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ARTICLE INFO ABSTRACT

Editor: Despo Kassinos This paper reviews the electrochemical reduction of CO2 and the design of CO; electrolyzer cells using advanced
materials and novel configurations to improve efficiency and reduce costs. It examines various system types
based on geometry and components, analyzing key performance parameters to offer valuable insights into
effective and selective CO, conversion. Techno-economic analysis is employed to assess the commercial viability
of electrochemical CO, reduction (eCO2R) products. Additionally, the paper discusses the design of eCO2R re-
actors, addressing challenges, benefits, and developments associated with reactant supply in liquid and gas
phases. It also explores knowledge gaps and areas for improvement to facilitate the development of more effi-
cient eCO2R systems. To compete with gas-fed electrolyzers, the paper presents various approaches to enhance
the performance of liquid-fed electrolyzers, leveraging their operation simplicity, scalability, low costs, high
selectivity, and reasonable energy requirements. Furthermore, recent reports summarizing the performance
parameters of reliable and effective electrocatalysts under ideal operating conditions, in conjunction with
different electrolyzer configurations, are highlighted. This overview provides insights into the current state of the
field and suggests future research directions for producing valuable chemicals with high energy efficiency (low
overpotential). Ultimately, this review equips readers with fundamental knowledge and understanding necessary
to improve and optimize eCO2R beyond lab-scale applications, fostering advancements in the promising field.
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1. General overview: CO, emission and reduction

Carbon dioxide (CO») is a colorless, odorless gas essential for plant
photosynthesis but, along with other greenhouse gases (GHGs) (e.g.,
methane, nitrous oxide, and industrial gases), contributes to global
warming and air pollution. COy is the most common GHG, primarily
released from fossil fuel combustion. As industries grow, more CO en-
ters the atmosphere, worsening climatic change. The 6th Assessment
Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC)
warns that without significant emissions reductions, Earth’s average
temperature will rise by 1.5 °C within 20 years and 2 °C by mid-century
[11.

Various techniques have been developed to address the negative
impact of rising atmospheric COy levels. These includes improving
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energy efficiency, CO, capture and utilization (CCU), bioenergy with
carbon capture and storage (BECCS) (such as algae cultivation for CO5
capture and reduction), geological sequestration through carbon cap-
ture and storage (CCS), carbon mineralization, photocatalytic CO;
reduction, chemical looping conversion, and using non/low-carbon
energy sources (e.g., solar and wind) [2-4]. Among these, CO5 conver-
sion is particularly promising, as it reduces emissions while converting
CO, into valuable materials or fuels. Increased government funding
worldwide show importance of addressing CO, emissions.

Gulzar et al. have proposed and summarized several strategies to
minimize anthropogenic CO; emissions (Fig. 1) [5].

Fig. 2 (@) illustrates the significant progress achieved in electro-
chemical CO, conversion research over the past decade, as evidenced by
the growing number of relevant publications. Keywords play a crucial
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role in summarizing an article’s main ideas [6], and identifying them is
essential for bibliometric analysis (BA). To analyze the thematic content
of the publication set from 2010 to 2022, we utilized VOSviewer soft-
ware developed by Eck and Waltman [7], enabling co-occurrence
analysis and network map visualization, as shown in Fig. 2(b). The
software clusters related topics and represent them by colored circles,
with size indicating keyword frequency and distance reflecting topic
similarity. From 5896 papers on "electrochemical CO5 conversion," we
set a minimum keyword occurrence threshold of 15, resulting in 571
keywords that met the criterion. Analyzing keyword co-occurrences
reveals research potential and trending topics in various disciplines.
Fig. 2(b) presents the interconnectedness and relevance of keywords
within the electrochemical CO, conversion field.

Converting CO; into valuable fuel products and chemicals effectively
reduces atmospheric CO;, levels, and various processes have been
extensively studied for this purpose. COy reduction (CO2R) methods,
including electrochemical, thermal, photochemical, plasma-based
biochemical, photocatalytic, = chemo-enzymatic, and photo-
electrochemical reduction, have been investigated [8-14]. The combi-
nation of affordable renewable electricity and the need to reduce carbon
intensity provides an ideal environment for CO3R development. There-
fore, it is crucial to examine the technical feasibility of all current
methods and establish state-of-the-art (SOT) technology. CO5 capture,
conversion, and utilization are among the most practical and promising
research areas in the energy and environment fields.

Recent review papers on electrochemical CO; reduction (eCO2R)
focus on electrocatalytic materials [15,16] and the eCO2R mechanism
[17,18]. However, fewer articles address CO; electrolyzer design,
structure, and optimization, which are crucial topics to investigate.

In their study, Sean et al. [19] focused on reactor engineering to
improve the reaction rate and scalability, and they examined reaction
mechanisms using in situ and operando techniques. Their research
emphasizes the importance of overcoming technical barriers for CO2
electrolysis technology’s commercial deployment. Our review covers
various aspects of eCO2R, including potential reaction pathways,
research interest, techno-economic feasibility evaluation, and figure of
merit parameters, offering a comprehensive understanding of the sub-
ject. The primary focus is electrolytic cell design and engineering based
on geometry and CO; feed form. Various subsections, such as separator
membrane design, electrolyte selection, and catalyst choice, are also
discussed. This review highlights the advantages and challenges of the
CO9R reaction in both aqueous and gas-fed electrochemical cells,
providing a foundation for further exploration and implementation of
these technologies to address critical issues such as mass transfer, sta-
bility, and durability in eCO2R processes.

2. Electrochemical CO5 reduction (eCO5R)

Electrochemical CO; reduction (eCO2R) is a valuable technology that
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mitigates CO, emissions, making it essential for tackling global envi-
ronmental challenges. Electrochemistry uses electrical input to drive
chemical reactions, with various reaction pathways leading to value-
added products. The circular carbon economy (CCE) is part of the
“4 R” strategy: reduce, reuse, recycle, and remove [20]. The eCOsR
contributes to CCE management, as illustrated in Fig. 3, by producing
various gas-phase (e.g., CO, CHy, and CyH4) and liquid-phase (e.g.,
HCOOH, CH30H, C2Hs0H, and C3H;OH) products.

Formic acid, for example, has potential applications as a safe,
portable chemical and energy storage material, either used directly or
reformed in a formic acid fuel cell [21-23]. It can also be biochemically
transformed into various materials, such as fuels, plastic monomers, and
solvents [24]. Key limiting factors for the eCO2R reaction include mass
transfer dynamics, CO3 solubility, CO2 supply, electrolyte pH, electro-
catalytic properties, and electrolyzer system design [25,26]. Therefore,
developing improved catalysts, electrolyzers, and optimized electrolytic
processes is essential for achieving highly selective CO5R.

2.1. Possible reaction pathways in eCO2R

The eCO2R process involves multiple electron and proton transfer
steps, including two, four, six, eight, and twelve-electron pathways, as
shown in Fig. 4 [28]. Various products are generated depending on the
specific reaction pathway, solvent, and catalysts [29]. However, selec-
tively producing a specific product with high yield is challenging due to
the similar thermodynamic oxidation-reduction potentials of several
CO4, reaction pathways, reducing selectivity toward the target product.
Table 1 presents the standard potentials of selected eCOoR products
under normal conditions, calculated using the standard Gibbs free en-
ergy. These potential shows that numerous CO2R reactions competing
with the hydrogen evolution reaction (HER) have a narrow range of
standard potentials (Eg), making it difficult to achieve high selectivity.

2.2. Economics of CO2 reduction products

Determining which CO; reduction product to prioritize for
commercialization is essential, as CO5 can be eletrochemically reduced
to various compounds at similar potentials. Supply, demand, and
cutting-edge technology can impact total cost and production rate. Key
economic factors help address this issue. The global market plays a
significant role in eCO2R research, and the techno-economic analysis of
target products is important. Jouny et al. [31] report that under current
conditions, carbon monoxide and formic acid are commercially viable
products with respective end-of-life net present values (NPV) of $13.5
million and $39.4 million at a production rate of 100 tons/day.
Higher-order alcohols like ethanol and n-propanol could become more
attractive with improved electrocatalytic performance. These products
are desirable due to their high energy densities and large market ca-
pacities. To be profitable, parameters like current density, overpotential,
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Fig. 2. (a) Bar diagram representing the number of publications with two different keyword combinations, i.e., “CO utilization™ and “electrochemical CO, con-
version,” reported over the past decade, with the distribution of core content of the publications over the subject area (embedded pie chart). (b) VOSviewer network
map of co-occurrence of keywords with thematic content electrochemical CO, conversion (For the plots and mapping, data adapted from Web of Science database).
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Fig. 3. Schematic of CCE elements and chemical products of typical CO,R electrocatalysis

(Redrawn from [20,27]).
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Fig. 4. Scheme for possible electrochemical carbon dioxide reduction routes that result in C; products, such as CO, HCOOH, and CH,4, and C, products, such as CoHy

and C,HsOH
(Adapted with permission from [30], Copyright (2019) Wiley Periodicals, Inc.).

and Faradaic efficiency (FE) must reach certain benchmarks. Achieving
these targets could make eCO5R an economically viable option within
the renewable energy infrastructure.

Fig. 5 shows a modeling study by Nitopi et al. [32] on the economics
and energetics of potential CO5 reduction products. Values are presented
for the minimum energy required for CO2R to be balanced with the
oxygen evolution reaction (OER). Indicator size represents the loga-
rithmic global market size, and all economic variables are normalized to
carbon mass. Production cost is shown for two electricity price scenarios
($20 and $50 per MWh). The study assumes CO; capture at a power
plant costs $200 per ton of carbon. Products above the lines, including
formic acid, propanol, ethanol, acetaldehyde, ethylene, methanol, and
carbon monoxide, are economically feasible. Ethanol and ethylene are
notable for their high energy content, market price, and volume. The
study emphasizes that not all products are value-added when

considering CO; capture costs. Current research focuses on primary
eCO2R products: single-carbon compounds (C1) like formic acid, CO,
and propanol, and multiple-carbon products (Cy,) with high energy and
attractive market prices [33].

2.3. Performance parameters of the eCO2R system

An efficient CO, electrolyzer must be durable with low ohmic
resistance and good mass transfer quality under reaction conditions
while using a highly active, stable, and selective catalyst. Characterizing
each specific aspect of an electrolyzer is tedious. However, several
metrics, such as the Faradaic efficiency (FE), energy efficiency (EE),
current density (CD), catalyst activity, overpotential, and reactor sta-
bility, are used to quantify the COsR system, regardless of the electro-
chemical properties of a particular reaction [34,35].
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Table 1
Standard equilibrium potentials for the hydrogen evolution half-cell reaction
and several other half-cell reactions used to reduce CO, into various products
(Adapted with permission from [31], Copyright (2018) American Chemical
Society).

Product: - Half-cell electrochemical reactions Potential E/V vs. SHE
4%

CO COug+ 2 H +2¢~ ©C0+H,0q) -0.106
HCOOHg)  COgg+ 2 H'+2¢ < HCOOHg -0.250
CH30Hg) — COgg+ 6 HY+6€ —CH30H) +H,Oq, 0.016
CHagg) COug+ 8 H' +8¢ =CHyg + 2 Ha0qy 0.169
CoHy(g) COo(g)+ 12 H++1267<—>C2H4(g]+ 4 HyO( 0.064
CHsOHgy €O, 0.084

@+ 12 H"+12e” ©C,Hs0H()+ 3 HaOq)
CsH,OHgy  CO, 0.095
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Fig. 5. Energy content versus the market price of selected CO, reduction
products. The lines reflect the minimum energy cost required for CO, capture
and conversion using commercially available technologies; capital costs are
excluded

(Adapted with permission from [32], Copyright (2019) American Chemi-
cal Society).

