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A B S T R A C T   

The electrocatalytic reduction of carbon dioxide (CO2RR) is a crucial technology to develop the decarbonisation 
strategy for carbon circularity and producing solar fuels substituting fossil fuels. This viewpoint discusses the role 
of the electrode and reactor design as the main factor in determining the performance of CO2RR, at least under 
reaction conditions relevant to industrial scalability, evidencing the need to overturn the current strategic vision 
focused more on improving the characteristics of the electrocatalytic materials. Many parameters characterising 
the performances (such as Faradaic efficiency, carbon selectivity and potential onset, besides the current density) 
are strongly influenced and typically dominated (under relevant conditions) by the effective population of 
adspecies on the electrode surface, which is, in turn, related to mass control and transport resistances, local pH 
changes, multiphase boundaries, wettability and other aspects. Even the preliminary screening of the catalysts 
could be incorrect, not operating under representative conditions, and thus without properly choosing the 
electrode and reactor. Advanced electrode/reactor designs, e.g., based on gas-diffusion electrodes (GDEs) that 
avoid having a liquid electrolyte (zero-gap design), are necessary to improve CO2RR scalability to industrial 
applications. Even in situ catalyst nanoparticle reconstruction may depend on these aspects. Electrochemical 
characterization methods like electrochemical impedance spectroscopy (EIS) are the right approach to study 
electrocatalytic reactions, providing crucial indications on the effective controlling elements that determine the 
electrocatalyst/electrode performances.   

1. Introduction 

The electrocatalytic reduction of carbon dioxide (CO2) is a promising 
decarbonisation strategy for carbon circularity [1,2] and the develop
ment of solar fuels substituting fossil fuels [3]. The CO2 reduction re
action (CO2RR) gives rise to a range of products [4–10], from simple 
two-electron reductions (CO and HCOOH formation) to more complex 
electrocatalytic syntheses such as the 6e- reduction to methanol or even 
more challenging paths involving C-C bond formation as the formation 
of ethanol and higher alcohols (isopropanol), light olefins, or acids such 
as acetic and oxalic acids. The ability to control the reaction’s selectivity 
is thus a major issue from the application perspective. There is a debate 
about the preferable products of CO2 reduction. More straightforward 
two-electron reduction typically allows higher current densities but, at 
the same time, produces chemicals not directly usable. They should be 
further downstream processed, making these routes (from reactants to 
the final product) not necessarily preferable in terms of energy efficiency 

and cost [11,12]. CO2RR technologies enable carbon circularity, 
particularly in energy-intensive industries [13,14] and are crucial for an 
e-chemistry. The latter term indicates chemical production based on 
renewable energy sources and alternative C-sources to the direct use of 
fossil fuels [15–17]. 

The literature on CO2RR principally focuses on developing selective 
electrocatalysts for different reactions. They are based on nano- 
dimensional metals/metal oxides able to activate the inert and stable 
molecule of CO2 and address the selectivity towards specific compounds 
[18–25]. The design criteria for optimising their performances are 
typically focused on electrocatalyst characteristics. For example, specific 
active sites related to defined crystalline planes or a specific nano
morphology in the metal nanoparticles were associated with a selective 
path. For example, (100) facets or a nanocube morphology for copper 
nanoparticles enhances C2 + products by electrocatalytic reduction of 
CO2 [26–31]. C2 + indicate products with two or more carbon atoms. 
The proposed catalyst strategies to promote selectivity in CO2RR elec
trocatalysts include nanoscale and hierarchical design, exposing specific 

* Corresponding authors. 
E-mail addresses: ampellic@unime.it (C. Ampelli), centi@unime.it (G. Centi).  

Contents lists available at ScienceDirect 

Catalysis Today 

journal homepage: www.elsevier.com/locate/cattod 

https://doi.org/10.1016/j.cattod.2023.114217 
Received 13 January 2023; Received in revised form 3 April 2023; Accepted 17 May 2023   

mailto:ampellic@unime.it
mailto:centi@unime.it
www.sciencedirect.com/science/journal/09205861
https://www.elsevier.com/locate/cattod
https://doi.org/10.1016/j.cattod.2023.114217
https://doi.org/10.1016/j.cattod.2023.114217
https://doi.org/10.1016/j.cattod.2023.114217
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2023.114217&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Catalysis Today 421 (2023) 114217

2

facets, quantum confinement, doping, alloying, and defect engineering. 
These strategies share a common characteristic: controlling the cata
lyst’s electronic and geometric properties is decisive in determining 
CO2RR paths and selectivity. Theoretical calculations typically support 
these indications. Fig. 1 summarises the catalyst design strategies for the 
heterogeneous CO2RR process [32]. The electronic structure of a cata
lyst surface determines the overpotential and selectivity of the CO2RR by 
influencing the binding energies of reaction intermediates. The geo
metric structure is typically related to the catalytic site density and 
arrangement, controlling product selectivity and current density. 
Several factors, such as grain boundary defects or doping, may influence 
electronic and geometric structures. 

Although Fig. 1 simplifies the many literature studies on CO2RR, it 
shows that the research is focused mainly on the electrocatalyst char
acteristics to control conversion paths and performances. The electro
catalytic reactor design and engineering and the choice of operative 
conditions are scarcely considered in the literature. However, common 
experimental practice remarks how they are crucial in determining 
electrocatalytic performance and behaviour. 

On the other hand, it has been reported that the electrocatalytic 
behaviour is determined by surface structure (at nano- and mesoscale) 
and factors such as electrolyte effects (pH, buffer strength, ion effects), 

mass transport conditions and three-phase boundaries, e.g. the region at 
the interface between solid, liquid, and gas [33–42]. The design and 
engineering of the reactor determine such aspects. However, the 
connection between reactor configuration and three-phase boundaries 
or electrocatalyst-electrolyte interface is typically not considered, and 
the role of the reactor configuration in determining the performances is 
analysed in a few studies, particularly concerning the industrialisation 
of the processes [43–48]. 

The underlying assumption is that the reactor design only concerns 
process engineering. It follows the development of the "optimal" elec
trocatalysts, assumed as the main factor determining the behaviour and 
selective conversion paths. It is often assumed that the electrocatalytic 
reactor design is essential to minimise the process resistances and, thus, 
to enhance the current density mainly. We showed that the electro
catalytic reactor configuration influences the surface population of CO2, 
intermediates and hydrogen species which can induce the selective 
formation of C2 + products (with Faradaic selectivities up to over 60%) 
even on electrocatalysts such as Pt which typically does not form 
C2 + products [49]. Thus, transformation paths depend on the reactor 
design and related elements rather than the electrocatalyst itself. 

In addition, the cathode where CO2RR occurs is typically considered 
an independent element from the anode and reactor. The nature of the 
anodic reaction is often not considered, and even sacrificial reactions are 
sometimes used. On the contrary, the anodic and cathodic processes are 
strongly coupled, being in series in a closed circuit that involves ionic 
and electronic transport through the membrane, electrolyte, connecting 
wires, and other aspects. The potential and current distribution at the 
cathode are determined by both the anode and reactor design. 
Furthermore, the potential and current distributions are far from ho
mogeneous over all the electrode surface. These effects are probably 
minimal when small-size (lab-scale) electrodes are used, as used mainly 
in the literature. They are also neglected as attention is only focused on 
the cathode behaviour. However, they become crucial for the overall 
behaviour in larger-size electrodes/reactors. They are considered in the 
scale-up and industrialisation of the electrocatalytic processes. 

The formation of gas bubbles can strongly influence the interface at 
the electrocatalyst-electrolyte boundary. Besides to hydrophobic char
acter of the electrode, the adherence, size, etc. of these gas bubbles 
depend on the micro-fluidodynamic aspects of the electrolyte in contact 
with the electrode, in turn depending on the reactor design. Some of the 
changes in performances observed between different electrocatalysts are 
possibly related to these aspects rather than other intrinsic character
istics of the electrocatalysts. 

Therefore, optimising the catalyst is not the only aspect to consider, 
but a proper electrode and cell design is the key to raising the perfor
mance of this challenging process. From a literature survey, studies 

Nomenclature 

AEM anion exchange membrane. 
C2 + chemicals with two or more carbon atoms. 
CA chronoamperometry. 
CE counter electrode. 
CO2RR CO2 reduction reaction. 
CV cyclic voltammetry. 
EIS electrochemical impedance spectroscopy. 
FE Faradaic efficiency. 
GDE gas-diffusion electrode. 
GDL gas-diffusion layer. 
HER hydrogen evolution reaction. 
NP nanoparticle. 
OER oxygen evolution reaction. 
PEM proton-exchange membrane. 
PTFE polytetrafluoroethylene. 
RE reference electrode. 
SHE standard hydrogen electrode. 
WE working electrode.  

