross-

sectional 
in plane 

cross-
sectional 

in plane 
cross-

sectional 

Zn80Cu20 alloy  
77 ± 1 78 ± 1 23 ± 1 22 ± 1 - - 

np-Cu (1.3 M NaOH, 24 h) 
73 ± 3 57 ± 9 78 ± 3 44 ± 9 21 ± 4 - 

np-Cu (0.1 M HCl, 24 h) 
32 ± 5 52 ± 6 68 ± 5 48 ± 6 73 ± 14 56 ± 15 

np-Cu (0.1 M HCl, 168 h) 
3 ± 2 3 ± 1 97 ± 2 97 ± 1 115 ± 28 97 ± 16 

np-Cu (5 M H3PO4, 7 h) 
36 ± 5 - 64 ± 5 - - 43 ± 8 

np-Cu (15 M H3PO4, 7 h) 
31 ± 4 35 ± 7 69 ± 4 65 ± 7 - 37 ± 7 

 

In alkaline media, the dealloying process is mainly restricted by the slow surface 

diffusion of Cu (hydr)oxide species, forming when Cu atoms are in exposure to strongly 

alkaline solution. The surface diffusion coefficient of Cu (hydr)oxide species is 

suggested to be 2 – 3 magnitudes slower than metallic Cu.7,17-19 It was also seen from 

the estimation of the surface diffusivity (Ds) in HCl (1.4 x 10-18 m2 s-1) and NaOH         

(9.4 x  10-21 m2 s-1) at 25°C in this work. This limits the coarsening process and leads to 

the formation of smaller ligaments compared to dealloying in acidic media. The slow Cu 

diffusion and evolution of small ligaments/pores restrict the dealloying front propagation 

in the thick ribbons. Therefore, the nanoporous structure only forms on the surface and 

the properties of the original master alloy retain in the bulk. On the other hand, during 

dealloying in strong alkaline media low-coordinated Cu atoms dissolve in minor 

concentration and enrich near the alloy surface. We believe that over dealloying time the 

concentration of soluble Cu species gradually increases until a critical concentration has 

been achieved. Above this threshold (supersaturation), Cu species commence to        

re-deposit and grow as Cu(I)oxide crystals at the alloy surface. We suggest that the 

critical point of the supersaturation is different inside the pores rather than outside of the 

pores (bulk electrolyte). Therefore, we observed a sudden change in the morphological 

structure of np-Cu in NaOH due to the formation and growth of Cu(I) oxide seed crystals 

inside the pores.7 Both the formation of octahedral Cu2O crystals and the slow Cu 
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surface diffusion hinder electrolyte penetration and thus the dealloying of the bulk 

ribbons.  

 

Figure 38: Schematic of the dealloying front propagation for the pore-ligament evolution 
of np-Cu ribbons. a) Dealloying in 0.1 M HCl: the first graph represents a cross-section 
of Zn80Cu20 alloy and the next graph displays the formation of cracks and the evolution 
of ligament on the surface of the ribbons, the following graphs show the dealloying front 
propagation during the dealloying time. The zoomed graph on the top right represents 
the plane-view ligaments with Zn-rich regions inside the ligaments. b) Dealloying in 15 M 
H3PO4: the second graph shows the crack formation and evolution of smaller ligaments, 
the following graph shows the coarsening with flattening the surface and the fully porous 
cross-section. The zoomed graph on the middle right represents the flattened surface in 
plane-view and the Cu-rich ligaments in the cross-section. c) Dealloying in 1.3 M NaOH: 
Over time, ligaments form only on the surface and do not grow into deeper level of the 
ribbons. The zoomed graph on bottom right shows the plane-view ligaments with 
octahedral Cu(I)oxide crystals. The master alloy is denoted in grey color, Zn-rich regions 
in dark-grey, Cu-rich ligaments in brown in acidic media and in brown/black in alkaline 
media. It is noted that the different dealloying durations were applied in this study, where 
dealloying in HCl and NaOH was carried out for up to 168 h (13 days), whereas 
dealloying in H3PO4 up to 7 hours. Figure reprinted with modifications from ref. 52. 
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We can sum up that the nature of the dealloying electrolyte strongly impacts the 

dealloying process of thick Zn80Cu20 alloy ribbons. Therefore, by controlling the 

dealloying conditions, like dealloying electrolyte and dealloying time, it is possible to 

tailor the resulting porous structure and residual Zn content. 

 

4.8. Summary 

 

This chapter explored the formation of np-Cu by chemical dealloying of Zn80Cu20 alloy 

ribbons in different electrolytes and pH values. The master alloy was prepared by melt-

spinning and the obtained alloy ribbons consist of a Zn-enriched surface layer (of       

~14 nm), followed by a homogenous sub-surface and bulk composition of 23 ± 1 at.% 

Cu and 77 ± 1 at. % Zn. The chemical dealloying of the ribbons in 0.1 M HCl, 5 M and 

15 M H3PO4, and 1.3 M NaOH leads to formation of an extended ligament-pore network 

with different structural and chemical properties. In particular, the dealloying process in 

HCl facilitates the Zn dissolution, resulting in a change of the crystal structure from 

hexagonal Cu20Zn80 to cubic Cu38Zn62 and finally to cubic Cu. Residuals of Zn of         

1 – 2 at.% are enough to preserve the homogeneous ligament structure even after very 

long dealloying times (13 days). Very interestingly, the distribution of Zn within the single 

ligaments is inhomogeneous by the formation of local Zn-rich regions near the surface. 

The appearance of these Zn-rich regions might be very likely related to the passivation 

behavior of Cu surface atoms and might be relics of the master alloy.  

Despite the relatively thick melt-spun ribbons (35 ± 3 µm), kinetics of bicontinuous 

ligament-pore structure is controlled by the interfacial process instead of the diffusion of 

corrosive electrolyte solution in and out of the porous layers, referred to as long-range 

mass transport. Surface diffusivities of Cu at 25°C were determined to be                    

1.4 x 10-18 m2 s-1 and 9.4 x 10-21 m2 s-1 in 0.1 M HCl and 1.3 M NaOH, respectively. 

Therefore, the high Cu surface diffusion rate in HCl enables an enhanced dealloying 

front propagation into the ribbons, and also coarsening of the ligaments to form larger 

ligaments. Therefore, in HCl, the ligament size and Zn content are strongly correlated to 

each other, as the ligament size grows and simultaneously the residual Zn content 

decreases over the dealloying time. On the contrary, the slow surface diffusion rate of 
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Cu (hydr)oxide in 1.3 M NaOH solution strongly limits the dealloying process and form 

smaller ligaments, independent from the residual Zn content.  

The anions of the acidic electrolyte have great impact on Cu diffusivity. The observed 

enhanced Cu mobility in HCl is associated with the adsorbed chloride anions of the   

low-coordinated Cu atoms, leading to larger ligaments. On the contrary, phosphate 

anions in H3PO4 suppress the surface diffusion coefficient of Cu by 2 – 3 magnitudes 

compared to HCl, which leads to the formation of smaller ligaments. Furthermore, the 

effect of different dealloying conditions was also investigated. Agitation and de-aeration 

of the acidic electrolyte has no significant influence on the structure of np-Cu. On the 

other hand, dealloying temperature strongly influences the surface diffusivity of Cu, 

leading to a strong relationship between dealloying temperature and the np-Cu 

structure. 

This study describes the formation of np-Cu materials with tunable ligament size and 

residual Zn content starting from alloy ribbons, which allows the modification of the 

structural and chemical properties of np-Cu material for a wide range of possible 

applications in electrochemical synthesis, sensors and catalysis. 
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5. Electrosynthesis of cyclic carbonates from epoxide and CO2 on nanoporous 

copper cathode  

This chapter is reprinted in adapted form from a submitted manuscript to a journal, 

titled “Nanoporous Copper for the Electrosynthesis of cyclic carbonates from CO2 

and epoxide”. 

Co-authors contribution: D. Crespo prepared the master alloy. S. Blaseio performed 

Raman spectroscopy measurements and participated in the discussion of the results. 

A. Hockmann performed the blank experiment, G. Hilt and M. Oezaslan contributed 

in the supervision of the whole work, discussion of results and editing the 

manuscript.  

 

5.1. Morphological and structural characterization of np-Cu/GC  

Nanoporous copper (np-Cu) was fabricated by chemical dealloying (free corrosion) of 

melt-spun Zn80Cu20 alloy ribbons in 0.1 M HCl at 25°C in Ar atmosphere. Due to the high 

mass loss of zinc (from 77 ± 1 to 3 ± 2 atomic%), a volume shrinkage of ~45% was 

observed after 168 h of dealloying, leading to the evolution of bicontinuous np-Cu 

ribbons consisted of a ligament-pore network.52 To produce a practical electrode for the 

applications in organic electrosynthesis, the np-Cu was drop-casted on a glass carbon 

(GC) substrate (np-Cu/GC). These preparation steps are displayed in Figure 15, and 

was often reported for other dealloyed ribbons such as silver (np-Ag212), boron (np-B213), 

and platinum (np-Pt214) electrodes in the literature. Different shapes and dimensions of 

substrates can be used, which gives huge flexibility for preparing individual porous 

electrodes with controlled loading. 