2.3.1. Faradaic efficiency
The target product’s FE (or current efficiency) is an essential per-
formance metric. It is the ratio of the total charge flowing between the
electrodes to the charge used to generate the desired product, as follows.
ynF

(FE) proguer = 0 @

where, y is the number of moles of the targeted product, n is the number
of electrons required for a half-cell reaction per mole of product, and F is
the Faradaic constant (96485 C/mol electrons, Q is the total charge
supplied through the electrodes during the process [36]. Numerous
factors, such as the catalyst, electrode potential, pH, and electrolyte
species, affect the faradaic efficiency and selectivity of the reaction [29].
The FE reflects the selectivity for a given product, and an increase in the
FE can effectively enhance CO5 conversion into the final product. This
improvement, in turn, minimizes production extraction costs and re-
duces energy losses in electrocatalysis.

2.3.2. Current density

CD, which is the total current (I, amps) per unit area (A) of the
cathode (active electrode area, m? or typically cm?) at a given potential,
is an essential parameter for production output. Since the electrons
exchanged in a chemical reaction are related to the reaction’s scale, this
parameter indicates the reaction rate of a specific product under certain
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conditions (i.e., the number of moles of reactant reduced). The CD is a
vital input for estimating the electrolyzer size and the cost-effectiveness
of the CO9R process, as it represents the overall reaction rate [37].
Additionally, several other factors can influence the CD, including
catalyst type, catalyst loading, and the rates at which reactants and
products are transported to and from the electrode.

In an electrochemical system, a higher CD corresponds to a higher
reactant reduction rate, while a higher partial CD indicates a higher
product generation rate. A high CD is desirable because it reduces the
overall size of the electrolyzer and decreases the capital expenditure
required to achieve the target production rate.

1

CD = n (2)

The partial CD of a particular product is evaluated as follows.

jprodu(/ = FEprodu(/ x CD (3)

2.3.3. Onset potential and overpotential

The onset potential refers to the lowest negative potential at which
the reaction product or Faradaic current is detected. Essentially, the
voltage applied to the electrocatalyst relative to the reference electrode
determines the conditions under which the desired product is produced
in detectable amounts.

The difference between the standard potential and the potential at
which the redox event occurs is called the overpotential () of the
electrochemical reaction. Essentially, it is the additional potential
required by the system, compared to that predicted using thermody-
namics, to induce the redox reaction. Note that the overpotential should
generally be low. The overpotential is often divided into two parts: the
activation polarization (N,qeion)> Which is required to overcome the
activation energy barrier for the reaction to proceed on the catalytic
electrode surface, and the constraint on the mass transport of dissolved
CO, (ndiﬂmon) [38,39]. Note that the ohmic drop (iR;) across the elec-
trolyte and ion exchange membrane is a potential loss governed by the
system’s ionic conductivity in the presence of current and should not be
considered an overpotential.

2.3.4. Energy efficiency (EE)

EE is an indicator of the applied energy that is converted into
chemically stored energy and serves as a measure of the net energy
consumption for a target product. For any target product, the FE and
overpotential can be combined with other losses, which can be defined
as the ratio of the amount of energy used to produce the target product
across the cell to the net energy supplied to the system.

0
E” x FEproducI

EE,roduce = -
Produt TR0 1 4 iR,

4

where E° is the thermodynamic reaction voltage (EC ;4. — Eoa.) OF the
equilibrium cell potential for the desired product; 5 represents the sum
of the overpotentials; and iR; is the ohmic loss across the cell. EE is one of
the most important metrics, and it provides operational cost analysis.

Higher FE and voltage are key requirements to achieve good EE.

2.3.5. Reactor stability

System stability is crucial for industrialization and is influenced by
workload characteristics and operating conditions. The stability and
lifetime of the electrochemical cell in eCOR, including catalyst, elec-
trode, electrolyte, ion exchange membrane, and the cell itself, is an
underexplored aspect. Performance can be altered by contaminants in
the electrolyte. Chronopotentiometry helps assess stability by moni-
toring the potential difference. A reliable system maintains a steady
potential for hours and stable product selectivity for efficient reactions
[40]. Enhancing catalytic process stability minimizes maintenance and
expenses, which are crucial for scaling up the reactor.
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2.3.6. Tafel plot

A Tafel plot links the rate of an electrochemical reaction and the
overpotential used to produce that rate. The overpotential is typically
plotted against the logarithm of the CD in the Tafel plot, which is useful
for measuring the catalyst activity and investigating the reaction
mechanism. The lower the Tafel slope, the better the charge transfer and
electrocatalyst performance. A sharp change in the slope indicates a
change in the reaction process because of the reaction environment,
such as reactant concentration, electrolyte concentration, and surface
morphology of the catalyst. The Tafel relation is given by [41,42].

— a4 blog(i) = —2.303 5T log(iy) + 2.303 5L log(i ©)
n=a+blog(i) = —2. o 108lio +2. oF og(i)

where, 7 is the overpotential, i is the current density, a and b are the
empirical Tafel constants. The charge transfer coefficient q, is reversely
proportional to b, which is the slope of the Tafel plot. R represents the
universal gas constant, F is the Faraday’s constant, T denotes the abso-
lute temperature. The exchange current density, or the current density at
equilibrium, is represented by i, measured from the intercept of the plot,
indicates the reaction kinetics and catalytic properties [42]. Since
different products are formed in these various reactions processes, the
exchange current and Tafel slopes for these products obtained from the
CO9R must be accurately differentiated. Thus, instead of using the total
CD, which necessitates precise product measurement at lower concen-
trations, employing the partial CD is the conventional approach for
plotting the Tafel slope of a specific CO2R product. In contrast, if the
overall CD is used to calculate the Tafel slope, the obtained values will
include contributions from the CO, reduction (CO5R) reaction and the
hydrogen evolution reaction (HER). Ultimately, the Tafel slope is an
essential metric derived from electrochemical measurements. It is
valuable for investigating the reaction process and enables faster
research advancement and enhanced reaction control in the industrial
field.

3. Electrolyzer configuration: cell design and architectures for
eCO2R

The overall catalytic activity and selectivity in CO2R are greatly
influenced by electrolyzer system design, which can be divided into two
categories: aqueous-fed (liquid-phase reactors) and gas-fed reactors.
Liquid-phase electrolyzer feed COx to the catalyst as CO5 dissolved in the
electrolyte. Early CO2R catalyst studies used aqueous-fed reactors,
which experience mass transfer limitations due to COy’s low solubility
(34 mM) [43]. Gas-fed electrolyzers overcome this problem by intro-
ducing gaseous CO5 using gas diffusion electrodes (GDEs). An ideal CO,
electrolyzer must have a high CD (fast CO2-to-product conversion) and
high FE (selectivity for a certain CO5 derivative) for a specific CO, de-
rivative to be commercially feasible.

A well-designed CO electrochemical conversion process is as crucial
as an efficient electrocatalyst for the system’s performance. While much
research has focused on improving catalytic performance, fewer studies
have investigated eCO2R reactor design and engineering [44-47].
However, recent studies have investigated electrolyzers [48,49], which
are essential for commercial-scale applications. Key variables in
designing an electrochemical reactor include the catalyst surface type,
transporting reactants and products, and selecting the electrolyte.
Various CO; electrolyzer geometries (H-type, flow, and microfluidic
reactors) have been developed, along with key components (gas diffu-
sion electrode and membrane electrode assembly). The electrochemical
cell’s reaction depends on the applied external voltage and open-circuit
potential.

3.1. Liquid-phase electrolyzer

Several research groups have employed liquid-phase reactors to
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study CO2R in aqueous solutions, with significant work done since Hori
et al.’s pioneering studies in the 1980 s [50-53]. These studies have
explored the effects of catalyst structure, composition, surface tailoring,
electrolyte concentration, pH, ion and mass transport, temperature, and
pressure on CO5R activity and selectivity. Flow cells can address some
diffusion limitations in batch liquid-phase electrolyzers, but low CO4
solubility in aqueous electrolytes still hinders mass transfer and con-
version rates [54]. Higher pressures and lower temperatures [55] can
increase dissolved CO;, but do not always result in higher CDs and are
not commercially viable. In a diffusion-limited regime, only the outer-
most part of the catalyst interacts with CO», using only a few microns of
electrode porosity depths.

Techno-economic studies show that significant improvements in
electrochemical performance are needed for cost-competitive liquid-
phase eCOsR technologies, including high current density
(>200 mA cm'z), good selectivity, low overpotential (1 V), and pro-
longed operation (>8000 h or one year) [56]. However, aqueous-fed
electrolyzers struggle to meet these requirements due to mass trans-
port limitations, resulting in CDs around 35 mA cm™2 (for two-electron
reduction processes) [57]. Low CO; solubility in the aqueous phase
constrains catalytic CD and product selectivity, making this cell archi-
tecture commercially unviable. Limited solubility and diffusivity of CO»
in electrolyte, as well as the limited mass transport of OH™ near the
electrode, further limit conversion rates and energy efficiency, reducing
CO9R productivity [58].

Although liquid-phase reactors have limitations in practical appli-
cations, they remain relevant for understanding factors affecting cata-
lytic activity. Their design enables simple product separation and
various catalyst electrode configurations, making them useful for eval-
uating CO2R catalysts and advancing COsR research. Adjusting the
design parameters or settings of a liquid-phase electrolyzer could
potentially increase CO2 conversion yield.

3.2. Gas/vapor-fed electrolyzers

Recently, gas-phase cell systems have demonstrated better perfor-
mance than liquid-phase reactors. Gas-fed electrolyzers have no mass
transfer limitations and can achieve CDs greater than 200 mA/cm™
[59]. The close interface proximity creates a significant COy concen-
tration gradient at the COy/electrolyte boundary, enabling rapid CO»
transfer to the catalyst (short diffusion path of approximately 50 nm)
and achieving a high electrochemically active surface area. Addition-
ally, gaseous products quickly diffuse towards the gas flow chamber
before nucleation occurs on the catalyst surface, preventing active sites
disturbance. Gaseous CO2R products are obtained on the gas side of the
GDE, while liquid products remain in the electrolyte solution. This re-
sults in higher geometric CDs and lower overpotential compared to
liquid-fed electrolyzers [60]. Two major configurations for gas-phase
electrolyzers are flow-by and flow-through (Fig. 6). In flow-by mode,
CO, gas reaches the GDE but does not fully cross it, while in
flow-through mode, CO; gas enters, passes the GDE, and exits as bubbles
in the catholyte.

In gas-phase CO2R, two representative techniques with distinct
reactor configurations. Microfluidic and MEA types are compared for
continuous CO; reactant supply. Efficiency can be further improved
with ionic liquids and bipolar membranes [62-66]. However, most
gas-fed electrolyzers lack durability and degrade after several hours of
operation [67]. Commercial applications require stability for up to 30,
000 h and selectivity at CDs greater than 250 mA/cm 2 [40,68,69].
Although current performance shows high feasibility, more
well-established technologies still need to be developed.

3.3. H-type cell: batch/semi-batch cell

The H-type cell, a liquid-phase electrolyzer, is widely used in
fundamental eCO4R research. In general, eCO2R is performed in a three-
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compartment batch cell, i.e., an H-cell electrolyzer or H-cell reactor, as
shown in Fig. 7(a) [70]. This cell type is cost-effective for screening
various catalysts and quickly measuring catalytic activity. Cyclic vol-
tammetry (CV) is a popular technique due to its ease of use and adapt-
ability to different electrode materials and configurations. In an H-type
cell, the working electrode (WE) and reference electrode (RE) are in the
cathodic chamber, while the counter electrode (CE) is in the anodic
chamber, with electrolyte pre-filled in both. A polymer-based porous
diaphragm/membrane separates the two reaction chambers for ion ex-
change and prevents product re-oxidation and re-reduction. In lab-scale
CO4, electrolyzers (H-type cell reactors), the anode typically consists of
graphite/platinum and the cathode is made of a simple carbon substrate
(carbon paper/glassy carbon electrode). Catalysts can be applied to the
cathode in various ways, such as drop-casting, electrodeposition, or
spray-coating, as reduction occurs in this region. The anode in an H-type
cell oxidizes water during OER, producing protons (H") and electrons
(e’), which balance the charge and complete the electrical circuit. The
cathode converts CO; into value-added chemicals, such as C;, Co, or
others, while a reference electrode measures potential. The electrolyte
conducts ions and dissolves and transports CO; to the cathode’s active
area. A voltage source supplies the potential needed for electron transfer
from the anode to the cathode. Gaseous CO3 is purged into the cathode
compartment from the top of the H-cell, dissolves in the liquid catholyte,
and is transported to the electrolyte-cathode interface, where CO2R
occurs. Fig. 7(b) shows a modified polycarbonate electrochemical cell
with a Teflon-coated silicon O-ring for CO5 electrolysis experiments. The
primary CO2R steps are (1) COz mass transfer from gas to bulk elec-
trolyte, (2) dissolved CO, transport to the cathode/electrolyte interface,
(3) CO4 adsorption at the cathode, (4) decomposition of adsorbed CO2
into intermediates, like *COOH, *CO, *CHO, and *COH, (5) electron
transfer from the cathode catalyst to intermediates, (6) product
desorption from the electrode, and (7) product movement from the
cathode/electrolyte interface to the bulk gas or liquid phase.