Fig. 1. Overview of catalyst design strategies for the CO2RR. Original Figure, based on indications given in ref. [32].  
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focused on these aspects are somewhat limited, and the trend of interest 
has only recently started to increase (see Fig. 2 ). 

The CO2 reduction usually occurs at the electrode/electrolyte inter
face. It involves the adsorption/activation of CO2 on the catalyst’s sur
face, followed by protons and electrons multiple transfers to break the 
oxygen-carbon bonds and form adsorbed products. Usually, the cata
lyst is deposited on a conductive substrate (e.g. carbon paper or glassy 
carbon) to form an electrode immersed in a liquid electrolyte solution. 
Typically, the electrocatalytic tests are performed in an H-type cell, so 
called for its H-like form with two liquid compartments separated by an 
ion-exchange membrane, where the catalyst acts as the working elec
trode in the cathodic chamber for CO2 reduction. However, these (semi-) 
batch systems suffer from mass transfer limitations due to the low sol
ubility of CO2 in aqueous media and the high availability of protons that 
compete to react with electrons to form hydrogen. The competition with 
the hydrogen evolution reaction (HER) is critical in water-based elec
trolytes due to both thermodynamic and kinetic reasons. 

Different reactor configurations have been explored to solve the 
above limitations. Continuous flow-cell electrolysers should be used, 
especially from an industrial-scale perspective [50]. Their use is 
expanding, but batch-type operations are often used, such as with the 
H-type cell mentioned above. These batch-type operations often do not 
provide reliable indications [50]. However, these continuous-flow de
vices should be adequately designed to minimise energy losses and 
operate at high current densities. It is often assumed that this is not a 
relevant aspect to consider. Excellent Faradaic efficiencies (FEs) are 
reported for negligible current densities but drastically decrease at more 
realistic current density conditions. This aspect indicates the importance 
of giving attention to electrocatalytic reactor design and operating in the 
right conditions to provide reliable results. 

Recently, we pointed out the importance of a correct electrode and 
cell design in CO2 electrocatalytic reduction not only to improve mass 
transfer but also to address the process selectivity to the formation of 
more valuable compounds, such as hydrocarbons, alcohols, and other 
oxygenates with two or more carbon atoms (C2 +) [51]. The electrode 
design and adopting a proper reactor configuration can make the dif
ference in producing selectively one product instead of others beyond 
the properties of the electrocatalytic material itself. Specifically, we 
observed that gas-phase operations, in combination with the use of 
gas-diffusion electrodes (GDEs), can induce a higher surface coverage of 
the electrode by CO2 (or by other ad-species formed by its reduction), 
thus shifting the reaction pathways towards the formation of more 
interesting C2 + products. 

In this approach, also called the electrolyte-less or zero-gap 
approach, the membrane is used as a solid electrolyte to close the 
electrical circuit between the two electrodes. Since no liquid electrolyte 
is employed in the cathode part, the membrane is in strict contact with 
the catalyst in the form of a GDE crossed through by CO2, separating the 

cathodic reaction zone from the anodic part. We also reported that a Pt- 
based catalyst (known to be non-selective for C2 + formation) could 
modify its electrocatalytic behaviour if CO2-adsorbing elements are 
added to the GDE [49], confirming that engineering of the electrode 
structure plays a fundamental role in the CO2 reduction process. 

Designing the reaction zones in GDEs is also important in deter
mining the selectivity of CO2 reduction. Möller et al. [52] recently re
ported that selectivity is influenced by adjusting the structure of the 
electrode, suggesting a correlation between mass transport and local pH. 
The overall mass transport within a porous catalyst can also be modu
lated by regulating the wettability of the material at the microscale, 
influencing the transfer of protons and reducing their availability for H2 
production [53]. The type and concentration of alkali cations in the 
electrical double layer can primarily affect CO2RR [54]. Large-size cat
ions (e.g., Cs+) enhance the activity and FE nearly independently of the 
catalysts. 

Thus, the catalyst development should be integrated by a proper 
electrode and reactor design to exploit the potential viability of the 
electrochemical CO2RR. 

This concise viewpoint addresses the design and engineering of 
electrodes and reactors beyond the properties of the electrocatalyst. It 
will mainly focus on the role of the different reactor approaches for the 
electrocatalytic CO2 reduction, ranging from the standard H-type de
vices to the recently more used flow cells, especially evidencing the 
advantages of using gas-phase systems (with no bulk electrolytes, thus 
also called electrolyte-less reactors [55,56]) in the place of liquid-based 
electrolysers. The gas-phase approach is advantageous because it pro
vides: i) a more compact configuration, easier to scaled-up and to 
develop stacked electrocatalytic reactors, (ii) avoids gas diffusion 
problems in the liquid electrolyte, (iii) no limitations due to CO2 solu
bility in the electrolyte and mass transfer, and (iv) easier recovery of 
liquid products. Furthermore, this contribution aims to highlight from a 
personal perspective the most promising solutions to move from the 
lab-scale to industrial implementation through pilot experimentation. 

2. Electrode design 

This section will not discuss the characteristics of the electrocatalysts 
to their performances in CO2RR and the design criteria for their opti
misation and control of the selectivity, for example, defect nature, 
presence of specific nanomorphologies, or type of active metal or metal- 
oxide. These aspects are discussed in a different contribution to this 
issue. Discussion is limited here to the analysis of the characteristics of 
the electrodes determining the mass transfer, three-phase boundary, 
wettability and other aspects. 

2.1. Electrode nanoengineering 

The electrode structure and characteristics, often underestimated, is 
crucial to guarantee the optimal contact between CO2, protons and 
electrons. The electrocatalyst is typically deposited over a conductive 
substrate that should provide a homogeneous distribution of electrode 
(CO2RR occurs over a cathodic electrode) over the entire substrate, thus 
avoiding, in principle, differences in the potential from different zones. 
The resistance in electron transport between the electrocatalyst nano
particles (NPs) and the substrate should also be minimal and similar 
over the entire electrode area. Otherwise, the effective local potential at 
the electrocatalyst NPs could differ from particle to particle. These as
pects are often assumed not relevant, particularly in lab-scale testing 
units. However, experience teaches that significant differences are often 
observed by changing the substrate characteristics. If the electrode is 
directly immersed in the electrolyte, CO2 contact with the electro
catalyst is mediated by CO2 adsorption in the electrolyte and its trans
port to the reactive sites. The issue of CO2 solubility in the electrolyte is 
often accounted for, but less the issue of CO2 diffusion. 

In a porous electrode, which results polarised by applying the 

Fig. 2. Number of scientific papers published in 2010–2022 about "electrode 
and cell design in CO2 reduction reaction". Data reviewed by Scopus Database 
(Keywords: "CO2 reduction" AND "electrode and cell design") updated as of 
December 31st, 2022. 

C. Ampelli et al.                                                                                                                                                                                                                                 



Catalysis Today 421 (2023) 114217

4

potential, the transport of solubilised CO2 may be limited, especially 
when low turbulence (Reynolds number) is present, as the typical case of 
most of the lab-scale electrocatalytic reactors. The concentration of CO2 
at the interface with the electrocatalyst NPs may thus not be uniform, 
affecting the catalytic performances. 

Similar phenomena are present in the diffusion of protons at the 
surface of the electrocatalyst NPs. None of the above limitations should 
influence the performances when different electrocatalysts are 
compared. In heterogeneous catalysis, the verification of measuring an 
effective kinetic rate not limited by mass transfer is a common practice. 
However, as mentioned above, this is much less used in electrocatalytic 
tests, where additional physical transport limitations may also exist. 
Protocols for testing electrocatalysts and verification that none of the 
above limitations are present are essentially missing in the literature and 
discussion or benchmarking of the results [57]. Some techniques are 
available to have insights into these aspects as acoustic streaming [58], 
elaboration of linear sweep voltammetry curves to obtain intrinsic ki
netic parameters [59], accurate measurements of the electrochemical 
effectiveness factor and the Thiele modulus [60]. However, these ex
periments are usually not practised in CO2RR tests. Thus, it may not be 
unusual that what is attributed to intrinsic differences in the electro
catalysts is related instead to differences in the physical transport effects, 
resistance and non-homogeneity in electron transport, effective acces
sibility to electrocatalysts NPs, and related aspects. 