The morphology of the np-Cu/GC was evaluated by scanning electron microscopy 

(SEM). The SEM micrographs at low magnification are displayed in Figure 39a – b, 

showing a homogenous spatial distribution of the np-Cu on the GC substrate. No 

agglomeration of the dispersion was noticed. In the SEM micrographs at higher 

magnification (Figure 39c – d), the porous structure as a network of pores and Cu-rich 

ligaments is visible. The mean ligament size was estimated by counting at least 200 

ligaments from several SEM micrographs and found to be 112 ± 16 nm. It is noted that 
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the GC substrate surface is not fully covered with np-Cu. Therefore, the coverage was 

estimated using thresholding method, where pixels with intensity values lower than 45, 

52 or 60% were replaced by red pixels, see Figure 39a’ – b’. From the area of the 

exposed GC, the mean coverage of the substrate with np-Cu was estimated to be 

77 ± 3%. Moreover, the film thickness of the np-Cu was calculated from the mass, 

coverage, and Cu density (8.96 g∙cm-3) to be ~0.9 ± 0.1 µm. Energy-dispersive X-ray 

spectroscopy (EDX) measurements of the np-Cu/GC show very high carbon content (˃ 

90 atomic%), which is attributed to the elemental analysis of the bulk of the electrode 

rather than the thin layer of np-Cu on the substrate surface.  

 

Figure 39: Series of SEM micrographs of nanoporous Cu drop-casted onto a GC 
substrate (np-Cu/GC) with different magnifications of (a, a’) 250x, (b, b’) 3,500 x, (c) 
25,000x, and (d) 80,000x. (a’, b’) Thresholding method was used in ImageJ software, 
where pixels with intensity lower than 52% were changed to red, indicating a coverage 
of 77 ± 3% for the GC surface with np-Cu (loading 1 mg∙cm-2

geo). Figure reprinted from 
the manuscript submitted to a journal. 
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5.2. Estimation of the electrochemically active surface area  

5.2.1. Underpotential deposition of lead (Pb-UPD) [not published] 

The electrochemically active surface area (ECSA) of the np-Cu/GC was investigated by 

Pb-UPD method. This technique is based on the unique ability of Pb to form a 

monolayer on the surface of Cu at potentials positive than those of Pb/Pb2+ 

equilibrium.192,193,215 Pb-UPD has been successfully applied for the ECSA determination 

of nanoporous gold (np-Au).216 The procedure involves analyzing samples of a flat metal 

surface to get the charge, which is then normalized by the pseudo-capacity obtained 

from the porous surface of the same metal. Therefore, the Pb-UPD measurements were 

first tested on polycrystalline Cu by recording CV profiles at a potential range from 0.4 V 

to 0.0 V vs Pb/Pb+2 and a scan rate of 0.01 V s-1, using Pt mesh and Pb wire as counter 

and reference electrodes, respectively. Blank measurements were done in a solution 

containing 0.01 M perchloric acid (HClO4) and 0.1 M sodium perchlorate (NaClO4). In 

the absence of Pb+2, no faradic current occurs, as shown in Figure 40a (dotted black 

line). Thereafter, CV profiles were acquired in solutions containing 0.01 M lead(II) 

perchlorate hydrate (Pb(ClO4)2) in addition to 0.01 M HClO4 and 0.1 M NaClO4. In      

Pb-containing solutions, two broad peaks were observed (Figure 40a, blue). The 

cathodic peak I, occurring at approximately 0.08 V vs Pb/Pb+2, represents the deposition 

of Pb monolayer on the surface of Cu. The anodic peak II, observed at 0.19 V vs 

Pb/Pb+2, demonstrates the stripping of the Pb monolayer.  

It is reported that the presence of chloride anions (Cl
-
) enhance the kinetics of Pb-UPD 

on the Cu surface, leading to sharpening and improved reversibility of the peaks.215,217 

The adsorbed chloride layer on the surface of Cu is displaced during Pb-UPD, forming a 

compact layer of Pb atoms.217 Consequently, 0.05 M sodium chloride (NaCl) was added 

to the electrolyte, and the orange-colored CV in Figure 40a clearly shows well-defined 

Pb-UPD features on the polycrystalline Cu surface. In the cathodic scan, peaks III and 

IV were observed at 0.12 V and 0.08 V vs Pb/Pb+2, where the deposition of Pb 

monolayer takes place. This peak split can be attributed to different crystallographic 

orientations of the Cu surface.215 The stripping peak V in the anodic scan appears at 

0.15 V vs Pb/Pb+2, which is slightly shifted compared to chloride-free solution (0.19 V). 
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Our results are in agreement with the literature215,217 that the presence of chloride ions in 

the solution positively impacts the characteristics of the Pb-UPD process. 

  

Figure 40: Pb-UPD measurements, where CV profiles were recorded at 0.01 V s-1 (a) 
using polycrystalline Cu working electrode in different electrolytes: Pb-free electrolyte 
(0.01 M HClO4, and 0.1 M NaClO4; dotted black), Pb-containing electrolyte               
(0.01 M HClO4, 0.1 M NaClO4, and 0.01 M Pb(ClO4)2; blue), and in Pb- and Cl-
containing electrolyte (0.01 M HClO4, 0.1 M NaClO4, 0.01 M Pb(ClO4)2, and               
0.05 M NaCl; orange); (b) on np-Cu/GC (solid black) and polycrystalline Cu (orange) in 
the Pb- and Cl-containing electrolyte. Peaks I, III, and IV correspond to the deposition of 
Pb monolayer on the surface of the electrode, whereas peaks II and V indicate the 
subsequent stripping of this monolayer.  

 

After finding the optimal electrolyte solution, Pb-UPD measurements were performed on 

the np-Cu/GC. CV profiles were recorded on the np-Cu/GC at potentials from 0.4 to    

0.0 V vs Pb/Pb2+ at 0.01 V s-1 in Pb- and Cl-containing electrolyte (0.01 M HClO4, 0.1 M 

NaClO4, 0.01 M Pb(ClO4)2, and 0.05 M NaCl).  

Figure 40b shows the Pb-UPD on np-Cu/GC (solid black) with two deposition peaks at 

0.12 V and 0.08 V and a stripping peak at 0.13 V vs Pb/Pb+2. The averaged integrated 

charge of deposition and stripping peaks of Pb-UPD, �̅�dep./strip., was estimated from the 

CV profiles. The charge, Q, was obtained by dividing �̅�dep./strip. by the scan rate, v 
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of 0.08 cm2 for np-Cu/GC and 0.47 cm2 for polycrystalline Cu. Accordingly, the 

roughness factor, RF, of polycrystalline Cu was determined, by dividing ECSA to the 

geometric surface area (0.196 cm2) to be 2.3. This is in agreement with the literature, 

where RF values of 1.8 were reported for rough polycrystalline Cu.215  

Surprisingly, the np-Cu/GC shows an extremely low RF value of 0.4, which is probably 

related to the oxide species on the surface of the electrode, hindering the formation of 

Pb monolayer. The Cu oxides are formed by contact with air during the preparation of 

the electrode, i.e., during the drop-casting process used to create a thin film of np-Cu on 

the GC substrate. To confirm this assumption, the surface of the np-Cu/GC was 

analyzed by XPS after the Pb-UPD measurement. The electrode was washed well, dried 

under Ar, and directly transferred to the XPS chamber. Figure 41 shows the survey and 

high resolution XPS spectra of Cu 2p, Zn 2p, Pb 4f, O 1s, and C 1s of the np-Cu/GC. In 

Figure 41a– b, the Cu 2p and Zn 2p XPS spectra were deconvoluted and fitted with a 

doublet for Cu 2p1/2 and Cu 2p3/2 at 952.3 and 932.5 eV as well as for Zn 2p1/3 and 2p3/2 

at 1045.1 and 1022.1 eV, respectively. The low intensity of the Zn 2p data indicates its 

minor content on the surface of np-Cu/GC. The Cu satellites observed at about 946 eV 

(Figure 41a, green line) signify the presence of Cu2+.218,219 Furthermore, the XPS 

spectrum of oxygen (Figure 41c) demonstrates the predominance of metal hydroxides 

(peak maxima at 532.4, blue line), along with some metal oxides (at 530.4 eV, green 

line). Figure 41d shows the Pb 4f XPS spectrum, which were deconvoluted and fitted 

with a doublet for Pb 4f5/2 and Pb 4f7/2 at 138.3 and 143.1 eV, respectively. The XPS 

spectrum of C 1s (Figure 41e) shows the presence of C sp2, C sp3 and C-O peaks at 

284.4, 285.2, and 586.0 eV, respectively. Quantification analysis was conducted based 

on the above fitted peaks showed a content of 81.2 at.% C, 15.5 at.% O (among which 

are 14.5 at.% metal hydroxide), 2.6 at.% Cu (2p), 0.4 at.% Zn (2p), and 0.3 at.% Pb (4f). 