Though H-cells are cost-effective and successful in lab-scale studies,
they are unsuitable for large-scale or commercial use due to CO2 mass
transfer limitation caused by the thick diffusion layer (> 50 um) and low

CO; solubility in aqueous electrolytes, leading to low CDs (<
100 mA cm™2) [59,71,72]. Consequently, practical applications should
employ better configurations for higher CDs and EEs.

A pressurized H-cell variant has been developed, as shown in Fig. 7
(c), to evaluate CO, pressure’s impact on product selectivity [74]. The
CO2R reaction took place in stainless steel autoclave, with the counter
electrode in a cylindrical tube separated from the working electrode by a
proton exchange membrane. This setup effectively demonstrated that
high CO; pressures promoted CoH4 production over oxide-derived cop-
per electrodes [27].

H-type cells are frequently used with lab-scale electrocatalyst
screening for CO» reduction to various products because they facilitate
the easy evaluation of catalyst effectiveness in solution-based systems.
However, the system resistance increases during electrolysis, causing
the cell voltage, which includes potentials for both anodic and cathodic
processes, to rise up to the potentiostat’s maximum. As a result, the
solution may need changing during long-term stability tests. Further-
more, CO2’s low solubility in aqueous solutions and the system’s low CD
limit the maximum achievable CO5R rate. Researchers suggest using H-
type cells to assess different catalysts’ performance, but efficient cells
with reduced resistance and higher mass transfer efficiency are crucial
for commercial applications.

3.4. Continuous flow cell

Continuous flow reactors provide advantages such as enhanced mass
transfer and phase mixing, better temperature and heat transfer control,
and more precise reaction mixture residence time [75]. Addressing mass
transport issues requires a continuous flow system for eCO3R, allowing
reactants and products to be continuously recycled, increasing the CO»
conversion rate to desired levels. The thermodynamics and kinetics of
CO2R in flow reactors differ substantially from those in H-cell batch
reactors. Improved performance results from factors like high CO2
concentration at the electrode surface interface, suitable gas diffusion
layer substrate, small transmission channel, polymer electrolyte mem-
brane in direct contact with the catalyst surface, and appropriate
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electrocatalyst substrate.

To optimize CO2R, a system-level approach has been used to modify
flow reactor components. Electrolyzer design significantly influences
catalytic activity and mechanism. Two key architectures are used: CO5
electrolytic membrane-based flow reactors and microfluidic reactors.
Electrocatalytic performance depends on the electrocatalyst properties
and the selection and modification of specific components in micro-
fluidic and/or membrane-based reactors. In both reactor designs,
gaseous COs, is supplied to the cathode without being dissolved in the
liquid electrolyte.

Fig. 8 (a) presents the typical architecture of a continuous flow cell,
serving as the basis for all other configurations. An ion-exchange
membrane separates the anolyte and catholyte flow channels. The
cathode electrocatalyst is immobilized on the gas diffusion layer (GDL),
which is in contact with the flowing catholyte on one side and directly
supplies CO4 gas on the other side [76]. Most components, such as GDLs
and catalysts, are available and ready for scale-up, but no commercial
equipment exists on an industrial scale. Pressure sensitivity is a signifi-
cant challenge limiting the scalability of electrochemical flow cells [77].
The number of electrodes in a flow cell depends on the cell type and
setup, as it determines the available surface area for electrochemical
reactions. More electrodes in the flow cell lead to lower cell voltage,

improving energy efficiency. Additionally, it reduces the pressure drop
across the cell and ensures a more stable flow.

Some systems use only a working electrode and a counter electrode,
allowing current control but not potential control. However, changes in
working electrode surface properties, like copper oxide in an electro-
lyzer, can cause product distribution shifts over time [49]. In many
cases, a reference electrode is incorporated into the cell near to the
working electrode’s surface in the electrolyzer setup to enable potential
control. A four-electrode setup with two reference electrodes is feasible
if the water oxidation stage is complex and both half-cells require
monitoring.

Fig. 8(b)-(d) present classifications for various reactor architectures,
including proposed CO; electrolyzer types based on feedstock re-
quirements. The costs of an electrolyzer that removes CO5 from a cap-
ture solution differ significantly from those requiring a pure gas-phase
feedstock. Thus, comparing systems based on feedstock requirements is
beneficial. The cathode GDE architecture and function in these elec-
trolyzers, where reactants are introduced to the catalytic metals, are
critical for their operation.

3.4.1. Technical benefits and critical parameters of flow cell systems
Transitioning from a batch-type study to a continuous flow cell
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requires precise identification of reactor architecture and design. This
includes electrolyte type (liquid or gas), reactor material compatibility
with the reaction mixture, temperature, flowrate, and reference elec-
trode use. H-cells are commonly used for electrocatalyst screening,
mainly to investigate reaction mechanisms, surface sites, material
structures, and local pH environment effects. CO2R kinetic and ther-
modynamic properties in flow reactors differ significantly from con-
ventional H- cells due to factors like carbon accumulation on the
electrode surface, direct interaction between the catalyst surface and
polymer membrane, and the electrocatalyst substrate’s accessible scope.
Flow reactors offer higher eCO2R efficiencies, high CDs, and compact
structures, making them suitable for large-scale commercial applica-
tions [79,80].

Flow cells address H-cell mass transfer limitations by continuously
circulating reactants and products across the electrodes, enabling higher
CO4 concentrations at the electrocatalyst surface. Gas-phase eCO2R in
flow cella alleviates limited CO; solubility in aqueous electrolyte solu-
tions and complexities in recycling liquid-state products. A continuous
flow electrolyzer setup overcomes issues associated with other setups,
including (i) reference electrode placement, (ii) low CO; concentration
at the electrode limiting current flow, iii) product crossover-diffusion
into the anode, and (iv) H" crossover making the catholyte acidic.
Flow reactors also offer more reagent delivery flexibility, including the
option to supply gaseous COs to the cathode. By minimizing H-cell mass
transport issues, this configuration enables much larger CDs (J).

For large-scale implementation, systems require high catalytic ac-
tivity, high production rates, low overpotential, and high CO5 conver-
sion efficiency, which are challenging to achieve using conventional H-
cell reactors (partial CD of 250 — 300 mA cm2and ~ 70% FE for a single
product). Although CO5R flow electrolyzers are still under industrial
development, recent advancements in membrane electrode assembly
(MEA) electrolyzers show great potential for future commercialization.
Understanding flow reactor types and optimizing their components is
critical for selecting a flow cell type and providing key performance
indicators for CD, selectivity, and energy conversion efficiency. This
leads to the commercialization of advanced flow electrolyzers for
eCO2R. Both membrane-based flow cells and microfluidic reactors,
which use distinct dynamic processes to transport gaseous COs to

electrocatalytic sites, have achieved large CDs (J > 200 mA em™) for
CO2R.

Endrodi et al. reported the first multi-layered CO3 electrolyzer stack
for scaling up an electrolysis processes [53], effectively converting CO4
into high-pressure gaseous products (Fig. 9). They employed a zero-gap
electrolyzer cell that converts gaseous CO5 into products without using
liquid catholyte. The study illustrated two potential arrangements of the
electrolyzer stack with multiple cells: parallel-connected electrolyzer
layers with a gas supply, and layers connected in series, resulting in
significantly higher conversion rates than a single-cell electrolyzer.
These outcomes can advance this developing technology and bring it
closer to commercialization. CO production with a partial CD of
> 250 mA cm™2 was achieved by pressurizing the CO, inlet (up to
10 bar); this increased to 300 mA cm 2 with a 95% FE. The electrolyzer
operates by distributing CO5 gas uniformly between layers, equivalent to
the sum of many single layer electrolyzer cells. CO, conversion effi-
ciency increases when CO; gas passes through layers continuously.
These electrolyzers exhibit a high partial CD, low cell voltage (3.0 V),
good conversion efficiency of up to 40%, and high CO production
selectivity.

A direct comparison between a batch (H-cell) and a flow cell was
recently reported by Ahangari et al. [82], who analyzed the electro-
catalytic reduction of CO2 to CO at a gold cathode. They found that
managing hydrodynamics at the electrolyte-electrode interface during
eCOqR is essential, and the electrolysis cell design significantly affects
gold cathode performance. In their study, the flow cell had a higher local
pH than the cathode immersed in a conventional batch cell, due to
limited KHCOg transport through the porous cathode support. Using a
gold cathode in a flow cell designed to restrict electrolyte species
transport, the impact of KHCO3 concentration on FE for CO generation
was negligible. The batch cell’s FE for CO production decreased from
75% to 35% as the KHCOs3 concentration increased from 0.05 to
0.5 mol L', while the flow cell’s FE remained at 80-90%, independent
of KHCO3 concentration (Fig. 10). CDs (~ 4 and ~ 10 mA cm2atl.3V
vs. Ag/AgCl) were also independent of KHCO3; concentration in both
cells. They concluded that the cell or electrode design, rather than the
electrocatalytic material, may influence product selectivity.

Membrane-based flow cells, with their efficient mass transfer,
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compact structures, and high CDs (> 100 mA cm2), are ideal candidates
for large-scale commercial implementations, having evolved from fuel
cells and water electrolyzers. However, challenges remain for large-scale
production, necessitating further studies on various factors, such as
reactant phase, polymer membrane, electrode substrate, catalyst, and
high overpotential reduction.

3.5. Microfluidic reactor (MFR)

Cook et al. first proposed a microfluidic reactor (MFR) consisting of
an aqueous electrolyte, a gas diffusion zone, and Cu catalyst [83].
Membraneless electrolyzers with a GDL have been developed to reduce
cell potential, overcome mass transport limitations, and commercialize
CO9R. A typical MFR, shown in Fig. 11(a) and (b), operates without a
membrane between the anode and cathode, relying instead on gaseous
product diffusion to separate reduction and oxidation reaction products.
MFRs minimize iR loss due to membrane deterioration during electrol-
ysis. However, to ensure stability, the electrolyte must be prevented
from penetrating the GDE’s porous layer. Like fuel cells, MFRs for CO2R
operate in a continuous flow process to achieve high reaction rates [84].
Kenis et al. developed a microfluidic cell-based configuration for eCO2R
to produce formic acid [85]. The design featured an ultra-thin flowing
electrolyte channel (< 1 mm thick) separating the anode and cathode,
with CO3 reduction and oxygen evolution catalysts coated on two GDEs
[86]. A gaseous CO; stream was introduced on the cathode side,
diffusing through the porous cathodic GDL, making direct contact with
the GDE, while oxygen was released from the anode side. The electrolyte
stream transported the products from the cathode and excess protons
from the anode. CO5R occurred when CO, interacted with the cata-
lyst/electrolyte interface, producing catalytic products. To monitor in-
dividual electrode potentials independently, an Ag/AgCl reference
electrode is typically placed in the electrolyte flow stream or effluent.