In fuel cells, a common practice is determining the effective elec
troactive area of the catalyst NPs, measured by cyclic voltammetry tests 
[61]. The comparison of electrodes for fuel cells is incorrect without 
normalisation to the same electroactive area [62]. The nature of the 
substrate strongly affects this aspect [62]. A similar type of experiment 
and procedure is essentially absent in CO2RR experiments. 

Due to the dependence of the selectivity from the effective surface 
concentration at the electrocatalyst of CO2 and protons [52], as well as 
from the local potential (depending on the nanostructure and electron 
flow), we may expect that not only the activity (current density) but also 
the FE results are influenced. The overpotential in the reaction also 

depends on the resistance to the flow of electrons from the substrate to 
the electrocatalyst NP. Then, the overpotential onset, which is often 
considered only an intrinsic property of the electrocatalyst nature, may 
also be influenced by these transport resistance aspects. 

The electrode structure and its optimisation/engineering may thus 
be critical in determining the overall performances, even if not enough 
attention is given to these aspects beyond the electrocatalyst itself [45, 
63]. 

Three general types of cathode architectures for CO2RR have been 
reported (Fig. 3): (a) planar electrodes (e.g. a metal foil or glassy carbon 
plate), (b) porous electrodes (e.g. carbon paper or mesh), and (c) gas- 
diffusion electrodes (GDEs) in the two configurations, conventional 
and electrolyte-less (no bulk electrolyte, also called a gas-phase reactor). 

Most CO2RR studies use planar or porous electrodes [63] (Fig. 3a) 
because they are relatively simple to construct and change. They are 
immersed in a CO2-saturated electrolyte. A reference electrode can be 
easily introduced to measure overpotentials. The principal limit is the 
dependence of the performances on the CO2 diffusion and ionic diffu
sion, which inhibits measurements at high current density. 3D-type 
structured electrodes (Fig. 3b) increase the active electrode area, 
reducing overall cell voltage because lower overpotentials are necessary 
to obtain a suitable current density. Tests at higher current densities can 
provide conditions that avoid CO2 and proton transport limitations. 
However, intra-electrode mass transport can become limiting at high 
current densities, and inhomogeneities in electron distribution are 
amplified. These issues are related to the complexity of the 3D-struc
tured electrodes. They involve multiphase flow in the pores, interface 
interactions, and multiscale kinetics at the catalysts. It is a largely un
explored area in CO2RR [64–66], different from PEM fuel cells and redox 
flow batteries [67,68]. The 3D skeleton and the interfacial conductivity 
determine the ohmic resistance of the 3D-structured electrode. Foams 
are of increasing interest as the conductive substrate. The wettability of 
the substrate is a crucial aspect, as commented later. Wettability and 
pore size dominate the intrinsic saturation/capillary-pressure relation
ship determining the optimal multiphase performance [69]. 

Fig. 3. Simplified schemes of (a) planar electrode, (b) porous electrode, (c) gas-diffusion electrode (GDE) in the two options for conventional electrocatalytic reactors 
in the presence of a bulk electrolyte and electrolyte-less configuration (gas phase). 
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The resistance in an electrochemical reaction depends on the elec
trode kinetics. The latter, in turn, depends on electrocatalyst properties 
but also on the conductive substrate and interface with the electro
catalyst, the type of multiphase flows within the electrode and local 
environments. All these aspects determine CO2RR surface reaction rate 
and selectivity, rather than only the electrocatalyst [70]. Still, gaps 
remain in understanding aspects such as the interfacial structure of the 
catalysts and nanoarchitecture and impact on the electrode kinetics, 
particularly in CO2RR. For example, metal-oxides or hydroxide struc
tures formed in situ during electrocatalysis are active in CO2RR [71,72]. 
However, in principle, they are poorly conductive and lead to an in
crease of ohmic resistance in electron transfer. 

GDEs are those on which attention especially focuses recently. They 
generally have superior CO2RR performance compared to planar and 
porous electrodes, with higher rates up to an order of magnitude due to 
the increased transfer rate of CO2 to the electrode [63,73]. In GDEs, the 
CO2 gas diffuses through a gas-diffusion layer (GDL) to the electro
catalyst layer, which may be or not in contact with a bulk liquid elec
trolyte (Fig. 3c). In the electrolyte-less configuration, the transport of the 
protons occurs through a membrane which separates this cathodic zone 
from the anodic one on the other side of the membrane. Thus, the 
membrane acts as both the membrane separating cathodic and anodic 
compartments and as a solid electrolyte to close the ionic circuit. 

GDE improves CO2RR performance by allowing a higher active sur
face area and lower mass-transfer resistances. However, many electrode 
properties are critical in determining performance, such as wettability, 
catalyst loading, and porosity [73]. These factors are sensitive to oper
ating conditions and depend on the current density. The GDL must have 
optimal wettability, e.g. the GDL should prevent the liquid electrolyte 
from flooding the gas flow channel. GDL is typically a metal mesh (or 
foam) or a conductive porous carbon substrate (carbon cloth or felt) 
hydrophobically treated by chemicals such as polytetrafluoroethylene 
(PTFE). A dual-layer GDL formed by a macroporous and a microporous 
layer is also used. The catalyst layer is usually deposited by spray drying 
or similar methods, preparing an ink composed of the electrocatalyst, 
eventually deposited on conductive support such as carbon nanotubes to 
minimise resistances in electron transfer with the GDL and favour dis
persion/stability, and an ionic binder. 

Optimisation of the porosity and electrolyte fluid dynamics is 
important. GDE optimisation is crucial to allow high performances, even 
more than improving the electrocatalyst, but the engineering of the GDE 
should parallel that of the reactor itself. Still, few studies investigated 
the optimisation of GDEs for CO2RR and their nanoengineering parallel 
to electrocatalytic reactor engineering [63]. 

An aspect still few investigated is the possibility of adding to GDL 
components that enhance the CO2 adsorption and create a virtual higher 
partial pressure of CO2 at the electrocatalyst, particularly in the 
electrolyte-less GDE configurations (Fig. 3c.2). We showed that by 
introducing imidazolate-based metal-organic framework (SIM-1) on 
GDL, it is possible to increase the performance significantly and control 
the selectivity in CO2RR, enhancing the formation of C2 + products 
[49]. This concept could be used to develop improved GDE, which al
lows operating directly with diluted CO2 concentrations. This concept 
could revolutionise the industrial application of direct CO2RR electro
catalytic routes to recycle CO2 in industrial emissions because often, the 
stage of carbon capture accounts for up to half of the total cost of reuse 
CO2. 

A critical issue is that in parallel to realising the local capture of CO2 
from the diluted stream, it is also necessary to avoid negative effects by 
other components present in the feed (e.g., O2 and other molecules) 
eventually poisoning or reducing the efficiency of the electrocatalyst. 
This possibility is highly challenging but not impossible. It is necessary 
to design the GDE with likely additional permeoselective membranes to 
only CO2 [74–76]. Fig. 4 illustrates the concept of such technology 
through the schematic description of an advanced photoelectrocatalytic 
device able to convert CO2 from industrial emissions directly. CO2 is 

transported to the catalytic layer through a GDL containing function
alities that capture and concentrate CO2 (from diluted streams) at the 
catalyst surface. The cell design includes a CO2 permeoselective mem
brane that prevents diffusion of other gaseous components in the in
dustrial emission, such as O2 and thus their contact with the 
electrocatalyst. 

On the other side of the membrane (see Fig. 4), a porous photo
catalytic layer with multiple functionalities is used to i) allow efficiently 
solar energy exploitation and generate charge separation (semi
conductor), ii) catalytically produce O2 and protons for water oxidation, 
and iii) allow the efficient transport of the photogenerated protons to the 
membrane in contact with the photocatalytic layer, while the electrons 
are transported through a collector to the cathodic part of the cell. An 
example is a layer of ordered TiO2 arrays of vertically aligned nanotubes 
grown by anodic oxidation on perforated Ti foil (acting as electron 
collector) and modified by copper nanoparticles and other semi
conductors (such as BiVO4 or g-C3N4) to increase the activity with 
visible light components [77–79]. 