The high content of carbon comes from the GC substrate of the np-Cu/GC electrode. 

The high content of oxygen and the presence of Cu2+ on the surface of the np-Cu/GC 

support our assumption that copper (hydr)oxide species impede the formation of Pb 

monolayer on the surface of np-Cu/GC.  
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Figure 41: High resolution XPS spectra of (a) Cu 2p, (b) Zn 2p, (c) O 1s, (d), Pb 4f,     
(e) C 1s, and (f) survey of the np-Cu/GC surface after Pb-UPD measurement. The 
experimental data are denoted in grey, the resulting envelope is symbolized in black, 
and the background is indicated in yellow.  
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As an attempt to chemically remove surface Cu oxides, the np-Cu/GC was immersed in 

concentrated phosphoric acid for few minutes before the Pb-UPD experiments. This 

step was not enough to remove the surface oxide species, or it is possible that the 

surface was oxidized during the short exposure to air while handling the sample. This 

rapid oxidation is attributed to the large surface area of np-Cu. A possible option for 

future investigations can be the electrochemical reduction of the surface Cu (hydr)oxide 

species in the same electrolyte, directly before conducting Pb-UPD measurements. In 

this way, any contact with air is eliminated. To sum up, under the conditions of this 

study, it is not possible to determine ECSA for np-Cu/GC using the Pb-UPD approach. 

Consequently, the double-layer capacitance method was investigated for this purpose 

instead. 

 

5.2.2. Double-layer capacitance 

Due to its bicontinuous ligament-pore structure, the np-Cu/GC has a larger surface area 

than a polycrystalline flat Cu electrode. The electrochemically active surface area 

(ECSA) of np-materials was determined by the double-layer capacitance method, which 

has been often reported for oxide-derived Cu foams195, np-Ag ribbons212, carbon 

sphere-loaded Cu nanoparticles173, and oxide-derived Cu nanorods220. In this study, 

double-layer capacitance measurements were carried out by recording CV profiles in a 

potential range, where no apparent faradaic processes occur. Figure 42a – b shows the 

CV profiles for the np-Cu/GC and bare GC from –0.1 to –0.2 V vs Ag/AgCl at scan rates 

of 0.02, 0.04, 0.05, 0.075, 0.10, and 0.15 V∙s-1 in Ar-saturated 0.1 M aqueous HClO4. It 

is obvious that for both electrodes only capacitive currents are dominant in this potential 

range.  

In Equation 13, the double-layer charging current, iC, is proportional to the scan rate, v, 

and electrochemical double-layer capacitance, C.173,194,195 

iC = v * C  Equation (13) 

In Figure 42c, for np-Cu/GC and bare GC the iC values at a potential, E, of –0.15 V vs 

Ag/AgCl were plotted against the scan rate, v. The double-layer capacitance for the np-
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Cu, Cnp-Cu, was estimated from the slope of the linear fit, calculated from three samples, 

to be 11.3 ± 1.3 µF. Due to the incomplete coverage, a bare GC was taken as reference 

and shows a double-layer capacitance, CGC, of 3.8 ± 0.8 µF, see Figure 42d. The 

roughness factor (RF) of the np-Cu/GC was then determined by Equation 14 to be 

3.0 ± 0.7, confirming its enhanced ECSA compared to bare GC. 

RF = Cnp-Cu/GC / CGC Equation (14) 

 

Figure 42: CV profiles and current i - scan rate v plots of (a, c) np-Cu/GC and (b, d) 
bare GC at different scan rates, v, in argon-saturated 0.1 M aqueous HClO4. The data 
was fitted using the least-squares model, showing a R2 value of 0.996. The slope of the 
linear fit gives the double-layer capacitance of the respective electrode material. Figure 
reprinted from the manuscript submitted to a journal. 
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It is noted that the polycrystalline Cu has a much lower double-layer capacitance 

(0.38 ± 0.04 µF) than that of bare GC (see Figure 24 in Section 3.3.3) and would 

deliver extremely high ECSA for np-Cu/GC. The above characterizations show 

interesting features of the np-Cu/GC with a ligament-pore network and large ECSA 

compared to bare GC.  

 

5.3. Catalytic properties of np-Cu/GC for the electrochemical CO2 reduction 

reaction (CO2RR) 

It has been reported that the electrochemical reaction of CO2 with epoxides is initiated 

by the formation of the  CO2
• – radical species on the electrode surface.41,42 Therefore, 

we investigated the electrochemical properties of the np-Cu/GC towards CO2RR by 

recording CV profiles in CO2-saturated 0.07 M TEAI-MeCN between –1.0 and –2.0 V vs 

Ag/AgCliR-corrcted at 0.02 V s-1, see Figure 43. First, a background measurement was 

carried out in the absence of CO2, where a CV profile (dotted black, Figure 43) was 

recorded in N2-saturated electrolyte under similar conditions. In the forward scan, only 

capacitive currents occur up to –1.9 V vs Ag/AgCl. Thereafter, a small reduction current 

peak appears, which can be associated with the hydrogen evolution reaction (HER). In 

the presence of CO2 (solid black, Figure 43), the onset potential is at ca. –1.4 V vs 

Ag/AgCl, where the current density related to the CO2RR starts to increase. With 

increasing overpotential, additional broad current peak between –1.61 and –1.75 V vs 

Ag/AgCl appears during CO2 electrolysis. The first reduction peak is ascribed to one 

electron reduction of CO2, generating the CO2
• – anion radical.27,177 The subsequent 

broad current peak could be due to the further reduction of CO2
•– to form carbon 

monoxide or hydrocarbons.44  

The catalytic CO2RR activity of np-Cu/GC was compared to two reference materials: 

bare GC (grey) and polycrystalline Cu (orange), see Figure 43. The onset potentials for 

CO2RR were observed at around –1.7 V and –1.4 V vs Ag/AgCl for bare GC and 

polycrystalline Cu, respectively. In addition, the CO2 reduction peak appears at ca. –1.9 

V for bare GC, while for the polycrystalline Cu a broad current peak is visible at around  

–1.6 V. Due to the high overpotential, the GC is less efficient in electrochemically 



100 
 

catalyzing the CO2. At the upper vertex potential of –2.0 V vs Ag/AgCl, much higher 

current density was observed for the np-Cu/GC (–2.0 mA∙cm-2) compared to 

polycrystalline Cu (–1.3 mA∙cm-2), which is associated with its higher ECSA. In the 

literature, the CO2 reduction peaks on Cu nanoparticle-based electrode with particle 

sizes of 100 and 300 nm were reported at around –1.5 V and –1.6 V vs Ag/AgI in 

0.1 M TEAI-MeCN, respectively.177  

Altogether, our findings demonstrate a higher catalytic CO2RR activity on the np-Cu/GC 

compared to polycrystalline Cu and bare GC. Further experiments were carried out to 

investigate whether the enhanced catalytic activity is directly correlated to the formation 

of cyclic carbonates from CO2 and epoxides and will be discussed in Section 5.4.2. 

  

Figure 43: CV profiles of the np-Cu/GC (solid black), polycrystalline Cu (orange), and 
bare GC (grey) at scan rate of 0.02 V∙s-1 in CO2-saturated 0.07 M TEAI-MeCN. A 
background measurement was performed on np-Cu/GC in N2-saturated electrolyte 
(dotted black). The current density, j, is normalized to the geometric surface area of the 
working electrode. Figure reprinted from the manuscript submitted to a journal. 
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5.4. Organic electrosynthesis of cyclic carbonates 

After structural characterization and CO2RR activity investigations, the np-Cu/GC was 

used as cathode for the electrosynthesis of cyclic carbonates from CO2 and epoxides. 

Based on the literature38,42,151,172,173,178, a galvanostatic electrosynthesis was performed 

in an undivided cell, using epoxides as starting material and acetonitrile as solvent. In 

Section 5.4.1, further reaction parameters were experimentally tested to optimize the 

yield of cyclic carbonates. 

5.4.1. Effects of reaction parameters 

The influence of various experimental parameters on the yield of cyclic carbonates was 

explored, including supporting electrolyte, current, charge, anode, and cathode 

materials. For this work, the formation of 1,2-butylene carbonate (BC) from 1,2-butylene 

oxide (BO) and CO2 was used as a model reaction. The results are summarized in 

Table 6, where the upper section shows the reaction with the optimized parameters, and 

entries 1 - 14 show the variations of the reaction parameters. First, the optimal 

concentration of BO was identified to being 0.1 M (see Section 7.4.1. in the Supporting 

information for chapter 5) No other byproducts were detected by gas chromatography-

mass spectroscopy. 