An MFR can continuously produce organic fuels, such as formic acid,
while consuming CO,. Understanding the reactor’s microscopic

processes and their impact on performance is crucial. Wang et al. [86]
developed one of the first numerical models to analyze mass transport
and electrochemical properties on the cathode side of the MFR for CO5
reduction and fuel production using available experimental data. The
model considers microfluidic flow, species transfer, charge transfer, and
multiple competing electrode interactions. The main issues limiting
electrode performance and efficiency were found to be (i) limited CO5
diffusivity in the porous GDE, (ii) competitive HER at the cathode, and
(iii) hydrogen dilution effects. Further investigation into parameters
such as HER kinetics and CO; feed rate can lead to new strategies for
optimizing reactor performance.

The results of investigations by Jhong, Dufek, and Delacourt at room
temperature and ambient pressure are plotted in Fig. 11(c) for unbiased
comparison based on the same kinetics [34,87,88]. Dufek et al. [89]
reported better reactor performance at high temperatures and/or pres-
sure. A key finding was that MFRs could achieve the same CDs and EEs at
significantly lower cell potentials than conventional electrolyzers. This
improvement is attributed to the superior catalyst layer structure of flow
cell-based electrolyzers, showing that the electrolyzer design, which
significantly affects mass transport, does not limit CO2 electrolyzer
performance.

Jhong et al. [90] conducted a comparative study of MFRs and elec-
trolyzers using flowing liquid electrolyte to separate electrodes and an
external reference electrode to analyze each electrode’s performance.
When evaluating CO production performance for different systems
(Fig. 11(d)), they found similarities.

Using tailored catalyst layers in reactors, as reported by Delacourt
et al. and Dufek et al., is expected to result in much better performance.
Increased CD in pressurized electrolyzers (e.g., 20 atm) has been pre-
viously reported [91]. Further enhancement of reactor performance and
efficiency in CO5 reduction can be achieved by modifying operating
conditions, such as using electrolyzers operating at elevated pressure
and temperature. For example, Furuya et al. demonstrated that a pres-
surized electrolyzer with GDEs coated with different metals (Pt, Ag, Cu,

10
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Ni, Co, Pd) can achieve a total CD in the range of 300-900 mA cm™? at
20 atm [92].

The compact size and high surface area-to-volume ratio of micro-
fluidic electrolyzer allow faster CO, mass transfer to the cathode surface
and high CD for CO;R [85]. However, MFRs are prone to product
crossover, where cathodic products diffuse to the anode and are
re-oxidized, and oxygen diffuses to the cathode and is reduced, lowering
overall energy efficiency and productivity. Unlike membrane-based flow
cells, the intersection of reactants and products in this microfluidic flow
design can be controlled under laminar flow conditions due to slow
product diffusion. This enables MFRs with a flowing stream to reduce
water management issues, such as electrode overflow, without needing
expensive membranes [85]. Additionally, the electrolyte composition
and pH can be easily adjusted. Effectively controlling MFR operating
conditions increases the CD of CO5R and links it to various factors, such
as electrode layer deposition type, diffusion layer composition, and
electrolyte pH [34,84,85,93,94]. The MFR design overcomes challenges
caused by water molecules permeability resistance and proton transport
through the membrane, such as anode drying and cathode flooding, at
high CDs.

3.6. Gas diffusion electrode (GDE)

GDEs can achieve higher CDs than conventional electrodes due to the
strong CO, mass transfer and shortened diffusion lengths within the
catalyst layer [95]. In early work by Cook et al. in 1990 [83], high CO,
reduction rates and FEs of 71.3% were observed for gaseous CO»
reduction reaction to form gaseous hydrocarbons at CDs of > 0.5 A/cm?
using electrolytic GDEs. GDEs already show impressive performance in
electrochemical energy conversion devices like fuel cells [96]. Since
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only physically dissolved CO5 is electrochemically active, the CD is
limited to saturated electrolyte electrolysis under mild conditions
(p < 10 bar) due to reduced solubility [97]. Several studies report high
eCO9R rates using metal electrodes under extreme operating pressure
conditions [98,99].

However, the mass transport constraint of physically dissolved CO,
from the bulk to the interfacial boundary can be circumvented using
GDEs, making them the most promising route for high CDs [87,100].
GDEs are porous electrodes, with catalyst layers in contact with the
electrolyte. Using GDEs allows for a relatively thin diffusion layer
(approximately 50 nm) to overcome CO; mass transport difficulties,
enhancing possible CD. In theory, GDEs can accommodate various cat-
alysts, including metal-free, molecular, and enzyme-based catalysts [60,
101,102].

A standard GDE consists of three components: a catalytic layer (CL),
gas diffusion layer (GDL), and gas flow field, as shown in Fig. 12. The
GDL has a porous structure sandwiched between the gas flow channel
and the catalyst layer. It provides physical support to the catalyst and
allows gas transport toward the CL. The GDL can be treated with hy-
drophobic additives, such as polytetrafluoroethylene (PTFE), poly-
vinylidene fluoride (PVDF), and fluorinated ethylene propylene (FEP) to
prevent electrolyte clogging and facilitate gas delivery to the CL [61].
The dual-layer GDL, combining a microporous substrate (MPS) with a
microporous layer (MPL), is widely used to prevent GDE electrolyte
overflow, particularly in CO, electrolyzers. The gas flow field serves as a
gas diffuser and current collector, interfacing directly with macroporous
layer. The MPS is covered with a microporous layer containing carbon
and hydrophobic agents to control catholyte overflow.

The appropriate catalyst selection (particularly the correct GDE) and
the process conditions optimization enable the electrochemical
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conversion of CO; into value-added products. Jhong et al. [90] showed
that using a GDE with an improved catalyst layer deposition procedure
significantly enhances electrode performance for CO2R. GDEs can host
various catalysts, such as metal, metal-free, and molecular catalysts, as
well as enzymes and microorganisms [60,101,102]. In eCO2R, GDEs can
be widely applied using conductive composite-coated porous frame-
works, forming a stable and extended three-phase boundary at the
gas-liquid-solid interface, reduce the gas diffusion pathway, and
improving mass transfer [91,104].

3.7. Membrane electrode assembly (MEA) electrolyzers

A MEA is a gas-phase electrolyzer consisting of an ion exchange
membrane attached to a catalyst-deposited cathode. Unlike other elec-
trolyzers, it does not require a liquid electrolyte, making it crucial for
improved GDE operation. The key feature of the MEA design is direct
contact between the cathode, anode, and PEM, facilitating ionic charge
transfer and allowing stable and continuous charge transfer in the cir-
cuit. The cathode CO; feed must be humidified, or an aqueous anolyte
must be present to provide water to the cathode catalyst and enable CO5
reduction. Addressing membrane degradation and controlling the
delivered CO; phase in the MEA system are significant challenges for
increasing CO2R activity [49]. The MEA system, shown in Fig. 13, ad-
dresses issues of conventional membrane-based flow reactors by having
the cathodic GDE and PEM’s catalyst are in direct contact with zero-gap
distance. Using a GDE improves the CO2R rate and CD due to higher
local CO; concentrations and reduced mass transport resistance. In the
MEA system, cell voltage or current regulation is used instead of working
electrode potential, as a reference electrode is not employed. Diffusion
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through the membrane into the catholyte is minimized, allowing
gaseous and liquid products to exit the cathode flow plate, and pro-
ducing a highly concentrated liquid phase product. The catalytic activity
and selectivity of eCOsR are significantly enhanced upto the level
required for commercialization through the use of a flow-cell reactor
and MEA (Fig. 13(a) and (b)),

3.8. Liquid-to-gas phase electrolyzers and performance parameters for
CO2R

According to the gross-margin model by Verma et al., achieving a
high CD of at least 200 mA cm™2 and long-term durability are essential
for the economic viability of CO2R technology [40]. In the aqueous
phase, water tends to adsorb on the catalyst surface, leading to less CO»
enrichment. To address this issue, gas-phase CO2R can be employed, as it
can mitigate CO,’s low solubility in water under conventional condi-
tions [105]. Generally, gas-phase cell systems show higher CDs for target
chemical products than liquid-phase reactors due to the absence of
reactant mass transfer limitations [80, 106-111]. Fig. 14(a) and (b)
depict the CO2 reduction schematic in liquid and gas-phase reactors,
respectively. Fig. 14(c) shows the common trend in the reported CDs for
CO2R (jco2 Reduction), indicating that gas-phase reactors can achieve a
larger CD of approximately 100 mA cm™2, while liquid-phase reactors
typically report a jco2 Reduction Value of < 100 mA cm 2. GDEs can
enhance mass transfer and maintain high gas concentrations near the
catalyst, resulting in high CDs.

Fig. 14(d) illustrates the FEs and their respective partial CDs ob-
tained using aqueous-fed (empty symbols) and gas-fed (full symbols)
electrolyzers for various catalytic systems that reduce CO into carbon
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(a) (Adapted from [61] Open access, MDPI). (b) (Adapted with permission from [78], Copyright (2018) Elsevier). (c) (Adapted with permission from [103] Copyright

(2019) Elsevier).

monoxide, ethylene, ethanol, or formate. The data show that gas-fed
electrolyzers consistently outperform liquid-fed electrolyzers. Despite
variations in cell and catalyst designs, this comparison highlights the
advantage of using a gas-fed electrolyzer to increase CD while main-
taining similar product selectivity. Notably, GDEs have been shown to
achieve high CO; reduction rates in the literature [83,112]. Recently, Cu
oxide/ZnO-based GDEs used in a gas-phase PEM flow cell achieved an
ethylene formation rate of 487.9 mol m?s! and an FE of 91.1%, greatly
surpassing previous records for ethylene formation using Cu-based
electrocatalysts. These results demonstrate the effectiveness of
combining a gaseous reactant with a GDE to attain high reaction rates
and efficiencies [113]. By utilizing a gas-phase electrolysis method in
tandem with CO4 surface enrichment, a highly efficient and selective
CO-2R can be achieved.

Gas-phase electrolyzers have several advantages over liquid-phase
electrolyzers in the absence of a flowing catholyte, such as higher

13

partial CDs, improved stabilities, and better control over liquid product
concentration for formate synthesis [114]. They are also more selec-
tivity in generating CO [62] and can even produce alcohols [115] and
other multi-carbon compounds [116,117] using membrane-coated
electrodes or MEAs at low CDs.

However, using gaseous CO3 to increase CD (J) has been challenging
due to difficulties in monitoring and controlling electroless electro-
chemical reactions at a solid-gas interface in dynamic flow cell systems
[106,118]. Lietal. [63] compared a PEM flow cell fed with a humidified
gaseous CO; cathode stream to a liquid electrolyte to demonstrate the
benefits of using gaseous CO; in a flow reactor. In their study, they
introduced humidified CO5 gas to the cathode upon contact with porous
carbon paper in the gas-phase cell and utilized 0.5 M NaHCOj3 saturated
with CO; as an electrolyte for liquid-phase cell. CV study was performed
using a nickel-foam anode, silver nanoparticles on a carbon-cloth cath-
ode, and an anode electrolyte comprising 1 M NaOH. As shown in
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Fig. 14(e), the shape of the J-V curve at high driving voltages kinetically
limited the current in both cases, with the free energy loss associated
with acid-base neutralization at the BPM/catholyte interface. At a scan
rate of 100 mV/s, the resulting CVs produced J values between -1.5 and
—3.0 V higher for the gas-fed flow cell (using 100 sccm humidified
gaseous CO3) than for the liquid-fed flow cell (using 1.0 M CO»-satu-
rated NaHCOs3).

These results have inspired the development of a gas-phase CO»-to-
CO flow cell utilizing a silver catalyst supported by a GDL, bipolar
membrane, and a solid-supported aqueous layer, which can achieve a J
value of > 200 mA cm™2 (with an FE of approximately 50%) and pro-
longed stability (> 24 h) at 100 mA em2 (with a stable FE of 65% for
CO). Recent research on GDE CO2R have shown promising signs for the
scale-up and commercialization of CO; electrolysis. However, most gas-
fed electrolyzers have a limited lifespan, resulting in performance
degradation after a relatively short operating time [67].