Given the high industrial relevance of this possibility to develop a 
CO2RR technology (based on the use of a permeoselective membrane in 
combination with the use of photocatalytic electrodes or with PV 
modules to use solar energy) which directly converts the CO2 present in 
industrial emissions, it surprises the minimal scientific attention given to 
this crucial topic of CO2RR technology design. There are studies which 
combined CO2 capture and electrochemical conversion [80]. However, 
the concept is different. CO2 is captured in an amine-scrubbing step, and 
then the CO2-rich amine solution is used as the electrolyte in the CO2RR 
unit. However, it is not an optimal electrolyte. The concept presented in 
Fig. 4 instead avoids the step of CO2 capture with the related use of an 
amine or similar absorption medium. Instead, it uses a functionalized 
membrane (part of GDE) to interface directly with the gas-phase emis
sion. This solution has evident energy and cost advantages, although 
highly challenging. 

Fig. 4. The concept of an advanced photoelectrocatalytic device able to 
directly convert CO2 from industrial emissions (see text). It is composed of a 
photocatalytic layer, which should be porous to transport photogenerated 
protons to a proton-conductive membrane and then to the CO2 electrocatalyst 
layer. CO2 is transported to this catalytic layer through a GDL, which contains 
functionalities that capture CO2 from diluted streams and concentrate at the 
catalyst surface. A CO2 permeoselective membrane prevents other components 
in the industrial emission, such as O2, from arriving in contact with the 
electrocatalyst. 
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2.2. The role of local concentration gradients in the electrode 

CO2RR operations at high current densities, as required from an in
dustrial perspective, often induce critical issues of local concentration 
gradients [52]. For industrial applications of CO2RR technology, 
long-term operation (>10.000 h, e.g. at least one year) at substantial 
current densities (>200 mA•cm− 2) should be proven to minimise the 
capital expenditure [81–83]. 

Various CO2RR studies work at high current densities, even if 
sometimes too strong basic electrolytes, which may be unfeasible from 
an industrial perspective, were used to achieve these performances 
[84–86]. These electrolytes are necessary to realise the electrolyte’s 
strong ionic conductivity and limit the electrode’s gradients. Both as
pects can be improved by working on the engineering of the cell and 
electrodes, thus allowing the achievement of high-current densities 
without using such critical electrolytes that ideally should have a pH 
close to neutrality. 

The cathodic and anodic reactions in CO2RR induce a change in the 
pH. In aqueous electrolytes, CO2 adsorption equilibria are present and 
the concentrations of carbonate and bicarbonate ions depend on the pH. 
The transport properties also affect the availability of protons for CO2 
reduction. In buffered electrolytes, the local alkalisation due to insuffi
cient HCO3

− transport influences the selectivity for C2 + products [73, 
87,88]. The active surface area and thickness of the catalytic layer were 
found to influence the onset potential, selectivity, stability, and activity 
due to mass transfer inside and outside of the electrode [87]. The 
catalyst selectivity and activity are highly sensitive to the local reaction 
environment, which changes drastically due to the reaction rate [88].  
Fig. 5 schematically shows how the concentration/source of protons and 
CO2 and the pH vary as a function of the current density, indicating the 
current densities typically used in conventional lab-scale reactors 
(H-type), GDE-based flow reactors and industrial conditions. 

This figure shows how the reactor, electrodes, and operative condi
tions can drastically change the availability of reactants at the surface 
and selectivity. Results at conventional lab-scale reactors may not be 
relevant for industrial operations because the micro-environment is 
different and, in turn, the optimal electrocatalysts. Most of the literature 
and reviews on CO2RR focus on aspects such as intermediate binding 
energy, adsorbate–adsorbate interactions, defects sites, etc. These re
sults are typically supported by theoretical studies, which do not ac
count for the surface population, the presence and concentration of 
adsorbates, an interface with the electrolyte, and other crucial aspects. 
As also commented later, the behaviour in electrocatalysis is dominated 
instead by the concentration of species at the catalyst surface and 
interface with the electrolyte. Thus, mass transport phenomena and how 
they depend on the electrode and reactor design are crucial for 

parameters such as selectivity, onset potential and other aspects, which 
are typically ascribed to the intrinsic properties of the electrocatalyst. 

The local environment directly influences reaction pathways and 
kinetics. Still, at the same time, the reaction modifies the local envi
ronment, depending on the balance between reaction and diffusion 
rates. The protons needed for the reduction of CO2 derive, at very low 
current densities (<1 mA•cm− 2) and batch-type operations such as in H- 
type cells, mainly by hydronium ions present in the electrolyte. They can 
rapidly be depleted by increasing the current density. The process be
comes conditioned by protons transported to the CO2RR electrocatalysts 
and generated by water oxidation. When this process is not fast enough, 
the local pH increases. These pH changes would also affect the equilibria 
of CO2-dissolved species, besides their transport rate. At moderate cur
rent densities in aqueous-fed systems (~30–60 mA•cm− 2 but depending 
on the product), the CO2 conversion rate depends on the diffusion lim
itations from the bulk electrolyte and the bicarbonate-hydrogen car
bonate-carbonate ions equilibria [89]. These local environment changes 
ultimately impact key intermediates’ surface coverage and binding en
ergies on a catalyst’s surface. These effects are further amplified at even 
higher current densities. 

On the other hand, the choice of electrolyte and the characteristics of 
the GDE will strongly change the rate of these relative processes. Even 
inside GDE, the gradients could be relevant in determining a change in 
the local environment and electrocatalytic performances. Möller et al. 
[52] analysed the selectivity changes inside a GDE by modelling the 
overall mass transport variations within the porous catalytic layer of 
GDE in a cathodic current range of 50–700 mA•cm− 2. Their results are 
summarised in Fig. 6, which exemplifies the gradients present for high 
current density operations with a copper-based electrocatalyst. 

The zone closest to the gas diffusion layer shows the highest con
centration of CO2 feed and the longest distance from the bulk KHCO3 
electrolyte. Thus, a region of high pH and CO2 concentration favours the 
formation of C2 + products. Those conditions reverse progressively by 
moving to the outer part of the electrocatalyst layer, i.e. the one in direct 
contact with the electrolyte. Experimental evidence and simulations 
confirm this modelling [73,90–92]. These results suggest that the 
selectivity of CO2RR is strongly influenced by the structure of the elec
trode and that electrode design has a fundamental role to optimize the 
effective gradients along the catalyst layer. In addition, the situation is 
expected to be quite different using a gas-phase GDE configuration due 
to the absence of the electrolyte, although still not analysed in the 
literature. 

There are, in parallel, also changes in the spatial distribution of 
current density. Kas et al. [92], using a 2-D transport model, estimated 
the concentration gradients along the flow cell, the spatial distribution 
of the current density and the changes in local pH in the catalyst layer. 

Fig. 5. Effect of current density on the availability of protons, concentration of CO2 and pH at the surface of a CO2RR electrocatalyst. Based on indications by 
Burdyny and Smith [88]. 
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Fig. 6. Schematic cross-section of a GDE for CO2RR operating at high current density. The expansion illustrates the concept of selectivity changing across the catalyst 
layer, with a zone where C2 + products are predominant, C1 products are predominant, and HER (hydrogen evolution reaction) is dominant. The zones are asso
ciated to variations in local pH (proton activity, red arrow) and local CO2 concentration (CO2 availability, blue arrow). Based on indications by Möller et al. [52,91]. 

Fig. 7. (a) (top) Triple-phase and double-phase boundaries (TPB and DPB, respectively) in a GDE when the catalytic layer (CL) is partially or fully wetted. (bottom) 
Qualitative changes in CO2 activity, H2O activity, electrolyte conductivity, and the resulting CO2RR current density. (b) Possible water arrangements in porous-metal 
CLs of CO2RR GDEs in contact with an aqueous electrolyte and magnified images showing the thickness, σ, of the water layer between the gas and catalyst, with an 
indication of the formation of double- and triple-phase boundaries. 
Adaptation with permission by Nesbitt et al. [41]. Copyright ACS, 2020. 
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At high single-pass conversions, they estimated significant concentra
tion gradients along the flow channels leading to large local variations in 
the current density (>150 mA•cm-2). These changes are prominent to 
ohmic losses. Furthermore, they estimated drastic changes in the con
centration overpotentials with CO2 flow rate. 