5.4.1.1. Blank reaction without applied current 

To investigate whether CO2 activation is essential for the reaction, a control experiment 

was performed without applying any electric current. A reaction solution of 0.1 M TBAB-

MeCN with 0.1 M BO, and 0.02 M dry MgBr2 was left with continuous stirring in an 

undivided cell under constant flow of CO2 at room temperature and atmospheric 

pressure. To mimic the electrosynthesis, polycrystalline Cu and Mg electrodes were also 

immersed in the solution. Evidently, the GC and GC-MS data show that no product was 

formed after 18 h reaction time (Table 6, entry 2). This observation is in excellent 

agreement with other studies.23,27,45 Only a very small amount of the starting material 

was ring-opened to form 1-bromobutan-2-ol. These findings clearly reveal that the role 

of the electrochemical process is not only to generate Mg2+ cations, but also to activate 

CO2. Therefore, the electrochemical CO2 activation is necessary for the reaction with 

epoxides under ambient conditions.   
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5.4.1.2. Influence of supporting electrolyte  

The effect of two quaternary ammonium salts, tetraethylammonium iodide (TEAI) and 

tetrabutylammonium bromide (TBAB), on the yield of BC was investigated. Electrolysis 

of BO towards BC was conducted using np-Cu/GC cathode and Mg anode in           

CO2-saturated 0.07 M TBAB or TEAI in MeCN. After a total charge of 2.0 F was passed, 

yields of BC of 61 ± 3% and 70 ± 4% were formed in 0.07 M TBAB-MeCN and        

TEAI-MeCN, respectively (entries 3 – 4 in Table 6). The superior performance of TEAI 

compared to TBAB required further examination of its concentration. Increasing the 

concentration from 0.07 to 0.1 M TEAI in MeCN resulted in a slight improvement of the 

yield of BC from 70 ± 4% to 74 ± 4%. A further increase in the concentration was not 

possible due to the limited solubility of TEAI in MeCN.  Consequently, 0.1 M TEAI-MeCN 

was used as electrolyte solution in all further experiments. 

The improved yield of BC due to the use of TEAI can be related to the stronger 

nucleophilicity of the halide anions (I
–
), which facilitates the opening of the epoxide 

ring.172,174  Zhang et al.174 observed a direct correlation between the relative strength of 

the halide in the quaternary ammonium salt (I
–
 > Br

–
 > Cl

–
) and an increase in the yield of 

propylene carbonate (PC). In addition to the halide, the alkyl chain of the quaternary 

ammonium salts could also influence the conversion. For example, higher yields were 

reported for tetraethylammonium bromide (TEAB) compared to TBAB.174 The use of 

ethyl groups in the TEA cation enhances their mobility in MeCN, leading to higher 

conductivity.174 Therefore, due to the highly nucleophilic nature of iodide and shorter 

alkaline cation groups, the TEAI is the most suitable supporting electrolyte for the 

electrosynthesis of BC from BO and CO2. 
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Table 6: Effect of the reaction parameters for the electrosynthesis of 1,2-butylene 
carbonate (BC). Table reprinted from the manuscript submitted to a journal. 

 

Entry Variation parameter Yield [a] 

1 None 74 ± 4% 

2 Blank - no current* - 

 Supporting electrolyte  

3 0.07 M TBAB 61 ± 3% 
4 0.07 M TEAI 70 ± 4% 

Current density [mA∙cm-2] 

5 2.8 74 ± 2% 
6 6.5  

28 ± 3% 

Charge [F] 

7 1.0  48 ± 3% 
8 1.5 59 ± 4% 
9 2.5 73 ± 3% 

10 3.0 72 ± 3% 
11 3.5 72 ± 2% 

Cathode material 

12 bare GC 19 ± 3% 
13 polycrystalline Cu 76 ± 4% 

Anode material 

14 polycrystalline Zn 2% [b] 
15 bare GC - 

The reactions were performed using np-Cu/GC cathode material in an undivided cell at room 
temperature. BO: 0.1 M. The electrolyte was saturated with CO2 for 30 min before the 
experiment. A balloon filled with CO2 was used during the experiment. [a] The yield of BC was 
determined by gas chromatography analysis of the reaction mixture using mesitylene as 
internal standard. All experiments were repeated at least twice. [b] Experiment was done 
once. * Blank experiment without applying any electric current was carried out in a reaction 
solution of 0.1 M BO, 0.02 M dry MgBr2 and 0.1 M TBAB-MeCN together with the inserted Cu 
and Mg electrodes in an undivided cell for 18 h at room temperature. 
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5.4.1.3. Influence of current and charge 

In galvanostatic electrosynthesis, the current is a key parameter to improve the product 

yield. Therefore, different current densities of 2.0, 2.8, and 6.5 mA∙cm-2 were studied in 

this work. When a current density of 2.0 mA∙cm-2 was applied, 74 ± 3% of BC was 

formed. An increase of the current density to 2.8 mA∙cm-2 resulted in a similar yield of 

BC (entry 5 in Table 1), whereas higher current density equal or more than 6.5 mA∙cm-2 

drastically decreased the yield to 28 ± 3 % (entry 6 in Table 6). It is expected that at 

higher currents, undesirable reactions may occur such as a further conversion of CO2
• – 

to CO and oxalate dianion.174,177   

The influence of charge passed during electrolysis was also investigated in a range of 

1.0 and 3.5 F. A linear increase of BC yield was observed when a charge between 1.0 to 

2.5 F was applied (Table 6, entries 7 – 9). After that a plateau was reached, where the 

yield remained constant with increasing charge up to 3.5 F (Table 6, entries 10-11). 

This finding is consistent with previous studies, which often employed a charge between 

2.0 and 2.5 F.173,177,178 Based on our results, the optimal parameters for electrosynthesis 

of BC were determined to be at 2.0 mA∙cm-2 and 2.0 F.  

5.4.1.4. Influence of cathode material 

The nature of the electrode material can strongly influence the electrochemical 

activation of CO2. Therefore, reference experiments were performed on polycrystalline 

Cu and bare GC electrodes under similar conditions. As shown Table 6, entry 12 – 13, 

the obtained yield of BC was 19 ± 3% and 76 ± 4% for bare GC and polycrystalline Cu 

electrode, respectively. Despite the higher catalytic activity of np-Cu/GC, confirmed by 

the CV profile in Figure 43, the yields of BC are comparable on both Cu-based 

electrodes. These findings indicate that the activation of CO2 is not the rate-limiting step 

for the cyclic carbonate formation as reported in the literature.41,42,172 Another possible 

explanation could be the presence of precipitants formed from the sacrificial Mg anode, 

which may reduce the available ECSA of np-Cu by blocking the pores. This will be 

discussed in Section 5.4.2  and Section 5.4.3 in detail. Based on these results, we 

concluded that np-Cu/GC and polycrystalline Cu are suitable cathode materials for the 

electrosynthesis of BC 
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5.4.1.5. Influence of anode material 

Sacrificial anodes donate electrons to the system and produce metal cations that could 

play a role in the reaction. Here, we tested the effect of polycrystalline Mg, Zn, and bare 

GC as anode materials for the reaction of epoxide with CO2. Mg anode was used initially 

in this study based on its extensive use reported in the literature 38,151,172,177,178 and good 

yields of BC (74 ± 4%) were achieved. The effect of Zn or bare GC as alternative 

sacrificial anode was investigated, and only 2% of BC or no product was formed (Table 

6, entries 13 – 14), respectively. This is related to the more negative standard electrode 

potential of Mg compared to the other metals such as Zn, Al, and Sn.151 On the other 

hand, as no product forms using bare GC anode, the Mg2+ species from the sacrificial 

anode play an important role in the reaction of CO2 with epoxides. 

 

5.4.2. Yields of cyclic carbonates using the optimized parameters 

A galvanostatic electrosynthesis was carried out using np-Cu/GC cathode and sacrificial 

Mg anode in CO2-saturated 0.1 M TEAI-MeCN. A current of 2.0 mA∙cm-2 was applied 

until a total charge of 2.0 F was passed. Very good yields of BC (74 ± 4%) on np-Cu/GC 

and Mg were achieved. This is superior to the reported studies that used stainless steel 

electrodes172, Cu nanoparticles177, and Ag nanoparticles178.  

The optimized reaction conditions were applied for another starting material that has one 

methyl group less than BO. Propylene carbonate (PC) in good yields (62 ± 6%) was 

produced from propylene oxide (PO) and CO2 on np-Cu/GC cathode material using the 

optimal parameters. For comparison, the yields of BC and PC reported by other studies 

are summarized in Table 2 in Section 2.3.3. 