Optimizing the design parameters and architecture of gas-phase re-
actors is crucial to efficiently produce desired target products, such as
formate, carbon monoxide, and hydrocarbons, which have been previ-
ously generated using various catalysts in liquid-phase reactors.
Although gas-phase reactor systems have demonstrated the potential to
produce target products at high CDs, several challenges remain before
they can be effectively utilized for industrial applications. Addressing
issues related to reactor architecture and electrocatalysts, which deter-
mine overpotential and final product selectivity, is critical for the suc-
cessful implementation of gas-phase reactors in practical applications.

4. Choice of separator membrane and design

The performance of a gas-phase CO3 electrolyzer largely depends on
the quality of its PEM membrane [106,120,121]. PEMs function as ion
exchange membranes, enabling ion exchange while preventing product
crossover during electrolysis. These membranes can be classified as
cation exchange membrane (CEM) (e.g., Nafion), anion exchange
membrane (AEM) (e.g., Sustainion), or bipolar membrane (BPM) [122,
123]. The chosen membrane type affects ion transport channels kinetics
and optimal electrolyte conditions for efficient eCO2R. A CEM transports
protons from the anolyte to cathode catalytic sites, while an AEM
transports hydroxide (OH") (generated during water electrolysis) and
anions (CO3%") from the cathode to the anode. A BPM combines two
distinct membrane types, supplying OH and H' to the anode and
cathode, respectively. Despite maintaining a constant pH on both sides
of the cell, BPM reduces the EE of the entire reactor due to its significant
membrane potential [106].

Enhancing CO; electrolyzer’s efficiency can be achieved by
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modifying the membrane. In 2016, Kutz et al. reported the fabrication
and testing of novel anion-conductive membranes (Sustainion) for CO4
electrolysis [106]. The membrane’s effectiveness as a co-catalyst is
attributed to the imidazolium cationic functional groups, rather than
adding amine groups or doping with strong acids or bases. Incorporating
an imidazolium group to the styrene side chain [polystyrene methyl
methylimidazolium chloride (PSMIM)], as shown in Fig. 15 (a),
increased reaction selectivity from approximately 25% to over 95%. At
3V, the current increased 14-fold. By adjusting these parameters, stable
cells with CDs exceeding 100 mA cm ™2 and CO product selectivity above
98% at a cell potential of 3 V can be achieved. Moreover, stable per-
formance was observed over 6 months of continuous operation. This
membrane significantly outperformed commercially available mem-
branes in terms of CD and product selectivity standards, as shown in
Fig. 15(b) and (c). These results suggest that imidazolium-based poly-
mers are excellent candidates for CO; electrolysis membranes. However,
fabricating durable membranes for CO5 electrolyzers requires a careful
balance between mechanical and catalytic properties, achievable by
adjusting polymer components and cross-linking agent properties. These
membranes enable CO; electrolyzer operation with an MEA design using
widely available fuel cell hardware in the market.

5. Electrolyte selection

Selecting an appropriate electrolyte is crucial in electrochemistry, as
its primary function is to conduct ionic charges between electrodes. An
electrolyte typically comprises three components: electroactive species,
solvent (e.g., water), and inert electrolyte or salt. For CO2R processes, an
inert electrolyte with high ion conductivity and easy dissociation into
cations and anions is preferred [124]. Ideal electrolytes for efficient
eCO2R should have a stable pH, high electrochemical stability, moderate
to high CO- solubility, lower viscosity, good ionic conductivity, and
good chemical compatibility with electrode materials. These properties
promote efficient CO, mass transfer from the bulk electrolyte solution to
the electrode surface, as well as ease of use, storage, and safety. Water, a
common solvent for CO2R electrolytes, meets these criteria and can act
as both a proton donor and acceptor, enabling diverse electroactive
species synthesis. The electrolyte’s role is crucial, as the interaction
between the electrocatalyst surface and electrolyte determines COsR
progression. Thus, choosing the right electrolyte is essential for selective
and efficient electrochemical CO; conversion into desired products
[121,125].

Inert electrolytes do not directly participate in redox reactions.
However, in COR, they serve as charge carriers and influence the re-
action through their interaction with ions and radicals generated during
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Fig. 15. (a) General structure of the PSMIM membrane. (b) Comparison of the total CO current density and (c) Faradaic efficiency of cells that run the CO,R with
some of the commercial membranes versus the Sustainion membrane [Measurement conditions: 23 °C and 3 V applied cell potential]

(Adapted with permission from [106] Copyright (2017) John Wiley and Sons).
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the reaction [126]. Contaminants in the electrolyte can affect the
cathode catalyst, necessitating high-purity inert electrolytes or
pre-electrolysis purification. Trace metal impurities electrodeposited on
the cathode during CO2R process may lead to a loss of selectivity due to
an increased HER rate [127]. Impurity effects on the electrolyte can be
mitigated using chelating agents such as ethylenediaminetetraacetic
acid (EDTA) or solid-supported iminodiacetate resin [128].

5.1. Aqueous electrolytes

One of the most widely used liquid electrolyte systems for real-world
applications is an aqueous salt solution, such as potassium bicarbonate
(KHCO3), despite its lower CO; solubility compared to other CO2 cap-
ture solvents like aqueous amine solutions [129,130]. Aqueous salt so-
lutions are easy to prepare, handle, and store in large quantities,
inexpensive, and have stable ionic conductivity. However,
liquid-electrolyte systems have inherent limitations, such as flooding
and high ohmic resistance. The electrocatalytic conversion efficiency of
CO4, can be affected by the pH and concentration of cations, anions, and
aqueous electrolytes [131,132]. Aqueous solutions can also function as
proton acceptors and donors, promoting the production of specific
electroactive compounds.

Typically, CO2R is conducted using a bicarbonate electrolyte due to
its near-neutral bulk pH (approximately 7) and buffering capability.
Compared to other conductive salts like sulfides, sulfates, and halides,
carbonates exhibit better chemical compatibility with most electrode
materials [133,134]. The most prevalent aqueous electrolytes are
0.1-0.5M NaHCOs or KHCOj3 solutions with a pH of ~7 after CO5
saturation [124,134]. Bicarbonate (HCO3) can reversibly bind a free
hydrogen ion, providing a buffer against pH fluctuations. However, CO2
solubility in a bicarbonate electrolyte is relatively low compared to
organic electrolytes, hindering CO, transport within the electrolyte and
catalyst. As CO2R and HER occur simultaneously in an aqueous elec-
trolyte, CO2R’s FE decreases. Understanding the experimental parame-
ters, such as pH, electrolyte species concentration, and mass transport,
which govern the competition between CO2R and HER, is essential for
enhancing CO,R FE and developing an ideal CO conversion system
[107].

Marcandalli et al. conducted a comprehensive quantitative analysis
[135] examining the impact of electrolyte composition on FE during the
CO2-to-CO conversion on a gold electrode under well-defined mass
transport conditions via rotating ring-disk electrode voltammetry. By
altering the electrolyte cation and bicarbonate concentrations at various
rotation rates, they assessed the influence of these parameters on FE.
Two distinct potential regimes were identified for electrolyte effects,
each affected by cation and bicarbonate concentrations differently. This
study provided in-depth insights into the role of electrolyte composition
and mass transport (CO) in determining optimal electrolyte conditions
for high FE. An illustration of various proton donors (PDs) used for HER
in a bicarbonate electrolyte and how FE (CO) varies with electrolyte
parameters is shown in the bell-shaped curve obtained for FE (CO)
plotted as a function of the applied potential in Fig. 16.

Another method to enhance COj solubility in an aqueous electrolyte
is increasing cell pressure. Dufek et al. designed a pressurized electro-
chemical cell for CO; electrolysis [89]. However, achieving high CD and
CO selectivity simultaneously in CO electrolysis requires further engi-
neering of cell components for robustness under high-pressure condi-
tions. Aqueous solutions tend to favor HCOO™ synthesis, while solvents
with low proton availability, such as N,N-dimethylformamide (DMF),
promote oxalate and CO production [136].

5.2. Non-aqueous electrolytes
Non-aqueous electrolytes are generally preferred over aqueous so-

lutions, as they address low CO; solubility and eliminate the need for
high-pressure conditions. For instance, N,N-dimethylformamide (DMF),
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bonate electrolyte and the Faradaic efficiency (CO) shift with the electrolyte
parameters

(Adapted from [135] Open access (2021) American Chemical Society).

Propylene Carbonate (PC), and CH3OH can dissolve up to 20, 8, and 5
times more CO, than equal amounts of aqueous solutions, respectively
[136,137]. A lower H' ion concentration in methanol solutions can
potentially reduce HER [138], making the selection of an appropriate
methanol-based electrolyte beneficial for CO5R. Saeki et al. investigated
CO conversion using various metal electrodes [139] finding formate
production in methanol more effective for most metals than in aqueous
systems. However, low proton concentration limits eCO2R selectivity in
many organic solvents, including methanol [140]. Ikeda et al. observed
a similar example in 0.1 M TEAP/H50 (tetraethylammonium perchlo-
rate, TEAP), where formate production significantly decreased during
CO4, proton reactions [141]. The influence of anionic species on eCO2R
in a methanol/aqueous electrolyte using a Cu electrode remains under
investigation. Kaneco et al. found that ethylene production was more
selective than methane in the order of bromide > iodide > chloride
> thiocyanate > acetate [142]. They achieved an FE of > 80% for hy-
drocarbons at a Cu electrode using methanol as the electrolyte under the
same experimental conditions as eCO2R performed in an aqueous solu-
tion (30% FE) [138]. Notably, adding a secondary electrolyte can
considerably alter mass transfer and selectivity of reduction targets.
Direct CO, reduction at p-type silicon (p-Si) in a highly pressurized
non-aqueous electrolyte exhibited high FE [143]. The interaction be-
tween the solvent and CO2 molecules acts as a catalyst, lowering the
activation energy for CO5 conversion, making a non-aqueous solvent
system for CO; conversion analogous to molecular catalysis [144].
Ionic liquids (ILs) are recognized as effective promoters for electro-
catalytic COy reduction into valuable chemicals. IL-based electrolytes
are proposed as alternatives to conventional aqueous and organic elec-
trolytes, such as methanol/alcohol, as well as non-conventional aqueous
electrolytes like bicarbonate [145,146]. ILs can enhance eCO3R by
promoting CO, adsorption on the catalyst surface compared to con-
ventional electrolytes. Fig. 17 (a) illustrates the impact of IL molecular
weight on CO solubility [147]. However, ILs are less commonly used in
practical CO; electrolyzers due to their lower cost-effectiveness and CD
compared to aqueous electrolytes, as well as inconsistent stability in the
presence of water [148]. Despite these limitations, ILs possess advan-
tages for eCO2R, including higher CO, solubility, reduced overpotential,
wider electrochemical potential window, greater absorption capacity of
CO9, and higher intrinsic ionic conductivity compared to aqueous
electrolytes [149,150]. Examples of ILs include 1-butyl-3-methylimida-
zolium trifluoromethanesulfonate (EMIM-OTf) [151], 1-ethyl-3-methy-
limidazolium tetrafluoroborate (EMIM-BF,4) [144], and
1-butyl-3-methylimidazolium tetrafluoroborate (BMIM-BF,4) [145].
DiMeglio et al. developed a rosebud-shaped Bi thin film on a glassy
carbon electrode (GCE) and investigated its CO2 conversion activity in
an IL-containing electrolyte [152]. Bi, a well-known formate selective
catalyst in aqueous electrolytes, demonstrated a significant shift to
CO-selectivity in the IL-containing electrolyte. A marked increase in
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cal Society).

activity was observed upon IL introduction. At —1.95V vs. SCE, the
IL-containing electrolyte generated a CD of around 4 mA cm™2 with a FE
of about 93% for CO (Fig. 17(b)).