Nesbitt et al. [41] reported similar concepts but introduced the 
presence of different phase boundaries along the GDE profile and related 
them to the wettability of the catalytic layer (CL), as illustrated in Fig. 7. 
Their calculation indicates that the reaction occurs primarily within 
10–1000 nm of the gas-liquid interface, with the reactive thickness 
reducing to a few nanometers close to the interface for the highest 
current densities. The results indicate that to realise 
higher-current-density CO2RR reactors, the CO2 diffusion to the catalyst 
is crucial, thus realising a tailored mesoporosity in the CL. Flooding of 
the GDL will decrease CO2 supply to the CL, with an optimal situation as 
illustrated in the middle part of Fig. 7b (a thin electrolyte film coating 
the catalysts NPs). In these conditions, the transport of protons and 
electrical conductivity become the critical factors rather than the 
diffusion of CO2. 

In the electrolyte-less GDE configuration, the diffusion of protons 
occurs mainly through surface diffusion from the membrane. The cata
lytic layer is prepared by spray drying an ink constituted by the catalytic 
nanoparticles over carbon support and additives to control hydropho
bicity and ink characteristics. This solution is deposited on a GDL and 
then pressed to the proton-conductive membrane. There are thus anal
ogies with the configuration presented in Fig. 7b for a thin electrolyte 
film coating the catalysts NPs. 

Realising a three-phase interface to have an efficient electrocatalytic 
CO2 reduction was indicated, among others, by Li et al. [42]. They 
suggest, however, the necessity of a design of a catalytic system that 
mimics the alveolus structure in mammalian lungs. This concept was 
realised by flexible, hydrophobic, nanoporous polyethylene membranes 
with high gas permeability and local alkalinity on the catalyst surface. 
These electrocatalysts show a FE of 92% (to CO), but low current den
sities (25.5 mA•cm− 2) at − 0.6 V versus RHE. However, based on the 
above discussion, this does not appear as the preferable solution to 
obtain high performances at high current densities. 

Rabiee et al. [53] indicated the necessity of creating 
hydrophilic-hydrophobic layers (by in-situ electrooxidation) in the cat
alytic layer to maximise catalyst utilisation and triple-phase interfaces. 
This strategy was realised using a flow-through hollow fibre GDE coated 
with a Bi-embedded catalyst layer. The electrode having a tuned 
wettability showed over 80% catalyst utilisation and four times higher 
formate partial current density (about 150 mA•cm− 2 with FE to formate 
over 90%) compared to the untreated electrode. 

Li et al. [93] reviewed the role of electrode wettability in CO2RR. 
They indicate that the electrodes’ wettability strongly depends on the 
material chemistry, structures and electric field. Critical aspects include 
surface chemistry, electronic structures, dimensions, heterogeneity, 
microstructures, and modification by adding hydrophobic polymers, 
organic additives, and ionomers. The polarity, ionic nature, and ionic 
strengths of the liquid electrolytes also influence wettability. The elec
tric field negatively impacts wettability because it enhances the 
solid-liquid interfacial interactions by re-distributing the charges at the 
interface. It plays a role in the electrochemical capillary pressure that 
drives the liquid motion in the solid pores and alters the local environ
ment. Thus, many aspects influence this parameter, indicating the 
complex problems in describing the CO2RR processes inside GDE. As 
emerged from the previous discussion, the description of the phenomena 
is still largely qualitative, notwithstanding the attempt to model them. 

On the other hand, these results remark the need to design and en
gineer the electrode and the catalyst layer to balance the transport and 
reactions [45,63,88,93]. Realising optimal hydrophobic characteristics 
and electron distribution could fully utilise the electrochemical surface 
area, control the selectivity, and minimise flooding and ohmic losses 
[93]. Attempts in this direction have been reported in the literature, for 

example, to controlled addition of PTFE to optimise the wetting [42,89] 
or by treating the carbon black used as support for the catalyst by plasma 
treatment to introduce oxygen-containing groups and tune wettability 
[94]. 

The optimal positioning of the catalyst layer (CL) has to be identified 
by accounting for the possible electrolyte flooding and other phenomena 
commented on above. Thus, the optimal positioning of CL inside the 
GDE has to be identified considering all these factors and how they 
depend on the reactor and electride design. 

The discussion up-to-now was centred on the flow-by-mode GDE 
design (e.g., the electrolyte flow tangential to the electrode [95]), which 
is the most obvious, but a flow-through mode is possible [64]. In this 
configuration, a high gas-to-liquid pressure drop can be maintained via 
pumping so that wettability becomes controlled by the liquid-wet sur
face [96–98]. Very interesting results have been obtained with this 
approach. For example, Lee et al. [98] used a zero-gap electrolyser 
(analogous to that indicated before as electrolyte-less, Fig. 8) to convert 
CO2 to C2H4. Using Cu NPs modified by KOH (Cu-KOH) as an electro
catalyst on a GDL, they achieved a total current density of 
~280 mA•cm–2 with ~55% FEC2H4 for an electrode with an area of 
10 cm2. The system is scalable from an industrial perspective. 

3. Reactor configuration 

The reactor configuration and design, as commented in the intro
duction, has a significant impact not only in terms of current density but 
all relevant parameters, including selectivity (Faradaic efficiency) and 
onset potential, which are instead typically ascribed to electrocatalyst 
characteristics. We do not claim the electrocatalyst itself is unimportant, 
but that the behaviour is dominated by electrode and reactor charac
teristics, determined mainly by transport phenomena and surface pop
ulation by adspecies at the electrocatalyst surface. It is thus not unlikely 
that what is ascribed to different intrinsic characteristics of the elec
trocatalysts are instead related to other aspects, such as wettability, as 
discussed before, and their influence on the surface population by 
adspecies. Thus, methodologies that do not account for these aspects, 
including primarily the theoretical methods, fail to provide an accurate 
and reliable description of the effective aspects determining the elec
trocatalytic performances. We have not discussed the role of liquid 
electrolytes in this section because we consider that their use has to be 
overcome, as it will emerge from the following discussion. In addition, 
various reviews and papers have analyzed specifically the role of the 
electrolyte in CO2RR [99–105]. 

Fig. 9 presents an overview of the main types of CO2RR 

Fig. 8. KOH-incorporated Cu (Cu-KOH) electrodes in zero-gap electrolysers for 
CO2RR to ethylene. (a) Schematic of assembled GDE and AEM in the zero-gap 
(electrolyte-less) configuration with an expansion of the GDE-AEM interface 
(b). Adaptation with permission by Lee et al. [98]. Copyright Elsevier, 2021. 
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electrocatalytic reactors. The most straightforward electrochemical de
vice available for CO2RR is a single-chamber cell. Three electrodes 
(working -WE-, counter -CE- and reference -RE- electrodes) are set in a 
single liquid environment. The working electrode is a bulk catalyst (e.g. 
a metal foil) or powder catalyst supported on a carbon substrate (carbon 
paper/cloth/fibres) or glassy carbon. The liquid is usually an aqueous 
solution of a salt (i.e. the electrolyte) pre-saturated with CO2. During 
operations, CO2 continuously flows into the system via a glass frit and 
then moves out to detect gas products. At the same time, liquid products 
are analysed off-line by sampling from the liquid electrolyte. At the 
anode, OER is typically used to balance the charge and close the elec
trical circuit. An ion-exchange membrane is normally used to divide the 
cell into two liquid compartments (with the option of operating with 
different catholyte and anolyte solutions). This is done to prevent the 
reduced and oxidized products from discharging onto the opposite 
electrodes (i.e. on the anode and cathode, respectively) and to close the 
electric circuit through ion transport and limit product crossover. The 
resulting cell is called an H-type cell due to its assumed shape resembling 
the letter H (see Fig. 9a). The electrocatalytic performances depend on 
the solubility of CO2 in the electrolyte but are generally limited by the 
liquid electrolyte’s slow mass transport. 

The H-type cell is the most popular commercially available reactor 
used in the lab scale for the CO2RR; most literature studies utilise this 
type of cell. Weekes et al. [50], in analysing papers published in the last 
decade (up to 2017) on metal-based electrocatalysts for CO2RR, showed 
that only about 20 were made in a flow cell out of 1100 they analysed. 
Thus, H-cell experiments are largely dominating, even if the use of flow 
reactors is recently increasing. The H-type cells allow easier operations 
and adaptability to various electrodes. On the other hand, as commented 
before, they do not provide reliable indications of performances, espe
cially at high current densities. Weekes et al. [50] remarked on using 

flow-type CO2RR electrolysers because the information provided by 
H-type experiments is often not relevant to the dynamic environment of 
an electrolyzer [106,107]. In addition, mass transport in H-cell limits 
testing to current densities of < 100 mA•cm–2, often even one order of 
magnitude lower. The electrocatalyst performances, and their selection, 
strongly depend on the current density. Thus, the results could give 
wrong indications even if used for an initial screening [88]. 