Figure 44 illustrates an overview of the resulting yields of BC and PC using np-Cu/GC 

as well as reference cathode materials like polycrystalline Cu and bare GC. It is obvious 

that the np-Cu/GC achieves very good yields of both products (74 ± 4% of BC and 

62 ± 6% of PC), whereas the bare GC gives very low yields (20 ± 3% of BC and 14 ± 3% 

of PC). As np-Cu only covered around 77% of the GC substrate surface, the contribution 

of the GC on the yield is neglectable.  
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When polycrystalline Cu was used as a cathode material, 63 ± 5% of PC and 76 ± 4% of 

BC were formed. An improvement of the yields of these cyclic carbonates by increasing 

the surface area and higher catalytic activity for CO2RR was therefore not observed. 

This observation is very likely related to the reaction pathway, where the electrochemical 

CO2 activation is not the rate-limiting step for cyclic carbonate formation.  

 
Figure 44: Bar chart of yield of 1,2-butylene carbonate (BO, left) and propylene 
carbonate (PC, right) using different cathode materials: np-Cu/GC (black), 
polycrystalline Cu (orange), and bare GC (grey). Electrolysis conditions: undivided cell, 
40 mL CO2-saturated 0.1 M TEAI-MeCN, 0.1 M starting material, Mg anode, 2.0 mA∙cm-

2, 2.0 F. Yield was determined by gas chromatography from the reaction mixture using 
mesitylene as internal standard. Figure reprinted from the manuscript submitted to a 
journal. 

Another possible reason behind the similar yields obtained could be that during 

electrosynthesis the nanopores of np-Cu might be blocked by precipitate, probably a 

magnesium salt formed on the anode, that are visible to the eye. To cover the pores of 

np-Cu with a pore size of 45 ± 16 nm, the precipitants need to be much smaller and the 

mass transport within these pores is controlled by diffusion instead of convection, which 

seems to be unlikely. If this is the case, a gradual loss of ECSA of np-Cu/GC might 

occur over the electrolysis time. The np-Cu/GC with high ECSA and CO2RR reactivity is 

then more suitable in combination with non-sacrificial anodes such as carbon. For 

instance, electrosynthetic reaction of interest on np-Cu/GC could be electrocarboxylation 

of dienes221 or α,β-unsaturated esters 222 with CO2. 
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5.4.3. Electrochemical Reaction Pathway 

Reaction pathway of epoxide with CO2 has not been fully understood to date. The 

findings from the blank experiment (Section 5.4.1.1) performed using the same 

conditions, but in the absence of applied current, reveal that the CO2 activation is 

necessary for the reaction with epoxides under ambient conditions. Similar results have 

been reported by other groups.23,27,45 We strongly believe that the activation process 

involves the electro-reduction of CO2 to form CO2
• – radical anion.39,41,172 Distortion of the 

commonly linear structure of neutral CO2 towards a bent structure of the radical anion 

results in a pronounced activation at the electrophilic center of CO2, consequently 

enhancing the efficiency of the reaction with epoxide.42 However, our results pointed out 

that the electrochemical CO2 activation is not the rate-limiting step in the formation of 

cyclic carbonates. This assumption originates from the similar yields of BC and PC 

formed on np-Cu/GC and polycrystalline Cu, despite the higher catalytic CO2RR activity 

and RF of np-Cu/GC. Perez-Gallant et al.41 also found no strong effect of the electrode 

material on the yield, strongly suggesting that CO2 activation is not the rate-limiting step.  

While CO2 undergoes reduction on the cathode surface, the sacrificial magnesium 

anode is oxidized, constantly releasing Mg2+ ions into the electrolyte. As shown in 

Section 5.4.1.5 when Mg anode was replaced with Zn or bare GC, no product (≤ 2%) 

was detected. Similar results were reported by other groups, where minimal product 

formation was observed using Pt anode.172 However, when MgBr2 was added to the 

reaction mixture in the presence of Pt anode, cyclic carbonates were formed.172 This 

experimental observation strongly suggests that Mg2+ species play a crucial role in the 

reaction pathway, which is further supported by theoretical predictions based on density 

functional (DFT) calculations.42 

While the significance of Mg2+ species in the reaction has been widely acknowledged in 

the literature, different mechanisms have been proposed to explain its role. Some 

studies reported the formation of an intermediate, from CO2 and MgI2 (I
-
 from TEAI), that 

opens the epoxide ring.172 Others proposed that the halide species from the ionic liquid 

or supporting electrolyte are responsible for the ring opening, while Mg2+ facilitates this 
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process.42 Furthermore, it has been suggested that the supporting electrolyte TBAB 

undergoes deposition, producing tributylamine, which then forms an intermediate with 

CO2 and MgBr2 to open the epoxide ring.180 Since triethylamine was not detected in the 

reaction mixture in this study, we can exclude the decomposition of the supporting 

electrolyte as a possible mechanism. Therefore, we concluded that both Mg2+ and halide 

anions (I
-
) from the supporting electrolyte play an important role in facilitating the ring 

opening of the epoxide. Further investigations are required to gain a deeper 

understanding of the reaction pathway and identify the intermediates involved. 

Afterwards, CO2
• – acts as a nucleophile attacking the open oxide, and the cyclic 

carbonate is obtained by ring closure.42,172 DFT calculations suggest that the ring 

closure is the rate-limiting step of the reaction.42 This aligns with our experimental 

observations and indicate that enhancing the catalytic activity for CO2 reduction would 

not necessarily lead to an increase in the yield of cyclic carbonates. 

 

5.5. Reusability of np-Cu electrode 

To investigate the stability and reusability of the porous electrode, np-Cu/GC was 

employed several times. After each electrolysis run for 15 hours, the np-Cu/GC 

electrode was washed in highly purified water and propan-2-ol followed by chemically 

polishing with phosphoric acid. In Figure 45a – b, the SEM micrographs show the 

morphology of the np-Cu/GC electrode after three runs of electrolysis experiments with 

a total duration time of 45 hours. It is obvious that the ligaments are stable, and the 

structure is preserved (reference structure before electrolysis in Figure 39). No changes 

in mean ligament size are observed (108 ± 18 nm in comparison with a fresh np-Cu/GC 

with 112 ± 16 nm). 

A slight decrease in the yield of BC was observed after three times of reuse of the np-

Cu/GC as shown in Figure 45c The yield was determined as 73, 69 and 61% of BC for 

three successive 15-hour electrolysis experiments. We explain the slight drop of 

performance by partial detachment of np-Cu dispersion from the GC substrate during 

handling the electrode between experiments (see Figure S14 from the Supporting 
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information for chapter 5). This observation supports our hypothesis, that the          

Mg-based precipitations are not blocking the internal pores of the np-Cu materials, 

because the diffusion process is very slow. The use of binder can prevent the 

mechanical loss of materials during a long period of electrolysis. Altogether, our results 

show that the np-Cu/GC is stable and can be easily reused after a simple washing 

process. 

 
Figure 45: SEM micrographs of np-Cu/GC after the three runs of 15-hour electrolysis at 
(a) low and (b) high magnification. (c) Bar chart showing yield [%] of 1,2-butylene 
carbonate (BC) on the reused np-Cu/GC electrode. Electrolysis conditions: undivided 
cell, 40 mL CO2-saturated 0.1 M TEAI-MeCN, 0.1 M starting material, Mg anode, 2.0 
mA∙cm-2, 2.0 F. Figure reprinted from the manuscript submitted to a journal. 

 

 

5.6. Raman spectroscopy investigations of np-Cu/GC after electrolysis [not 

published] 

After confirming the stability and reusability of the np-Cu/GC, the chemical state of Cu 

on the electrode surface before and after electrolysis was investigated. Raman 

spectroscopy is a surface sensitive method and a powerful tool for the analysis of Cu 

oxide species, where Cu(I) and Cu(II) show distinct different Raman shifts.             

Figure 46a – c show Raman mappings for np-Cu/GC (after electrolysis), np-Cu ribbons 

(before electrolysis), and polycrystalline Cu. Spectra were recorded for every 1 µm of 

the sample surface in the wavenumber interval of 100 – 1,000 cm-1, using a 532 nm 

0

20

40

60

80

100

1 2 3

Y
ie

ld
 o

f 
B

C
 [

%
]

Electrolysis runs

4 µm 500 nm

a b c



110 
 

laser and a 50x  /0.8 objective. Areas with higher ratio of Cu(I) or Cu(II) are presented in 

the mappings with red or blue pixels, respectively.  

Figure 46d show the component spectra of Cu(I) in red and Cu(II) in blue. The 

measured spectra were compared to reference Raman spectra of Cu2O (black) and 

CuO (grey) obtained from the RUFF project Database186. The spectrum of Cu2O shows 

Raman shifts at 218, 410, and 623 cm−1. It is well-known that the instability of Cu2O 

leads to a variety of intrinsic defects and a tendency towards nonstoichiometry.189,190 

Therefore, the observed peaks at 218 cm-1 and 410 cm-1 are assigned to multiphonon 

Raman scattering whereas the peak at 623 cm-1 corresponds to the IR-active mode T1u, 

associated with the Cu-O stretching mode.189-191 On the other hand, the Raman 

spectrum of CuO shows three Raman peaks at 295, 347, and 630 cm−1, corresponding 

to the Raman-active vibrational Ag (at 295 cm−1), and Bg (at 347 and 630 cm−1) modes of 

CuO crystals.187-189  

For the analysis of the Cu-based samples, Raman peaks at 218 and 295 cm-1, showing 

the highest intensity, were chosen as distinctive peaks for Cu(I) and Cu(II), respectively. 