5.3. Solid-state electrolyte (SSE)

In eCO2R with solution-phase electrolytes, liquid products mix with
dissolved salts, requiring costly separation and concentration processes
to obtain pure liquid fuel for practical applications [153]. Wang’s team
at Rice University developed a CO, conversion cell using a solid-state
electrolyte (SSE) instead of a conventional liquid electrolytes [154].
They combined electrochemically produced cations (H") and anions
(HCOO") to prepare a pure HCOOH solution with the aid of a solid ion
conductor. Employing an HCOOH-selective (FE > 90%) and scalable Bi
catalyst as the cathode, they demonstrated production of up to 12 M
HCOOH. They also reported continuous eCO>C (100 h) for pure liquid
product generation (steady formation of 0.1 M HCOOH with minimal
selectivity and activity degradation), free of undesirable salts and
avoiding energy-intensive downstream separation. Furthermore, they
utilized a Cu catalyst to produce various electroless C2 liquid oxygenate
solutions, such as ethanol and n-propanol acetic acid. This CO2R cell
with SSE can be tailored for more complex practical applications.

Fig. 18(a) shows that the SSE can function as either an anion or
cation conductor, facilitating HCOOH formation via ion recombination
of the crossover ions at the left (H"-conductor) or right (HCOO™ -
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conductor) interface between the middle channel and the membrane.
The product then diffuses through the liquid water, depending on the
type of solid ion-conducting electrolyte used. In another study, Fan et al.
[155] developed an SSE reactor addressing challenges in producing and
separating CO; reduction products, as shown in Fig. 18(b). This
approach allows continuous generation of high-purity, high--
concentration formic acid vapor and solutions. A GDL was used for both
the cathode and anode to enhance CO5 and H; mass transfer, while an
inert gas stream (N2) carried away formic acid vapor, yielding a highly
concentrated product. The porous solid electrolyte (PSE) layer facili-
tated the recombination of protons with the electrochemically generated
formate to produce molecular formic acid. Employing a grain
boundary-enriched bismuth catalyst resulted in high activity (partial CD
of 450 mA c¢m2 for formate), selectivity (97% FE), and stability (100 h)
compared to prior literature, as depicted in Fig. 18(c). Inductively
coupled plasma atomic emission spectroscopy (ICP-OES) measurements
showed an extremely pure formic acid solution, with iron, bismuth, and
platinum levels below 0.01 ppm and low levels of other impurities. This
high purity level is economically promising, and the product can be
condensed from the vapor through flexible tuning of the carrier gas
stream.

6. Electrocatalysts

As CO2 molecules are fully oxidized and thermodynamically stable,
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an electrocatalyst must bind and activate CO, to minimize overpotential
during chemical reactions and enable conversion. An efficient electro-
catalyst design can selectively promote desired product formation and
control reaction pathways. To achieve optimal COR performance,
electrocatalysts must exhibit high activity, low overpotential, and high
product selectivity. The chosen catalyst directly influences reaction
channels and intermediate energy stages. Various micro/nanoscale
catalysts have been studied for eCO2R since the 1980 s. During CO5
transport, *CO intermediate species typically form, interacting with *H
or other *CO to produce *CHO/C-C species at the COs-electrocatalyst
interface. Homogeneous catalysts display high CO5 conversion selec-
tivity, but the most active ones are often unstable and degrade during
continuous reactions [159]. Alternative solvents like ionic liquids can
reduce the overpotential, but lower-overpotentials catalysts are required
for practical applications.

Efficient and selective heterogeneous electrocatalysts are being
developed for CO5 conversion to CO. Although CO5 to CO is a simple
two-electron reduction at ambient temperatures, efficient and selective
electrocatalysts are still in development. Noble metals are considered
prime candidates, with gold catalysts in an aqueous solution recognized
for strong CO selectivity decades ago [160].

Catalyst selection is crucial in determining product categories
resulting from COsR. Both homogeneous and heterogeneous catalysts
have been extensively studied for CO2R, with Fig. 19 illustrating various
eCO2R catalyst types. To comprehend the correlation between electro-
catalysts and mass transfer effects during eCO2R, numerous electro-
catalysts must be thoroughly examined and summarized.

Initial eCO4R studies focused on metal catalysts (monometallic, al-
loys, and multi-metallic) due to their ease of production, enhanced
stability, and straightforward morphology, making them ideal for
fundamental eCO2R research. Monometallic catalysts can be classified
into subgroups based on selectivity for the desired product. Noble metal
catalysts like gold (Au) and silver (Ag), along with metal Zn, excel at
electroproducing CO; to CO [160]. Sn, In, and Pb are formic
acid-selective metals, while Fe, Ni, and Pt favor hydrogen. Copper-based
electrocatalysts have garnered significant attention for their unique
catalytic activity, generating various CO; reduction products with high
FE [97,162].

Recently, zeolitic imidazolate frameworks (ZIFs), a metal-organic
frameworks (MOFs) subclass, have received interest as heterogenous
catalysts due to their multifunctionality, unimodal micropores, rapid
electron transfer, and remarkable chemical and thermal stabilities. ZIF
materials’ metal centers influence electrocatalyst performance, and
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high-conductivity ZIF-based catalysts can enhance eCO5C [163,164].
Ongoing efforts aim to design novel catalysts to improve stability, cat-
alytic activity, and selectivity, including fabricating nanostructured
metals to increase active site proportion [165,166], ion-modified ma-
terials [167,168], bimetallics for selectivity tuning [169,170], and
non-metallic materials, which show promise as CO reduction catalysts.
Hori et al. investigated various transition-based metal electrodes to
determine their selectivity and catalytic activity for COy reduction
products [97,171]. Nitrogen-doped carbon-based compounds also
exhibit remarkable catalytic properties, presenting new eCO2C oppor-
tunities. An efficient catalyst must facilitate multiple electrons and
proton transfer to CO, without high overpotentials, reduce CO5 in the
presence of H20, and selectively form suitable products. Challenges
associated CO2R catalysts include low energy efficiency, poor product
selectivity, and rapid deactivation.

6.1. Recent developments in the field of heterogeneous catalysts for the
target products

Recently, numerous novel and modified CO2 conversion catalysts
have been developed for improved performance. Catalyst selectivity
significantly impacts the economics of the COy conversion process,
potentially lowering capital and operating costs by reducing extreme or
challenging operating conditions, such as temperature and pressure
[172]. CO2R can produce various products, including carbon monoxide
(CO), formic acid (HCOOH), ethylene (C2Hj,), ethanol (CH3CH,0OH), and
n-propanol (CH3CH>CHOH), using a suitable electrocatalyst. Among
these products, CO and HCOOH are particularly profitable due to their
high yield and selectivity. This review primarily focuses on heteroge-
neous catalysts that generate CO, formic acid, and Cy products.

6.1.1. Selective formation of CO

CO is considered the most promising CO2R product commercially
due to its high efficiency and cost-effectiveness. Its gaseous form also
reduces costs associated with aqueous electrolyte separation during
production. The eCO4R to CO is a two-proton/electron process, resulting
in the simplest gaseous product from CO reduction. Understanding this
mechanism can aid in designing modified catalysts with improved per-
formance using surface engineering, particle size control, morphology,
grain boundary, and GDE. Various catalysts, including noble and non-
noble metals, transition metal chalcogenides, carbon materials, and
molecular catalysts, have been developed for effective CO5 to CO con-
version. Despite the potential of non-precious metals like Pb, Bi, Sn, and

Transition Metal Chalcogenides

Carbon-based Materials

Fig. 19. Diagram of the reaction unit used for the CO,R and four types of electrochemical CO, reduction catalysts

(Adapted with permission from [161] Copyright (2016) John Wiley and Sons).
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Ni for CO production via eCO2R, silver, and gold have demonstrated the
most promising results [173,174].

Metallic catalysts (or electrodes), particularly sp group metals such
as In or Pb, generally promote CO formation in aqueous solutions at pH
< 4 [175]. Metal cathodes like Ag, Au, and Zn in aqueous solutions (e.g.,
KHCO3) exhibit high selectivity for CO production with excellent cur-
rent efficiency [176-179]. Kim et al. explored the morphology and
characteristics of Au nanostructures that displayed superior CO selec-
tivity at low overpotentials compared to untreated Au film in the eCO2R
reaction [180].

Silver is recognized for its high selectivity and CD in electroreducing
CO; to CO [181]. Various methods can be employed to fabricate
Ag-based catalysts or electrode materials for CO production. By
switching from conventional carbon support to TiO2 support, Ag nano-
particles can achieve an FE of 90% and a CD of 101 mA cm 2 [182].
Fig. 20 suggests that the enhanced adsorption and stability of CO3 on
TiO5 may contribute to improved performance at low CDs. In this study,
four different cathode catalysts, namely 40 wt% Ag/TiO», 40 wt% Ag/C,
AgNP, and TiO,, were immobilized on a GDE with the same total
cathodic catalyst loading of 1 mg cm™2. Pure TiO, did not exhibit any CO
generation activity when used as the GDE’s cathode catalyst, confirming
that CO production in subsequent tests results from Ag’s presence.

Tornow et al. examined nitrogen-based organometallic silver cata-
lysts supported on carbon in an electrochemical flow reactor for CO2R
[183]. They found that these catalysts demonstrated a similar perfor-
mance to Ag catalysts in selectively producing CO, even with a relatively
low silver loading. The organometallic catalyst exhibited a FE of > 90%.
Moreover, the addition of an amine ligand to Ag/C led to a significant
increase in the partial CD for CO, suggesting a potential co-catalyst
mechanism. To enhance activity and selectivity, a better understand-
ing of CO2R mechanism and the assembly of these complexes on the
carbon support is desired. The electrochemical reduction of CO; to CO,
particularly using Ag-based materials in membrane electrode assembly
(MEA) design, has attracted considerable attention. Ag-GDE-embedded
MEA systems rely on factors such as pH, pressure, and temperature for
optimal performance. Tables 2 and 3.

Verma et al. successfully achieved high-performance levels,
approaching economic feasibility, for eCO9R by utilizing a supported
gold catalyst in an alkaline flow electrolyzer [186]. Fig. 21 demonstrates
that higher pH values result in a smaller cathodic overpotential, indi-
cating the pH-dependence of the entire CO2R process. The low over-
potential required for CO production in alkaline media is attributed to
the pH-independent rate-determining step of electron transfer, in
contrast to the overall pH-dependent process observed through onset
cathode potentials, kinetic isotope effect, and Tafel slopes. Essentially,
the utilization of a high-pH electrolyte facilitates the CO2R process.

6.1.2. Selective formation of formic acid
Formic acid (HCOOH) fuel stands out as the most profitable product

(a) 140 1
«AgNP
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<
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2 404
20 1
0
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in terms of moles of electrons among the various products obtained from
eCO2R [78]. Metal oxides [194], alloys [2], and MOFs [195] are
generally effective catalysts for HCOOH production. Bismuth (Bi),
among the commonly used p-block elements for formic acid formation,
has garnered significant attention due to its low toxicity, widespread
availability, and strong selectivity towards formate. Transition metals
such as Pd and Cu also promote HCOOH formation in aqueous solutions
[175]. Notably, ultra-thin bismuth nanosheets have demonstrated high
efficiency as electrocatalysts for selective formate production in a
two-compartment electrochemical cell, separated by a Nafion mem-
brane, employing a three-electrode system at — 1.0 V. These Bi nano-
sheets exhibit excellent stability and selectivity towards formate over a
5-h electrolysis period [196]. According to Greeley’s study, the higher
free energy of hydrogen adsorption on the Bi electrode surface leads to
reduced HER catalytic activity and increased selectivity towards CHOO"
[197].

In microfluidic reactor (MFR) systems, several studies have utilized
diverse catalysts for CO, reduction. Liang employed cryo-exfoliation to
fabricate highly crystalline SnO, nanoparticles with significantly
smaller sizes (5 nm) [198]. The prepared SnO» nanoparticles exhibited 2
— 3 times higher CD compared to SnSy sheets and bulk SnO,. The pre-
dominant product ratio of CO/HCOO™, which is linked to variations in
the SnOx/Sn ratio, depended on the applied potential. Interestingly, this
Sn-based catalyst also displayed a 10% FE for CH4 and CoH4OH pro-
duction. This can be attributed to the unique structure of interconnected
SnO; nanoparticles, characterized by numerous grain boundaries that
serve as active sites for oxygenates and hydrocarbons.