It was commented that CO2RR energy efficiency is strongly nega
tively affected by the rapid and thermodynamically favourable reaction 
of CO2 with hydroxide (OH–) to form carbonate (CO3

2–), which resulted 
in large voltage and CO2 losses [108]. Rabinowitz and Kanan [108] 
indicate that hydroxide consumption makes alkaline CO2 electrolyzers 
(as those commented before, which give the best performances in CO2 to 
olefins [84–86]) fuel-wasting devices. High pH minimizes cell voltage 
due to chemical potential and the dependence of the thermodynamic 
electrode potentials on the pH. For this reason, it appears to have high 
energy efficiency. 

However, the consumption of OH– by CO3
2– formation gives rise to a 

net negative energy balance. Fig. 10 helps to clarify this crucial issue. It 
reports thermodynamic cell potential (E◦cell), cathode, anode, and BPM 
overpotentials (η). They are referenced to the standard hydrogen elec
trode (SHE). The green dotted line is the cathode potential reported by 
Ma et al. [109] for CO2RR at > 200 mA•cm–2. BPM indicates an elec
trocatalytic cell using a bipolar membrane, where CO2 electrolysis is 
coupled with water dissociation at the BPM. Cell resistance was not 
included, which would add to the cell voltage. Alkaline conditions 
minimize cell voltage but cannot be maintained at a steady state because 
of CO3

2– formation. The OH– in the electrolyte reservoir is continuously 
consumed by exergonic CO3

2– formation:  

2OH−
(aq) + CO2(g) → CO3

2−
(aq) + H2O(l) ΔG∘ = − 56 kJ•mol− 1                  (1) 

Fig. 9. Schematic diagram of CO2RR electrolysers: (a) H-type cell; (b) GDE in a membrane-based flow cell; (c) advanced compact-design for zero-gap (electrolyte- 
less) flow cells with GDE on both anodic and cathodic sections; (d) microfluidic reactor. 
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The energy required to regenerate CO2 and 2 OH– from aqueous CO3
2– 

is much larger than the energy stored by CO2 electrolysis, with a nega
tive energy balance of around ~100–130 kJ•mol–1 [108]. Besides 
putting a question mark on several published results operating in very 
strong alkaline conditions, such as those reported by various groups 
[84–86], Rabinowitz and Kanan [108] question whether, in general, it 
has a meaning to study CO2RR. They conclude that avoiding the losses 
imposed by CO3

2– formation demands creative cell designs. This objec
tive could be realized by avoiding using a liquid electrolyte with a design 
like that presented in Fig. 9c. It is based on GDE at both the anode and 
cathode sides, with the membrane used as proton transfer and to close 
the ionic circuit. The other cell design also based on GDE, but still having 
a liquid electrolyte, as those presented in Figs. 9b and d, do not realize 
instead this objective. 

Given the results presented in Fig. 10a, the use of a bipolar mem
brane (BPM) approach does not appear preferable, even if many studies 
in the literature have proposed this solution, mainly to obtain more 
stable performances and use different electrolytes on the two cells 
compartments [106,110,111]. BMPs promote the dissociation of H2O 
into H+ and OH− by driving OH− to the anode and H+ to the cathode. 
They allow a constant pH on both sides of the cell, but these membranes 
increase the resistance and, thus, the potential required. 

A microfluidic electrolyzer (Fig. 9d) does not use a membrane [112, 
113]. The electrolyte flows in a microchannel (< 1 mm), with the 
crossover of reactants and products controlled by the laminar flow 
conditions. Two GDEs are used on the two sides of the channel. The 
reactor has a compact design and a high surface area to volume ratio, 
and there is a fast rate of CO2 mass transfer to the cathode surface. 

However, product crossover is ineffective, and the construction/ man
agement of the microfluidic electrolyzer is complex. It does not address 
the issues commented on before. 

The zero-gap approach [43,45,98,114–117], also indicated earlier as 
electrolyte-less gas-phase operations or solid polymer electrolyte cells 
[45,50,55,56,118–123], seems the preferable reactor design from the 
state-of-the-art to obtain high performances and stability, coupled with 
cost-effective scalability. Since no RE is employed, the CO2RR controls 
cell voltage or current rather than WE potential. Endrődi et al. [117] 
reported CO2 reduction to CO with a partial current density of 
420 mA•cm− 2 stable for over 200 h, demonstrating the scalability on a 
multicell electrolyser stack, with an active area of 100 cm2 per cell. 
However, the cathode must be periodically infused with alkali 
cation-containing solutions to avoid precipitate formation. Lee et al. 
[98] reported an FE to ethylene in CO2RR of 50% at a current density of 
200 mA•cm-2. De Mot et al. [124] reported the possibility of obtaining 
high formate concentration from CO2RR (up to 60 g L–1 at 
100 mA•cm–2) using a method of direct water injection on a 
catholyte-free zero-gap CO2 electrolyzer. Alinejad et al. [125] showed 
how the performance of the same catalyst could be substantially 
different in a zero-gap / GDE approach to H-cell measurements, con
firming the comments made above. Gabardo et al. [126] reported ~50% 
and ~80% FE to ethylene and C2 + products (the other main product is 
ethanol), respectively, in CO2RR using zero-gap electrolyzers with sta
bility for over 100 h continuous operation at current densities 
> 100 mA•cm− 2. Larrazábal et al. [127] used this zero-gap approach to 
convert electrocatalytically CO2 to CO with partial current density up to 
ca. 200 mA•cm–2 with minimal H2 production. Fan et al. [128] used this 

Fig. 10. (a) Contributors to the cell voltage for a CO2RR electrolysis cell operating under alkaline conditions, carbonated conditions, or with a bipolar membrane 
(BPM). (b) Alkaline flow cell showing OH– consumption by CO2. (c) Cell at steady state after carbonation showing the carbon loss due to CO2 released at the anode. 
(d) BPM cell at steady state. 
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zero-gap approach (although called all-solid-state reactor) for CO2RR to 
formate, obtaining a formate partial current densities ~450 mA•cm− 2, 
FE up to ~97% and high stability (100 h) on a grain boundary-enriched 
bismuth electrocatalyst. 

Lee et al. [129] indicated that this approach is the preferable strategy 
to reduce the capital cost of electrolyzers. Gawel et al. [130] also suggest 
that this reactor approach is preferable to improve economics. Park et al. 
[131] indicate this solution is preferable towards large-scale CO2RR. 

Thus, many converging indications are remarking how this zero-gap 
(or electrolyte-less, gas-phase, or solid polymer electrolyte cells) is the 
preferable electrode/reactor strategy in implementing CO2RR from an 
industrial perspective, although many challenges still remain, among 
them, controlling the precipitation of carbonates at high current den
sities [132] and designing specific, high-performance membranes [133]. 

4. EIS studies 

Understanding more precisely the controlling resistances and mass 
transfer phenomena in zero-gap electrolysers, their difference with 
respect to performances in the presence of an electrolyzer and how these 
aspects could influence the selectivity are critical aspects emerging from 
the previous discussion. It is necessary to use methods providing in situ 
indications but sensitive to the above aspects, including those con
cerning the reactor design. Electrochemical impedance spectroscopy 
(EIS) combined with cyclic voltammetry (CV) is a suitable methodology 
for this scope and was recently applied by Giusi et al. [51]. While other 
authors used EIS as a primary diagnostic tool to understand CO2RR 
[134–136], Giusi et al. [51] were the first to use the method to under
stand the differences between the presence or absence of a liquid elec
trolyte, linking the selectivity (in particular to C2 + products) to the 
differences in surface transport properties related to the presence or not 
of the liquid electrolyte. 

EIS is a valuable technique for investigating the charge transfer and 
transport processes involved in electrocatalytic processes. Still, it is also 
an excellent in situ diagnostic tool to determine changes in the elec
trocatalytic properties due to deactivation, for example, in industrial 
electrocatalytic reactors [137]. EIS is based on the application of a si
nusoidal voltage V with variable frequency to the system under study 
and on the measure of the current response to this perturbation. EIS data 
are typically fitted through an equivalent electrical circuit composed of 
elements (resistances, capacitances, etc.) mimicking the electrical 
behaviour of the system under study. The fitting gives quantitative in
formation about the processes involved in the reaction. 