The peaks where fitted with Gauss peak fitting function and the Cu(I):Cu(II) ratio for 

every spectrum was estimated by dividing the peak area at 218 cm-1 by the peak area at 

295 cm-1. The mean Cu(I):Cu(II) ratio, estimated from the whole mapping area, was 

found to be 2.3 ± 1, 3.8 ± 3, and 14.5 ± 9 for np-Cu/GC (after electrolysis), np-Cu 

ribbons (before electrolysis), and polycrystalline Cu, respectively. It is worth mentioning 

here that samples were exposed to air for several hours during the measurements. The 

large error bars are attributed to the disturbance from the florescence of metallic Cu 

present in the samples and the rough surface of np-Cu. Uneven surfaces can lead to 

variations in the sampling area, causing inconsistent measurements and fluctuations in 

signal intensity.  

It is apparent that the relevant content of Cu(II) is higher in np-Cu compared to 

polycrystalline Cu. While the cause of this difference isn't fully understood and requires 

further investigation, it's plausible to propose an association with the chemical and 

morphological changes occurring during the dealloying process. Additionally, the high 

density of surface defects or vacancies in the formed nanoporous structure might also 
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play a role. The Cu(I):Cu(II) ratio was found to be slightly smaller for the np-Cu/GC after 

electrolysis compared to np-Cu ribbons, which can be related to the electrode  

preparation process during horn sonication.  

 

Figure 46: Raman mappings with corresponding photographs of the investigated Cu-
based materials, showing the distribution of Cu(I) in red and Cu(II) in blue in (a) np-
Cu/GC after electrolysis, (b) np-Cu ribbons before electrolysis, and (c) polycrystalline 
Cu. (d) Raman spectra of Cu(I) in red, and Cu(II) in blue for a sample surface area of 1 
µm2 (representing 1 pixel of the mapping) of np-Cu/GC, with the reference spectra of 
Cu2O [ID: #R050384] in black, and CuO [ID: #R060978]  in grey obtained from the 

RUFF™ project Database186.    

 

During the electrolysis, Cu oxides are expected to be reduced to metallic Cu, which is 

the active species for CO2RR.195,223,224 The higher Cu(II) prevalence in np-Cu/GC can 

have an influence on the catalytic activity of the cathode. Various studies in the literature 

have highlighted distinct selectivities for the products obtained during CO2RR when 

using different copper oxide (CuxO) and metallic Cu electrodes.225-227 Wang et al.225 

investigated the activity of Cu(II) oxide nanosheet catalysts for CO2RR in 0.1 M KHCO3. 

Operando X-ray absorption spectroscopy (XAS) studies show the chemical reduction of 

CuO and concomitant formation of metallic Cu0 under reductive CO2RR conditions (after 
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scanning to –0.84 V vs RHE). The formation of undercoordinated Cu sites, resulting 

from CuO nanosheet fragmentation, demonstrates robust chemisorption capabilities, 

which has been linked to elevated catalytic rates for the conversion of CO2 into C2+ 

products. The authors also tracked the product formation rates and yields under 

transient catalytic CO2RR by differential electrochemical mass spectrometry and found a 

correlation between the yield of CO, CH4, C2H4 and EtOH and the chemical state of the 

Cu catalyst. As soon as the metallic Cu0 catalyst emerged, the rates and yields of CH4, 

C2H4 and EtOH exhibited an upward trend. A shift in the onset potentials of both C2H4 

(from –0.57 ± 0.07 to –0.63 ± 0.09 V vs RHE) and CO (from –0.38 ± 0.08 to                     

–0.48 ± 0.05 V vs RHE) was also observed with the reduction of CuO to metallic Cu. 

Here, the onset potential is defined as the electrode potential where product generation 

initiates. Therefore, the utilization of this CuO catalyst for CO2RR offers onset potential 

benefits towards the formation of C2+ products.  

The observations from the literature highlight the impact of oxide species on the catalytic 

performance of Cu electrodes for CO2RR. Therefore, the enhanced activity of np-Cu/GC 

compared to polycrystalline Cu, observed in Section 5.3 (Figure 43), could be partially 

attributed to the Cu(II) oxides formed on the surface of the cathode. Further analysis of 

the electrode surface before and after electrolysis by XPS can provide more precise 

estimation of the content of oxide and metallic copper species in the different samples.  

 

5.7. Summary 

 

In this Chapter, we investigated the catalytic activity and stability of np-Cu in the 

electrosynthesis of cyclic carbonates from CO2 and epoxides at room temperature and 

ambient pressure. To overcome the fragility and brittleness of dealloyed ribbons, np-Cu 

was drop-casted on GC substrate, to form np-Cu/GC electrode, with a total Cu loading 

of 1 mg cm-2
geo (per geometric area). The surface of the electrode is comprised of a thin 

layer of np-Cu (~0.9 ± 0.1 µm thickness) consisting of a bicontinuous ligament-pore 

network with a mean ligament size of 112 ± 16 nm. The GC surface coverage with np-

Cu was found to be 77 ± 3 %. Np-Cu/GC exhibits a high electrochemically active surface 

area (ECSA), described by a roughness factor of 3, estimated by double layer 
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capacitance measurements. Determination of ECSA using Pb-UPD technique was 

found not suitable, due to unavoidable oxide formation on the electrode surface during 

its preparation process. The higher ECSA resulted in an improved catalytic activity for 

electrochemical CO2 reduction reaction (CO2RR) compared to polycrystalline Cu. This 

was supported by observing larger current densities for np-Cu/GC in cyclic voltammetry 

during CO2RR.  

After analysis of the morphology and catalytic activity, the np-Cu/GC was used as a 

cathode for a galvanostatic electrolysis of cyclic carbonates from epoxides (1,2-butylene 

oxide, and propylene oxide) in CO2-saturated 0.1 M TEAI-MeCN with Mg anode,         

2.0 mA cm-2 applied current, and 2.0 F mol-1 passed charge. Very good yields of        

1,2-butylene carbonate (BC, 74 ± 4 %) and propylene carbonate (PC, 62 ± 6 %) were 

achieved on the np-Cu/GC. Analysis of the porous electrode surface by Raman 

spectroscopy revealed higher relevant content of Cu(II) than Cu(I) species, which might 

have an influence on the catalytic activity. After three runs of electrolysis, the np-Cu/GC 

shows very good stability, where the structure is preserved, and ligament size did not 

change and good reusability.  

When bare GC was employed as cathode, low yields of the products were produced     

(≥ 20 %), indicating minimal contribution of the GC substrate on the yields. Interestingly, 

BC and PC yields achieved on polycrystalline Cu were comparable to the yields 

produced on np-Cu/GC. The reaction pathway is expected to involve the activation of 

CO2 to form CO2
• – radical anion as well as the activation epoxide by Mg+2 (from the 

sacrificial anode) and I
-
 (from the supporting electrolyte). The open epoxide is then 

nucleophilically attacked by CO2
• –, and the cyclic carbonate is obtained by ring closure, 

which is expected to be the rate-limiting step.  

We showed that the np-Cu/GC is an effective cathode material for the electrosynthesis 

of cyclic carbonates from CO2 and epoxides under mild conditions. Although the pore-

ligament structure is beneficial to enhance the CO2RR performance, its impact on the 

yield of cyclic carbonate is minimal, due to the rate-limiting step of the reaction being the 

ring closure of the final intermediate. Therefore, the application of np-Cu/GC in other 
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reactions such as the electrocarboxylation of styrene, dienes or α,β-unsaturated esters 

with CO2 should be investigated.  
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6. Conclusions and outlook 

6.1. Conclusions 

The evolution of a three-dimensional porous structure varies significantly for master 

alloys prepared by different techniques, due to differences in crystal phase structures, 

homogeneities and thicknesses. In addition to the master alloy, dealloying conditions 

such as electrolyte, time, and temperature remarkably influence the resulting dealloyed 

structure. Deeper understanding of the dealloying process and ligament evolution allows 

for preparation of nanoporous materials with tailored properties for the desired 

applications. In this context, the objective of this study was twofold: first, to offer a 

comprehensive analysis of the development of ligament-pore network by chemical 

dealloying of melt-spun Zn80Cu20 ribbons in different electrolytes. Second, demonstrate 

the applicability and stability of the prepared np-Cu for the electrosynthesis of cyclic 

carbonates from CO2 and epoxides at room temperature and ambient pressure. 