Garcia et al. reported 2D metal catalysts based on bismuth oxy-
halides for formate synthesis [157]. The BiOBr-template catalyst was
obtained by electroreduction of precursor in a COs-saturated KHCOs3
solution. The CO4R activity was evaluated in an H-type electrochemical
cell for liquid-phase reactions before employing the BiOBr catalysts in a
GDE setup. Fig. 22 demonstrates that formate was produced with an FE
of approximately 1 at a high CD of 80 mA cm 2 and exhibited remark-
able stability over 65h, despite mass transport limitations. These
properties enabled a CD of 200 mA cm™2 in a microfluidic cell (MFC)
utilizing a 2.0 M KHCOgs electrolyte. Hence, the assessment of liquid and
gas-phase reactors indicates the advantages and importance of
gas-phase reactors for high productivity.

For formate production, MEA reactors have been extensively used,
particularly with Sn electrocatalysts. Ma et al. investigated the electro-
reduction of CO; in proton exchange membrane reactors (PEMRs) with a
buffer layer to examine key factors affecting cell performance [199].
One effective approach to increase the current efficiency of HCOOH
formation is to incorporate a buffer layer between the cathode and the
proton exchange membrane. In traditional cell architectures, significant
potential drop occurs across the membrane, and the buffer layer plays a
crucial role in ensuring the catalyst surface maintains an adequate po-
tential for COy reduction. Moreover, the buffer layer exhibits strong
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Filled
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Fig. 20. (a) Partial current density for CO generation with four catalysts: 40 wt% Ag/TiO,, 40 wt% Ag/C, AgNP, and TiO,. (b) Faradaic efficiencies of 40 wt% Ag/

TiO,, 40 wt% Ag/C, and AgNP
(Adapted with permission from [182] Copyright (2—014) John Wiley and Sons).
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Table 2

Electrochemical reduction of CO, to CO using various electrolyzers.
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Cell Type

Catalyst

Electrolyte

FE %

Current
density
(mA/cm?®)

Potential Remarks Ref

H-Cell

H-Cell

H-Type

Flow cell

Flow cell

Flow cell

based
on GDE

Flow cell

Flow cell

GDE-type

GDE-type

GDE-type

MEA

MEA

MEA

Monodisperse Au
Nanoparticles

Mn-C3N4/ CNT

Ni/Fe-N-C

Ag/TiO,

MWNT/PyPBI/ Au coated
GDL

Uniform mixture of
AgNPs and MWCNTs
deposited on a GDL

silver coordination
polymer (Ag-CP)

silver (Ag)-based system

Ni-N4/C-NH;

CoTMAPc@CNT

Ni-N-C

The carbonate-derived
Ag/PTFE

Ag & Imidazolium-based
ILs as co-catalysts

Au/CN catalyst

0.5 M KHCO3
at 25 °C

0.5 M KHCO3
Bmim][BF4]/
CH3CN-H,0

0.5 M NaHCO3

1M KOH

2.0 M KOH

3 M KOH

0.1 M KHCO3

1 M KOH

1M KOH

1 M KOH

1 M KOH

1 M KHCO3,
1 M KOH
electrolyte

10 mM KHCO3

0.5 M KHCO3

90

98.8
98.3

98

90

> 49.4%

> 95%

> 96%

84

90

95.6

90

> 90

95%

90.6%

14
18.6

100

158

350

300

300

450.0

239

726.0

> 150

Partial

current
density
(196.8)

— 0.67 VvsRHE  More edge sites (active for CO evolution) than corner [178]
sites (active for the competitive H, evolution reaction) on
the Au NP surface facilitate the stabilization of the
reduction intermediates, such as COOH* , and the
formation of CO

—0.55V vs. the Mn-Nj site is the active center, on which CO5 is more [184]

RHE easily adsorbed and the free energy barrier of key

—2.1Vvs. Ag/ intermediate formation is greatly decreased.

Ag

0.50 V vs. RHE The optimized Ni/Fe-N-C catalyst shows an exclusive [185]
selectivity (a maximum FE(CO) of 98%) at a low
overpotential of 390 mV vs. RHE, which is superior to
both the single metal counterparts (Ni-N-C and Fe-N-C
catalysts) and other state-of-the-art M-N-C catalysts

1.8 Vvs. Ag/ TiO,, is superior support for Ag catalysts (1) TiO» [182]

AgCl improves the stability of these Ag particles (minimizes
agglomeration during the synthesis); (2) TiO, improves
CO,, reduction kinetics,

— 0.04 Vvs RHE Uses IrO, anode. [186]
the onset cell potential of — 1.50 V,

The electrochemical system exhibits durability over 8 h

—-0.77Vv Energy efficiency of 45% achieved, The cell potential of ~ [187]

s.RHE the electrolyzer is — 3 V, High performance ascribed to
decrease in charge transfer resistance of mixed catalyst
layer, Reduces noble metal catalyst loading.

— 1.0 Vvs RHE Stable operation over a 4 h run. [188]
MOF-mediated methods omit inappropriate deposition
processes (such as drop-casting)

-0.109 Vvs.RHE  lower overpotential 300 mV [110]
operating at high current densities, near unity selectivity.
Combined high alkalinity (decreases overpotentials) and
pressurization (suppresses alternative product
formation) enable efficient eCO,R to CO.

— 1.0 Vvs.RHE Nearly 90% CO FE at a moderate overpotential of 0.89 V, [189]
particularly CO FE, can be maintained over 85% in a
wide operating potential range from — 0.5V to — 1.0 V.

From DFT calculations and experimental research
demonstrate that the superior activity is attributed to
enhanced adsorption energies of CO, * and

COOH* intermediates caused by the regulation of the
electronic structure of the aminated catalysts.

— 0.7 Vvs. RHE In a flow cell, the covalently immobilized structure [190]
delivers an industrially relevant current density and CO
selectivity at 590 mV overpotential and very low
molecular loading of 0.069 mg cm?

Provides mechanistic insight and a design strategy for
charged molecular catalysts for high-performance and
stable heterogeneous electrolysis.

—1.18 Vs, DFT calculations reveal that the shortening Ni-N bonds [191]

RHE in compressively strained NiN4 sites could intrinsically
enhance the CO,RR activity and selectivity of the Ni-N-C
catalyst.

— 1V vsRHE in Selective and stable electroreduction to produce CO at [192]

1 M KHCO3 high CDs,

electrolyte High-performance metrics obtained in both KHCO3; and

— 0.7 Vvs RHE KOH electrolytes.

in 1 M KOH Over 100 h operation

electrolyte

3V For 1000 h duration, the cell is stable enough to operate [106]
at or under 3 V.

CO selectivity is maintained at above 90%

- The total cell voltage of 2.2 V [193]
low total cell potential of 2.2 V, a high mass activity for
CO production of 985 A/ga, was achieved at room
temperature.

60.4% energy efficiency

control over HER. With the presence of the buffer layer, the Sn-based
GDE achieved a CD of approximately 150 mA em%; with a 60% selec-
tivity towards HCOOH, whereas without the buffer layer, only about 5%

selectivity towards HCOOH was obtained.

21

7. Commercial aspects of eCO3R reaction and major challenges

Commercializing lab-scale eCO2R is vital for reducing CO; emissions
and mitigating climate change. Masel et al. conducted a study on the
industry’s perspective and identified CO and formate as the most



[44

Table 3
Some recent results obtained for the CO, electrochemical reduction into formic acid/formate using various CO; electrolyzers.
Cell Catalyst Electrolyte FE % Current Potential Remarks Ref
Type density
(mA/
cm?)

H-Tpye PbO, [BZMIM]BF4: CH3CN: 95.5 40.8 2.3V vs. Ag/ [Bzmim]BF, - best performance over a series of ILs. [200]
H,0 Ag*t CO,, obtaining one electron to form COj3 intermediate on the surface of PbO, was the rate-determining step.
14.7:73.6:11.7 (wt%)

H-Tpye  PbSn alloy sheets EMIM][OTf]:CH5CN:H,0 91 7.7 1.95V vs.Ag/ Inexpensive and easily Prepared Post-Transition Metal Alloy Catalysts [201]
81:14:5 (wt%) AgC Tin and lead and their alloys (PbSn) are excellent cathode materials to reduce CO in an IL/water/acetonitrile

electrolyte media.
H-Tpye  Ultrathin Bi 0.1 M KHCO3 86 16.5 —1.10Vvs. Significant potential of 2D nanostructured metals for highly efficient and long-life electrocatalytic CO, conversion. [202]
RHE Ultrathin Bi nanosheets reached much superior activity, selectivity and stability for formate production to bulk Bi.
H-Tpye  urchin-like nanostructured 0.5 M KHCO3 62 - —1.0Vyvs This nanocatalyst exhibited the best eCO2R reaction performance in terms of the onset potential, electron transfer, [203]
SnO, SHE CD and a very low overpotential of 0.39 V, essentially representing one among the lowest overpotentials reported
for Sn(SnOx)-based catalysts
H-Tpye  Reduced BiNs 0.5 M NaHCO3 > 90 11 —15Vyvs High selectivity (~100%) and large current density are measured over a broad potential, as well as excellent [204]
SCE durability for > 10 h.

H-Tpye  N-doped graphene 0.5 M KHCO3 92 21.3 — 1.00 V vs. Renewable and flexible SL-NG@Sn foil is designed to boost formate production. [205]

monolayer-coated Sn foil RHE The SL-NG@$n foil outperforms most of the reported Sn nanoparticles-based catalysts.

Flow boron-doped diamond 1.0 m KOH 94.7%. 2 —25Vuvs. The production rate was increased to 473umol m~2 s~! at a current density of 15 mA cm~2 with a FE of 61%. [206]

cell (BDD) Ag/AgCl The stability of the BDD electrodes was confirmed by 24 h operation, indicating that the BDD electrode can replace
the metal electrode in formic acid production.

Flow Chain like mesoporous 0.1 M KHCO3 95 13.6 -1.06 V vs. Crystallographically interconnected SnO, nanocrystals with abundant grain boundaries, high specific surface area, [207]

cell SnO, RHE and easily accessible porosity
The synthesized SnO,-based gas diffusion electrode allows efficient diffusion of CO, even at high kinetics because of
the highly open porous structure.

Flow Sn nanoparticles 1 M KOH Anolyte 93.3 51.7 -0.2Vvs.RHE  Proposed to avoid a solubility limitation in an aqueous electrolyte. [114]

cell (commercial) CF-CO2R method provides a sufficient dissolved CO, for the cathodic reaction with extremely reduced water
amount, result in high CO5R performances

MEA BiO,/C 0.5 M NaCl 96 12.5 -0.17 V vs. pH dependence for HCOO™ production at higher potentials suggests that the formation of the CO3 anion is the RDS  [208]
Ag/AgCl because BiOx/C is reduced to form a Bi%rich surface

MEA SnO,, catalyst carbon black 1M KOH 80 251 -1.43 V vs. Optimum SnO,/C mass ratio was obtained to build an appropriate three-phase reaction interface with efficient [209]
RHE charge and mass transfer leading to higher selectivity of formate production.

MR SnO, nanoparticles 1M KOH 97 147 -0.95V vs. The distinctive grain boundary and exposed corner/step sites in the interconnected SnO, nanoparticles contribute [198]
RHE to the high FE of CO, reduction and unique selectivity.