In CO2RR, the method provides useful mechanistic indications about 

the processes controlling the reactivity. Bienen et al. [135,136] identi
fied in EIS curves of a GDE electrode (tin-based electrocatalysts sup
ported on carbon; for CO2RR to formate and CO) four main features 
(Fig. 11): (i) ionic and electronic conductivity in the porous system, (ii) 
the reaction of CO2 with OH– to form bicarbonate, (iii) charge transfer 
converting CO2 (aq) to CO2

•–, and (iv) liquid phase diffusion of CO2 (aq). 
The shape-dominating reaction switches with varying temperatures, 
CO2 volume fraction, current density, and electrolytes. The method 
provides thus excellent information on the dominant processes 
depending on the electrode characteristics and operative conditions.  
Fig. 12. 

Giusi et al. [51] used EIS, together with CV and electrocatalytic tests, 
to investigate copper-based (CuxO) GDE in a zero-gap electrocatalytic 
reactor, comparing the results with analogous tests, but in the presence 
of a liquid electrolyte (aqueous KHCO3). The same electrocatalyst gives 
different products in CO2RR. C2 + products essentially do not form in 
the presence of the liquid electrolyte, except for minor amounts of oxalic 
acid at the lower voltages. On the contrary, various C2 products, 
particularly ethanol at the higher voltage, acetaldehyde, acetic acid and 
even C3 products such as isopropanol, were formed in electrolyte-less 
conditions (thus zero-gap electrode). Formic acid, the primary product 
at the higher voltages in the presence of the liquid electrolyte, was not 
detected in its absence. Therefore, a drastic change in product distri
bution was observed. 

EIS and CV results explain the difference, which can be summarized 
as follows:  

1. presence liquid electrolyte → i) proton reduction is dominant, and ii) 
protons compete with CO2 intermediate species in the adsorption;  

2. without the liquid electrolyte → the local concentration of CO2 on 
the electrode surface is higher than CO2 in liquid-phase operations 
because proton supplying becomes the limiting step. 

The drastic change in the catalytic behaviour (C2 + products 
detected only in gas-phase operations) is thus related to how the elec
trode and reactor operative conditions determine the population of the 
surface species at the electrocatalyst surface and, in turn, the paths of 
transformation, rather than the intrinsic catalyst properties. 

Cyclic voltammetry (CV) also results evidence a change in the in situ 
reconstruction of the electrocatalyst depending on the applied potential. 
In electrolyte-less tests, the nanostructure of the copper NPs changes 
from packed nanocubes to nanorod shape with a diameter of about 
200 nm and length of around 5–15 µm. This in situ reconstruction oc
curs at a potential more negative than about − 1.0 V, leading to an 
enhanced current density. This reconstruction did not occur in the 
presence of the liquid electrolyte, evidencing further relevant aspects of 
the dynamic of the surface electrocatalytic processes and how significant 
reconstruction processes may occur in situ when the potential is applied. 
Still, they depend on the presence or not of the electrolyte. 

5. Industrial scalability 

In general, to drive the CO2RR process in an economically feasible 
way for industrial scalability, the electrodes/devices should operate: i) 
at a high current density to provide a high conversion rate; ii) at low cell 
voltage to enhance energy efficiency; and iii) with high Faradaic Effi
ciency, to increase the selectivity to value-added products (e.g. C2 +). 
Many parameters should be optimized according to the reactor config
uration adopted to achieve these conditions suitable for industrial 
applicability. 

As discussed above, the CO2RR process can be realized in different 
devices, but not all these configurations can be successfully adopted for 
scaling-up operations. Table 1 reports a qualitative comparison of some 
selected parameters indicating the performance of the four types of 
electrochemical cells reported in Fig. 9. 

Excluding the H-type cell, which is typically used in the early stage of 

Fig. 11. Different processes determining the EIS curves in CO2RR using a GDE 
electrode (aqueous 1.0 M KOH as the electrolyte). Tin-based electrocatalysts 
supported on carbon for CO2RR to formate and CO. 
Reproduced with permission by Bienen et al. [136]. Copyright ACS, 2020. 
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laboratory screening of catalysts/electrodes, the zero-gap (electrolyte- 
less) option is the most promising reactor configuration for obtaining 
high current density under industrial scale. A zero-gap GDE electrolyser 
can be manufactured in a stackable configuration, operate with high 
current density with minimal ohmic resistance, and be designed for a 
mass production application [89]. One of the options recently investi
gated for zero-gap configuration is using multiple electrolyze layers with 
a pressurized CO2 gas feed (up to 10 bar), which is a common practice in 
PEM water electrolyser, but rarely used for CO2RR [96]. This electro
lyser allows a uniform distribution of CO2 gas among the layers and 
operates identically to the sum of multiple single-layer electrolyser cells 
but with increased CO2 conversion efficiency. Implementing this 
concept can accelerate technology development to scale up electro
chemical CO2RR to an industrially relevant level. 

With a focus on zero-gap GDE electrolyzers for the motivations 
indicated above, Table 2 summarizes typical reaction conditions for 
CO2RR operations, including the operating conditions, electrode surface 
area, current density, cell voltage, the power required to run the system 
and gas feed. 

Table 3 instead reports selected literature indications on the main 
reaction conditions for CO2RR operations in zero-gap configuration, 
including the current density, Faradaic Efficiency, electrode surface area 
and gas feed. These two tables provide a general summary to help 
readers develop advanced zero-gap-type electrolyzers. 

The general major drawback of zero-gap GDE configuration is the 
system’s complexity, mainly due to the realization of a membrane 
electrode assembly with a high-surface area. 

Salt precipitation is another general issue for industrial scalability in 
CO2RR electrolyser, as it may cause flooding and hinder gas transport, 
thus limiting long-term durability. Salt precipitation is regularly 
observed in zero-gap GDE configurations, especially in operations at 
high current densities. However, many engineering strategies have 
recently been developed for preventing or reserving salt formation in 
zero-gap systems [138]. These approaches include: i) modifying the 
anolyte concentration and composition, ii) adding solvents to the cath
ode, iii) pulsed electrolysis, and iv) reconversion of (bi)carbonate back 
to CO2 using a bipolar membrane. 

Furthermore, other important process parameters, such as the cell 
temperature, the humidification of CO2, and the cell compression, 
should be carefully investigated for achieving industrial-relevant CO2RR 
activities [139]. 

Industrial-relevant current densities with high FE and energy effi
ciency can only be achieved by moving beyond today’s research from 
catalyst development to an integrated electrode and reactor design, 
which allows the exploitation of the viable potential of CO2RR catalysts. 

The viability of CO2RR commercialization is also influenced by the 
reaction occurring at the anode, usually the oxygen evolution reaction 
(OER). As O2 has a limited value, different anodic reactions should be 
performed in an industrial reactor to achieve a higher economic impact. 

Once the CO2RR technologies reach industrial applicability, they 
may treat all kinds of gaseous waste streams coming from many pro
cesses, i.e. from chemical or biochemical process industries. 

A viable emergent application of CO2RR is integrating biochemical 
processes as an alternative industrial route for food production [140]. 
CO2, CO and H2 can be upgraded to fuels and chemicals through 
gas-phase fermentation by selected bacteria, although with low volu
metric efficiency due to gas-liquid mass transfer limitations. The elec
trocatalytic conversion of CO2 to more soluble products (i.e. acetate) 

Fig. 12. Nyquist plots for CuO/GDL electrode at different applied potentials obtained in a liquid electrolyte device saturated with CO2 (a) and without the elec
trolyte, in a zero-gap GDE electrode (b). Copyright Elsevier, 2022. 
Adapted with permission by Giusi et al. [51]. 

Table 1 
Comparison for different process parameters and performance indicators of the 
four types of electrochemical cells reported in Fig. 9. ( : good; : bad; –: 
medium).   

H- 
type 
cell 

Flow-by cell (GDE 
in a membrane- 
based flow cell) 

Zero-gap (flow 
cells (electrolyte- 
less) 

Microfluidic 
reactor 

Pressure drop – – 
Current density – 

Uniform 
distribution 
of current 

– – 

Gas handling – 
Complex design – [145,160]    

Table 2 
General reaction conditions for CO2RR operations in zero-gap configuration, 
including the operating conditions, electrode surface area, current density, cell 
voltage, the power required to run the system and gas feed.  