The results are presented and discussed in Chapters 4 and 5 of this dissertation. 

Chapter 4 provided in depth insights into the ligament evolution during chemical 

dealloying of melt-spun Zn80Cu20 ribbons in 0.1 M HCl, 5 M and 15 M H3PO4, and    

1.3 M NaOH solutions. Despite the relatively thick melt-spun ribbons (35 ± 3 µm), 

kinetics of the bicontinuous ligament-pore structure is controlled by the interfacial 

process instead of the diffusion of corrosive electrolyte solution in and out of the porous 

layers. The surface diffusivity of Cu atoms is strongly influenced by the nature of the 

dealloying conditions. Adsorbed chloride anions from HCl enhance the surface diffusion 

of Cu, leading to larger ligament size (73 ± 14 and 115 ± 28 nm after dealloying for 24 h 

and 168 h in 0.1 M HCl at 25°C). The higher Cu mobility also results in a strong 

correlation between ligament size and residual Zn content of the porous structure, as the 

ligament size grows and simultaneously the residual Zn content decreases over the 

dealloying time. Surface diffusivities of Cu at 25°C were determined to be 1.4 x 10-18 m2 

s-1 and 9.4 x 10-21 m2 s-1 in 0.1 M HCl and 1.3 M NaOH, respectively. The slower Cu 

mobility in H3PO4 and in NaOH leads to the formation of smaller ligaments (21 ± 14 nm 

after dealloying for 24 h in 1.3 M NaOH and 43 ± 8 nm and 37 ± 7 after dealloying for 7 h 
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in   5 M and 15 H3PO4, respectively). Dealloying in alkaline media allows the control of 

Zn content independent of the ligament size.  

Moreover, a strong relationship between dealloying temperature and the np-Cu structure 

was found. The mean ligament size increases with higher dealloying temperature from 

64 ± 12 nm, to 73 ± 14 nm to 84 ± 15 nm at 15°C, 25°C and 50°C, respectively. This 

ligament size growth is related to the temperature-dependent surface diffusion rates of 

Cu atoms, where calculated surface diffusivity values of Cu in 0.1 M HCl were found to 

be 7.9 x 10-19 m2 s-1, 1.4 x 10-18 m2 s-1 and 2.6 x 10-18 m2 s-1 at 15°C, 25°C and 50°C, 

respectively. On the other hand, agitation and de-aeration of the acidic electrolyte shows 

negligible influence on the process. We can sum up that the nature of electrolyte and 

dealloying temperature have a strong influence on the surface diffusion of Cu atoms and 

hence on microstructure evolution characteristics of np-materials. 

Chapter 5 investigated the catalytic activity and stability of the prepared np-Cu in the 

electrosynthesis of cyclic carbonates from CO2 and epoxides at room temperature and 

ambient pressure. The cathode material consists of a thin film of np-Cu (~0.9 ± 0.1 µm 

thick), dealloyed in 0.1 M HCl for 168 h, drop-casted on a glassy carbon substrate (np-

Cu/GC). It exhibits a high electrochemically active surface area and an improved 

catalytic activity for CO2RR compared to polycrystalline Cu. A galvanostatic electrolysis 

was carried out using the np-Cu/GC cathode and Mg anode in CO2-saturated              

0.1 M TEAI-MeCN, with 0.1 M 1,2-butylene oxide and propylene oxide as starting 

materials. Np-Cu/GC cathode material shows very high yields of 1,2-butylene carbonate 

(74 ± 4%) and propylene carbonates (62 ± 6%). In addition, the pore-ligament structure 

of np-Cu/GC remains stable after 15-hour electrolysis and can be reused several times. 

However, similar yields were achieved on polycrystalline copper, implicating that the 

CO2 activation to form CO2
• – radical anion is not the rate-limiting step of the reaction, but 

rather the ring closure of the final intermediate to form cyclic carbonates. The np-Cu/GC 

shows very good stability and reusability. The findings of this work highlight the 

interesting properties of np-Cu and provide insights into the reaction mechanism of CO2 

with epoxides. This comprehensive study allows tuning the structural and chemical 

properties of np-Cu material for a wide range of possible applications in electrochemical 

synthesis and catalysis. 
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6.2. Outlook 

The knowledge and insights gained from this research can serve as a guide for directing 

future investigations. It is recommended that upcoming projects focus on: (1) tailoring 

nanoporous structure by chemical dealloying in different electrolytes with mixtures of 

anions such as various proportions of HCl and H3PO4, or by electrochemical dealloying; 

(2) np-Cu/GC as electrode material for other reactions, like electrocarboxylation of 

dienes or α,β-unsaturated esters with CO2; (3) the effect of ligament size and Zn 

residual content, and (4) surface oxides on np-Cu activity for CO2RR. 

6.2.1. Tailoring nanoporous structure by chemical dealloying in electrolyte 

mixtures or electrochemical dealloying  

The distinct characteristics of np-Cu formed during chemical dealloying in H3PO4 and 

HCl opens the opportunity to better tailor the nanoporous structure for the desired 

applications. There have been very limited studies on dealloying in mixtures of acids. 

The addition of chloride anions enhances the Cu surface diffusion whereas phosphate 

anions suppress it. As a result, varying the ratios of chloride to phosphate anions in 

electrolytes during dealloying could offer a better control over ligament size and Zn 

content. For instance, the preparation of electrolytes with varying proportions of HCl and 

H3PO4, or the addition of NaCl to H3PO4, could be explored. Such an approach may help 

overcome the coarsening of the surface of dealloyed ribbons in phosphoric acid.  

Although chemical dealloying of Zn80Cu20 alloy ribbons is the scope of this work, 

electrochemical dealloying is known to provide better control over the np structure. 

Therefore, it can be a powerful technique for a more precise tailoring of the ligament 

size and residual Zn content of np-Cu ribbons.   

6.2.2. Np-Cu/GC as electrode material for other reactions 

Our findings indicate that the activation of CO2 on the np-Cu/GC cathode is not the rate-

limiting step of the reaction of epoxides with CO2. Therefore, the enhanced catalytic 

activity for CO2RR and the large ECSA of np-Cu are not fully utilized for this reaction. 

The employment of this interesting electrode material for other reactions in organic 
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electrosynthesis would be of great interest. For example, the np-Cu/GC can be suitable 

cathode material for the electrocarboxylation of styrene with CO2 to produce phenyl 

succinic acid.228 Another possible reaction is the electrocarboxylation of dienes or       

α,β-unsaturated esters with CO2, where copper shows higher selectivity towards           

δ-monocarboxylated alkene.221  

6.2.3. Effect of ligament size and Zn content on np-Cu catalytic performance  

The specific effects of ligament size on the electrocatalytic performance of np-Cu 

electrodes in CO2RR remain an area that requires deeper exploration. It is uncertain 

whether a smaller ligament size, which results in a larger ECSA, would directly lead to 

improved activity of the np-Cu electrode for CO2RR and better yields of the desired 

products. Further investigations are required to thoroughly understand the correlation 

between ligament and the activity of np-Cu. Similarly, dealloying permits control over the 

residual content of the less noble metal. This advantage is not yet fully utilized due to 

the poor understanding of the role of residual Zn on the activity of np-Cu for CO2RR. By 

systematically examining the impact of different Zn contents on np-Cu electrodes with 

similar ligament sizes, researchers can elucidate the specific role of residual Zn and its 

correlation with the catalytic activity of np-Cu. This knowledge can then inform the 

design of tailored structures of np-Cu prepared through dealloying, potentially offering 

significant advantages for CO2RR processes. 

6.2.4. Effect of surface oxide species 

In this work, np-Cu was freshly used after preparation or chemically polished by 

concentrated phosphoric acid between experiments. This originates from the traditional 

concept that metallic copper is active. Recently, copper oxide electrodes are becoming 

widely used.190,223,225,229,230 For examples, oxide-derived copper catalyst showed unique 

reactivity for CO2RR, with three times selectivity towards CO than for electropolished Cu 

foil.227 Our Raman spectroscopy measurements showed higher relative content of Cu(II) 

oxide  species on the surface of np-Cu left in contact with air for few hours compared to 

as-received polycrystalline Cu. Therefore, it would be interesting and beneficial to have 

a better understanding of the surface oxides of non-polished np-Cu by XPS analysis, 
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and investigations of its activity in non-aqueous electrolytes for organic electrosynthesis. 

This could provide significant impact of the activity or selectivity of oxide-derived np-Cu. 

Furthermore, skipping the polishing steps and vacuum storage would provide an easier 

approach for the electrode handling and preparation.  
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7. Appendix  

7.1. Abbreviations 

 

BC 1,2-butylene carbonate 

[C4C1Im][Br] 1‐butyl‐3 methylimidazolium bromide  

CO2 carbon dioxide 

CO2RR CO2 reduction reaction 

COD crystallography open database 

CV cyclic voltammetry 

DFT density functional theory 

ECSA electrochemically active surface area 

EDX energy dispersive X-ray spectroscopy 

EtOH ethanol 

fcc face-centered cubic 

FIB focused ion beam 

GC glassy carbon 

hcp hexagonal close packed 

HER hydrogen evolution reaction 

HR-TEM high resolution transmission electron microscopy 

MeCN acetonitrile 

NHE normal hydrogen electrode 

np nanoporous 

np-Cu nanoporous copper 

np-Cu/GC nanoporous copper drop-casted on glassy carbon 
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Pb-UPD underpotential deposition of lead 

PC propylene carbonate 

RF roughness factor 

RHE reversible hydrogen electrode 

Rwp weighted profile residual  

SEM scanning electron microscopy 

SERS surface-enhanced Raman spectroscopy 

TBAB tetrabutylammonium bromide 

TEAI tetraethylammonium iodide 

XAS X-ray absorption spectroscopy 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 
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7.2. Symbols 

 

Symbol Acceptation Unit 

�̅�dep./strip. averaged integrated charge µC 

�̅� reversible potential for the flat surface V 

∆D change of ribbon thickness µm 

a lattice paramter Å 

Å Ångstrom  

Ageo geometric surface area cm2 

at. atomic % 

C electrochemical double-layer capacitance µF 

CGC double-layer capacitance for bare GC µF 

Cnp-Cu double-layer capacitance for the np-Cu µF 

d(t) ligament size at a given time nm 

D0 thickness of ZnCu alloy ribbons before dealloying µm 

Ds surface diffusivity m2 s-1 

Dt thickness of ribbons at a given time µm 

Ea activation energy kJ mol-1 

Eb binding energy eV 

Ec dealloying critical potential V 

i current µA 

iC double layer charging current µA 

K Boltzmann constant (1.3806 x 10-23) J K-1 

Q charge C 
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R gas constant (8.3145 J mol-1 K-1) J mol-1 K-1 

T temperature K 

v scan rate V s-1 

vol.% volume % 

wt.% weight % 

γ surface energy of the more noble metal J m-2 

θ Bragg angle ° 

𝑝 atom fraction of less noble component  

𝜂(𝑥) overpotential for the dissolution process V 
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7.3. Supporting information for Chapter 4 

This Appendix lists the supporting information reprinted in adapted form from ref. 52 with 
permission from the Journal of Physical chemistry C, copyright 2022 American Chemical 
Society. 

 

 

Figure S1: High resolution XPS spectra of (a) Cu 2p, (b) Zn 2p, (c) O 1s and (d) survey 
of Zn80Cu20 ribbon surface prepared by melt-spinning. The experimental data are 
denoted in grey, the resulting envelope is symbolized in black, and the background is 
indicated in yellow. Figure reprinted with permission from ref. 52. 
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Figure S2: Photographs of Zn80Cu20 ribbons (a) before and (b) after dealloying in 0.1 M 
HCl (24 h) at 25°C under Ar atmosphere. After dealloying, metallic grey ribbons changed 
color to brown. Figure reprinted with permission from ref. 52. 

 
Figure S3: XRD pattern of the plexiglass used as sample holder due to the low sample 
quantities available for the measurement. The wavy background stems from the 
amorphous structure of plexiglass. Figure reprinted with permission from ref. 52. 



126 
 

 
Figure S4: Time-resolved course of the chemical composition of Zn, Cu and O for 
Zn80Cu20 alloy ribbons dealloyed in 1.3 M NaOH. Each EDX measurement was repeated 
at least three times for each sample. Figure reprinted with permission from ref. 52. 

 

 
Figure S5: Ligament size distributions of np-Cu ribbons prepared by dealloying at 
different times in 0.1 M HCl at 25 °C under Ar atmosphere. For the analysis 200 
ligaments from three different samples were used. Figure reprinted with permission from 
ref. 52. 
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Figure S6: Ligament size distributions of np-Cu ribbons prepared by dealloying at 
different times in 1.3 M NaOH at 25 °C under Ar atmosphere. For the analysis 200 
ligaments from three different samples were used. Figure reprinted with permission from 
ref. 52. 

 

 

Figure S7: Low (left) and high magnification (right) SEM micrographs of “freely” 
dealloyed Zn80Cu20 ribbons (without any attachment to Cu substrate) for 312 h (13 days) 
in 1.3 M NaOH at 25°C under Ar atmosphere, showing the absence of ligament 
formation. Figure reprinted with permission from ref. 52. 
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Figure S8: iR-corrected polarization curves for hydrogen evolution reaction (HER) on 
pure Cu (orange line), Zn (grey line), and Zn80Cu20 alloy ribbon (blue line) at a scan rate 
of 50 mV s-1 in 1.3 M NaOH. Figure reprinted with permission from ref. 52. 

 

 

Figure S9: Dealloying of Zn80Cu20 alloy ribbons in 1.3 M NaOH, showing hydrogen 
bubble formation on the Cu substrate (left image) and the absence of hydrogen bubbles 
on the pure ribbon surface without Cu attached (right image). Figure reprinted with 
permission from ref. 52. 
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Figure S10: Comparison of the microstructure of np-Cu ribbons during dealloying 
process in stagnant (black squares) and agitated (red circles) 0.1 M HCl solutions at 
room temperature under Ar atmosphere. Agitated solution was stirred at speed rate of 
150 rpm (revolution per minute). Dealloying time is plotted against (a) residual Zn 
content at the surface of the treated ribbons via EDX, (b) ligament size and (c) 
normalized dealloying depth (dealloying depth divided by the total thickness of the 
ribbons at each dealloying time) measured from cross-sectional SEM images.  Each 
measurement was repeated at least three times for each sample and at least 200 
ligaments from several cross-sectional SEM micrographs were analyzed to establish the 
mean ligament size. Figure reprinted with permission from ref. 52. 
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Figure S11: High resolution SEM micrographs of np-Cu ribbons after 48 h dealloying 
time in (a) aerated and (b) de-aerated 0.1 M HCl at 25°C, acquired from the top view. 
Figure reprinted with permission from ref. 52. 

 

Table S1: Comparison between chemical composition, ligament size and dealloying 
depth of np-Cu (HCl, 48 h) dealloyed in (a) aerated and (b) de-aerated 0.1 M HCl at 
25°C obtained from SEM-EDX.  Table reprinted with permission from ref. 52. 

  aerated 0.1 M HCl de-aerated 0.1 M 
HCl 

top view Zn [at.%] 13 ± 2 14 ± 2 

Cu [at.%] 82 ± 3 80 ± 2 

O [at. %] 5 ± 1 5 ± 1 

ligament size [nm] 83 ± 12 86 ± 19 

cross-
section 

Zn [at.%] 22 ± 11 21 ± 12 

Cu [at.%] 71 ± 13 74 ± 12 

O [at. %] 7 ± 1 5 ± 1 

total thickness [nm] 19.7 ± 1.8 20.4 ± 2.1 

dealloying depth [nm] 9.1 ± 1.4 8.9 ± 2.0 

 

 



131 
 

 

Figure S12: Effect of dealloying temperature (15°, 25 and 50°C) on the microstructure 
of np-Cu ribbons during dealloying process in 0.1 M HCl under Ar atmosphere. Plot of 
(a) residual Zn content and (b) ligament size vs. dealloying temperature. (c) Arrhenius 
plot of ln Ds vs 1000/T, with error range calculated from the error of ligament size. Figure 
reprinted with permission from ref. 52. 

 

 

 



132 
 

 

Figure S13: Low (left) and high (right) magnification SEM micrographs of pristine 
Zn80Cu20 alloy ribbon in the cross-sectional view. Figure reprinted with permission from 
ref. 52. 
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7.4.  Supporting information for Chapter 5 

This Appendix lists the supporting information reprinted in adapted form from the 
submitted manuscript to ChemElectoChem. 

 

7.4.1. Influence of starting material concentration on the yield of 1,2-butylene 

carbonate (BC) 

The concentration of the starting material affects the speed and extent of the reaction. 

Studies on the optimal concentration of 1,2-butylene oxide (BO) were carried out on 

polycrystalline Cu cathode and Mg anode in CO2-saturated 0.07 M TEAI-MeCN. The 

yields of BC were 69 ± 3 %, 73 ± 3 %, and 73 ± 3 % for 0.05, 0.10, and 0.15 M of BO, 

respectively, which is in agreement with the literature178. At low concentrations, lower 

yields are attributed to the slower reaction kinetics.45,178 However, high concentration of 

the starting material might lead to increase in electrolysis time and the formation of 

byproducts. Based on these results, 0.1 M of BO was used for all further electrolysis 

experiments.  
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Figure S14: Np-Cu/GC electrode after three runs of 15-hour electrolysis, showing 

mechanical detachment of the ligament from the GC substrate during handling between 

measurements. Figure reprinted from the manuscript submitted to a journal.  
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