Operating conditions Temperature = 20–100 ◦C, Pressure 
= 0–30 bar 

Electrode surface area 0.1–100 cm2 

Current density 100–500 mA cm-2 

Cell voltage 2–5 V 
Energy Efficiency 20–45% 
Power (energy required to run the 

system) 
0.1–10 W (per cm2 of electrode surface area) 

Gas feed Usually, humidified pure CO2 stream  
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opens the route towards forming carbon substrates that a broad range of 
organisms can metabolize and thus allow food production independent 
of biological photosynthesis. 

6. Conclusions, perspectives and recommendations 

This viewpoint has discussed the role of the electrode and reactor 
design in CO2RR. The results evidence the need to pass to zero-gap (e.g., 
electrolyte-less) reactors, based on GDE electrode design, to obtain more 
reliable results, especially from the perspective of industrialization. 
However, as remarked, their use should not be sequential after the ex
periments in batch-type reactors or even simpler flow-type electro
catalytic reactors. Many parameters characterizing the performances, 
such as Faradaic efficiency, carbon selectivity and potential onset, be
sides the current density, are strongly influenced and typically domi
nated by the effective population of adspecies on the electrocatalyst 
surface than from the catalyst’s intrinsic properties. 

Even the preliminary screening of the catalysts may be incorrect 
without operating under representative conditions, and thus by making 
a proper choice of the electrode and reactor. At the same time, these 
indications also evidence that most of the literature design criteria, 
based on studies that do not account for the effective population of 
adspecies on the electrocatalyst surface, such as theoretical methods, 
largely fail to reproduce the effective critical factors determining the 
catalyst choice and design. We have indicated some of the crucial as
pects in catalyst design, such as wettability, which are typically not 
included in the factors determining the paths of CO2RR. 

The methods to investigate the electrocatalysts and electrode should 
be selected to provide information on aspects such as i) the diffusion of 
protons and CO2 species, ii) the resistances which are present and how 
they depend on the operative conditions and type of electrode, iii) the 
phase-boundary generated, and iv) the effective operando electro
catalyst surface. Electrochemical characterization methods like EIS, CV 
and CA are necessary to study electrocatalytic reactions. Still, other 
techniques should complement them, particularly operando methods 
such as ambient pressure X-ray photoelectron spectroscopy (APXPS) and 
near-edge X-ray absorption fine structure spectroscopy (NEXAFS) [36, 
72]. These advanced surface-sensitive in situ spectroscopic methods are 
very useful to understand better the nature of the active interphase and 
its dynamic dependence on the experimental conditions during CO2RR. 
In these operando conditions, significant reconstructions of the active 

species’ nature may also occur, depending on the applied potential and 
the type of electrode and other operative conditions, including the 
presence or absence of a liquid electrolyte. Research attention is 
increasing, as various reviews indicate [141–145]. 

The challenge of enabling the industrialization of CO2RR processes 
thus requires going beyond several current approaches and studies and 
obtaining a better understanding of the phenomena and design aspects 
discussed in this viewpoint. While there is increasing attention on these 
design and engineering aspects (from macro to nanoscale), as com
mented in this paper, still most of the attention in the literature is instead 
dedicated to discussing the nature of the electrocatalyst, with a large 
emphasis on a contribution by theoretical modelling, as the primary 
relevant strategy for CO2RR [146–156], with aspects on mass transport, 
electrode and reactor engineering, fluido dynamics, etc. as eventually an 
additional level to consider. We indicated in this viewpoint that it is 
instead necessary to turn the vision on the electrode and reactor design 
as the main factor determining the performances, at least under reaction 
conditions relevant to industrial scalability. While we do not neglect that 
aspects such as modulating the electronic structure, adsorption geome
tries and the local environment of the catalysts could determine the 
CO2RR performance under some specific testing conditions, these fac
tors often become largely not pertinent under relevant conditions of 
testing. In contrast, other aspects determine the behaviour and, in turn, 
the design of the "optimal" system. 

As a final comment and recommendation, it must be clarified that 
most of the literature studies on CO2RR have limited attention on the 
application of the technology, which must avoid a series of critical 
constraints, from the need to use pure CO2 feed to expensive designs of 
the electrode and reactors. It is necessary to include solutions to these 
critical issues already at the technology’s development stage because 
they significantly determine the performance and results. Once the 
CO2RR technologies reach industrial applicability, they may be used to 
treat gaseous waste streams from many processes, i.e., chemical or 
biochemical process industries. 

In addition to advanced emerging solutions for various applications, 
from energy-intensive industries to distributed production of energy 
vectors or chemicals [13,14,157], visionary possibilities exist, such as 
the mentioned possibility of producing food (proteins) from the air. 
Many other “dream” possibilities exist, from producing fertilizers from 
the air to artificial tree devices for hydrogen production with integrated 
storage [158]. Thus, electrocatalysis is crucial in meeting 

Table 3 
Main reaction conditions for CO2RR operations in zero-gap configuration, including the current density, Faradaic Efficiency, electrode surface area and gas feed, from 
selected literature.   

Current 
density, 
mA⋅cm-2 

Main 
products 

Faradaic 
Efficiency 
(FE), % 

Potential Electrode surface 
area, cm2 

Gas feed Reference 

KOH-incorporated Cu nanoparticle  281 C2, 
ethylene 

C2 products: 
78.7% (54.5% 
to C2H4) 

Cell voltage 
= 3.0–3.5 V 

10 humidified CO2 

(99.999%) at 80 ℃ 
and 1 M KOH solution 

Lee et al.[98] 

[Ni(Cyc)]2+ (Cyc = cyclam = 1,4,8,11-tetraa
zacyclotetradecane) and [Ni(CycCOOH)]2+

(CycCOOH = 1,4,8,11-tetraazacyclotetrade
cane-6-carboxylic acid)  

100 CO > 30% Cell voltage 
= 3.7–3.9 V 

5 humidified CO2 at 20 
sccm 

Siritanaratkul 
et al.[114] 

Ag nanoparticles  420 CO 90 Cell voltage 
= 3.2 V 

8 (demonstrated 
scalability to 
100 cm2) 

humidified CO2 Endrődi et al. 
[117] 

Au colloidal NPs  > 200 CO ~40 (until 
60% at lower 
current 
density) 

− 1.0 V 
versus RHE 

0.07 humidified CO2 stream 
(16 mL min-1) 

Alinejad et al. 
[125] 

Ag nanocubes  > 300 CO 85 − 1.8 V 
versus Ag/ 
AgCl 

0.07 humidified CO2 stream 
(16 mL min− 1) 

Gálvez-Vázquez 
et al.[132] 

Ag nanoparticles  300 CO 30 (until 45% 
at lower 
humidity) 

Cell voltage 
= 3.0 V 

2 CO2 (50 mL min− 1) 
+ Argon 
(5.5 mL min− 1) stream 

Hoof et al.[139]  
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decarbonization challenges [159]. It has to address many challenges 
[160–163]. Still, it can become an enabling technology when the current 
attention mainly focused on the electrocatalyst is broadened, taking into 
better consideration the role of electrode/reactor design and the crucial 
aspects from an industrial perspective. 
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real surface area of Pt electrodes by hydrogen adsorption Using Cyclic 
Voltammetry, J. Chem. Educ. 77 (2000) 1195. 

[62] M. Gangeri, G. Centi, A.L. Malfa, S. Perathoner, R. Vieira, C. Pham-Huu, M. 
J. Ledoux, Electrocatalytic performances of nanostructured platinum–carbon 
materials, Catal. Today, 102- 103 (2005) 50–57. 

[63] S. Garg, M. Li, A.Z. Weber, L. Ge, L. Li, V. Rudolph, G. Wang, T.E. Rufford, 
Advances and challenges in electrochemical CO2 reduction processes: an 
engineering and design perspective looking beyond new catalyst materials, 
J. Mater. Chem. A 8 (2020) 1511–1544. 

[64] V. Vedharathinam, Z. Qi, C. Horwood, B. Bourcier, M. Stadermann, J. Biener, 
M. Biener, Using a 3D porous flow-through electrode geometry for high-rate 
electrochemical reduction of CO2 to CO in ionic liquid, ACS Catal. 9 (2019) 
10605–10611. 

[65] S.R. Hui, N. Shaigan, V. Neburchilov, L. Zhang, K. Malek, M. Eikerling, P. Luna, 
Three-dimensional cathodes for electrochemical reduction of CO2: from macro- to 
nano-engineering, Nanomaterials 10 (2020) 1884. 
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