MR Sn nanocatalyst/graphite 0.5 M KHCO3 84.25 19.5 2.5V vs.RHE = HCOOH concentration in the batch reactor was continuously decreasing with time, whereas it was almost constant ~ [210]

rod

in the continuous semi-micro reactor.
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Fig. 21. (a) Tafel slopes obtained for the electroreduction of CO, to form CO with various electrolytes. Cathode: MWNT/PyPBI/Au; anode: IrO,. (b) E — pH
(Pourbaix) diagram for the electroreduction of CO; to form CO depicting the pH independence of the onset cathode potentials [hence, rate-determining step (rds)] vs.
pH dependence of the overall process. (c¢) Variation in the total current density (jrota) and Faradaic efficiency for CO with time at a constant cathode potential of
— 0.44 V vs. RHE. Electrolyte: 2.0 M KOH. (d) Diagram with seven-fold enhancement in the current density with MWNT/PyPBI/Au compared with Au NPs
(Adapted with permission from [186] Copyright (2018) American Chemical Society).
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Fig. 22. BiOBr-templated catalysts used for the efficient and stable electroreduction of CO,: (a) Current density trace obtained at — 0.9 V versus RHE. Faradaic
efficiency for H, throughout the run is < 4%, and the cumulative Faradaic efficiency for formate approaches 1. (b) Faradaic efficiency as a function of current in the
H-cell and flow-cell configurations. A Faradaic efficiency of 90% is sustained at up to 200 mA cm 2

(Adapted with permission from [157] Copyright (2018) John Wiley and Sons).

economically viable products (Tables 4 and 5) [211]. These electro-
chemical processes compete with traditional methods and, for industrial
use, require 30,000-h stability and selectivity at CDs > 250 mA cm ™2
[40,68,69].

Scaling up eCO2R is essential for industrial feasibility, but it requires
long-term stability and selectivity at higher CDs. The main goal is to
increase energy efficiency by reducing overpotential, which poses
challenges in electrolytic cell design (i.e., mass and electron transfer
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Table 4
Performance of the state-of-the-art electrolyzers used for converting CO, and
water to HCOOH (data adapted from [211]).

CO,; -~ HCOOH

Electrolyzer current density > 200 mA cm ™2

Catalyst activity >50A¢g!
Initial Faradaic efficiency in an electrolyzer producing 2 M formic > 80%
acid
Faradaic efficiency loss at a constant current of 200 mA cm™2in ~ ~10“*h!
an electrolyzer producing 2 M formic acid
Initial Faradaic efficiency in an electrolyzer producing < 0.5 M > 90%
formic acid
Turnovers demonstrated > 15,000,000
Single-pass HCOOH concentration 2-5mol 1!

Table 5
Industrial benchmarks for electrolyzers used to convert CO, into CO (data
adapted from [211]).

CO,—CO

Electrolyzer current density 200-500 mA cm ™2

Catalyst activity >100Ag!
Faradaic efficiency > 95%
Voltage increase at constant current <10pvh!
Turnovers demonstrated > 70,000,000

Turnover target > 500,000,000

resistance), electrocatalyst design (i.e., selectivity), and GDEs (i.e., hy-
drophobicity and flooding). Achieving consistent benchmarking of cat-
alysts is challenging, but the technology readiness level (TRL) could
improve in the future [37,212].

CO is a vital product of CO; electroreduction for commercialization
(industrial requirement: CD of 200 mA cm2). One of the main issues
causing operational failures in eCO2R electrolyzers is salt precipitation,
which reduces the catalyst surface’s active area and hampers gas
transport. The limitation impacts the long-term durability and industrial
applicability of the technology. When CO; and electrochemically
generated hydroxide interact in cathode compartments, salt crystals,
along with significant amounts of carbonate, are formed. The solubility
limits of these species are reached when a sufficient number of elec-
trolyte cations are present, leading to "salting out" conditions. This
phenomena is often observed in zero-gap membrane electrode assem-
blies, particularly at high current densities, and can have detrimental
effects [213].

Low-temperature COy electrolyzers show promise for dynamic
operation, but managing thermal conditions in large-scale high-tem-
perature systems poses challenges [49]. Developing stable electrolyte
systems for long-term eCO5R remains a hurdle and is still in the lab
phase [121]. Microfluidic flow cells (MFCs) offer potential for
enhancing the electrochemical production of multi-carbon compounds,
but they face scale-up limitations due to pressure sensitivity [48]. On the
other hand, MEAs, utilizing solid ion-conducting polymer electrolytes
and gaseous feeds, can address key challenges and enable
industrial-scale electrolysis.

8. Merits - Electrochemical CO, conversion approach

Direct electrochemical conversion of CO; into valuable products
offers a promising way to reduce atmospheric CO5 while utilizing
renewable energy sources. The eCO2R process has gained considerable
interest due to its advantages, including (1) controllable operation at
ambient conditions; (2) production of fuels and valuable chemicals with
electrolyte recycling; (3) good control over corrosion and degradation;
(4) adjustable selectivity via external parameters (e.g., applied poten-
tials); (5) renewable energy-powered operation of eCO2R electrolyzers
without additional CO, generation; (6) scalability due to modularity;
and (7) compact, adaptable, economical, and easy-to-operate design for
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expansion to meet demand [2,214].
9. Strategies for efficient electrochemical CO3 reduction (eCO2R)

Efficient and selective eCO2R poses challenging due to obstacles like
low efficiency, poor selectivity, and catalyst instability [37,215]. Stra-
tegies include optimizing catalyst composition, structure, morphology,
and surface state, while controlling reaction conditions such as voltage,
temperature, and pressure. Crucial for improving eCO3R efficiency is the
design of a suitable reactor that determines CD, FE, and operational
stability. By reducing mass transport limitations, minimizing ohmic
resistance, and lowering cell potential, the reactor design can enhance
energy efficiency (EE) and conversion rates. The role of the electrolyte in
eCO2R is essential, but research on modified systems incorporating
novel catalysts is limited. High-performing and durable electrocatalysts
are crucial for the cathode (CO2R) and anode (OER), alongside a
conductive electrolyte with efficient mass transport. Advanced materials
like 3D-printed flow-through electrodes, tailored gas diffusion layers,
and composite membranes with high ionic conductivity show promise in
enhancing eCO3R efficiency and durability by addressing CO» mass
transport limitations. Ultimately, identifying optimal operating condi-
tions and developing reliable electrocatalysts with high EE (low over-
potential) are crucial for a sustainable and cost-effective eCO2R process.

Mi-Young et al. [38] conducted a comprehensive evaluation of
eCO2R over a span for 15 years, assessing its large-scale applicability.
Fig. 23 (a)-(f) summarize the figure of merit parameters for eCO2R in
liquid and gas phases, while Fig. 23 (g) illustrates a schematic com-
parison. Notably, gas-phase electrolysis of CO5 has shown remarkable
results when compared to liquid-phase eCO3R benchmarks.
Techno-economic analysis for large-scale applications reveals that
gas-phase reaction performance parameters exceeded the base value,
excluding operational expenses and electrode costs.

Liquid-fed electrolyzers possess advantages such as operation
simplicity, ease of scaling up, low operational costs, high selectivity, and
reasonable energy requirements, but they must overcome hurdles to
compete with gas-fed electrolyzers. Liquid-fed electrolyzers are useful
for gas-liquid-solid multiphase reactions and can reduce emissions,
control chemistry, and increase efficiency [216]. Modifying surface
roughness is a common method to decrease overpotential and increase
catalyst selectivity [217]. Zero-gap electrolyzers minimize ohmic losses,
facilitating the future application of industrial systems for CO5 reduction
to value-added products. By utilizing electrolyzers with continuous
liquid feed and intermittent flow, the electrolyte flow can be regulated at
a desired frequencies, allowing for effective reduction of CO, gas mol-
ecules into products [218].

Various methods have been proposed to prevent carbonate forma-
tion, including performing eCO2R in an acidic environment, coupling
membrane engineering with electrode structure, or altering the local
microenvironment with an electric field [219]. In an acidic environ-
ment, eCO4R offers a solution to address salt precipitation issues [220].
Mark et al. summarized research on eliminating salt precipitation
through approaches such as passive modification of the MEA [213].
However, theoretical predictions like density functional theory (DFT)
have limitations as they do not consider electrochemical conditions,
cross-over effects among various active centers, or catalyst
nano-structuring. Therefore, experimental validation is crucial for
scaling up [221].

10. Summary and future perspectives

This review outlines the core components of eCO2R and gas/liquid
electrolyzer systems, highlighting their respective advantages, disad-
vantages, and key considerations. It emphasizes the need for effective
coordination among all electrolyzer components in eCO2R and discusses
methods to address mass transfer limitations in liquid-phase CO; elec-
trolyzers. The advantages and challenges of gas-phase electrolyzers are



M.S. Sajna et al.

Journal of Environmental Chemical Engineering 11 (2023) 110467

Liquid-phase Gas-phase
(@100f 7 o (d) 100 :
= > ¥ %
80} 5 g so}
o <] 8 ’ 1
& 6o s B g 60 ‘ 0
w "
E 40+ g w 40
20+ 20 L ? (g
o >
0 i 0 =
600 o
<
(b) 60 © by
50 | g Liquid-phase
N*E\ o ° o~ 450 electrolysis
5 40 o g 5
) 2 Threshold| for
E 30t g 300 . economic | feasibility
g 20 9 00 L sl ] et -
R : 3 "
N ~ 150 ‘ ¢
o L &2 . l | EEQ Gas-phase electrolysis
(c) 3.0 ® 25
25 é " Time
2.0 o o ' g,] =
S 15 8 S 15 ‘
10 )
% ? g 10 * £]
0.5 ‘ 8 Q| =
g Q ]
0.0 g 05r 9

CO acids alcohol C, CH

4

CO alcohol acids C,

CH,

Fig. 23. Summary of figure of merit parameters of electrochemical CO, reduction (a, b, ¢) in liquid-phase, and (d, e, f) in gas-phase CO, electrolysis.; (g) Schematic
illustration for comparison of liquid-phase and gas-phase electrochemical CO, reduction

(Adapted with permission from [38] Copyright (2020) Taylor & Francis)

examined, along with recent corrective approaches. Additionally, the
review addresses key challenges for the economic and commercial
viability of CO3 electrolysis, focusing on the development of highly se-
lective electrocatalysts and their CO; reduction mechanisms.

Future eCO4R sresearch should prioritize the design of efficient and
long-lasting electrolyzers, development of high-performance and stable
catalysts, and enhancement of selectivity and CD [219]. Comprehensive
understanding and improved performance of CO electrolyzer systems
necessitate optimization of electrode morphology, surface structure,
reaction conditions, transport phenomena, catalyst stability, and elec-
trode/electrolyte interface, alongside studying electrolyte/solvent ef-
fects. A primary concern is long-term stability, as current
electrocatalysts’ lifetimes range are limited to several hours. Aiming for
thousands of hours at high current densities (400-500 mAcm ~2) is a key
target. Electrolyzer design should also consider engineering strategies
for multi-carbon products. While surface engineering and morphological
control have proven effective in increasing FE and reducing over-
potential [128], additional stability tests and life cycle analysis (LCA)
under appropriate conditions are necessary. Therefore, future studies
should focus on catalyst surface design and management for target
product synthesis, emphasizing solvent-molecular interface interaction
under high currents. Understanding the influence of various eCOsR
conditions is crucial. Further research should compare acidic and alka-
line conditions for eCO2R, to determine the optimal approach for
achieving long-lasting, selective electrolyzers operating at industrially
relevant current densities with high energy efficiency.

In the context of CO2R for elecrofuel production, it is essential to
consider the coordinated impact of all relative factors rather tahn merely
prioitizing highly active or selective electrocatalysts. Electrofuels, as a
carbon-neutral alternative to fossil fuels, warrant multifaceted research
focus. MEAs have shown promise in CO; reduction to gas products, with
reduced swelling and durability concerns compared to liquid products
like alcohol. However, further research is needed to address MEA

25

hydration management and product/CO5 crossover in various reactions
[222]. A key strategy involves optimizing the microenvironment of
GDEs to enhance CO3 mass transport and lower catalytic energy barriers
for key intermediates, thereby addressing salt precipitation caused by
carbonate production, a significant stability challenge in eCO2R [219].
Future CO; electrolyzers may benefit from intermittent operation to
adapt to renewable power supply fluctuations, thus ensuring an envi-
ronmentally friendly and sustainable process [223]. Integration of
electrofuel production with renewable energy systems should be maxi-
mized for efficiency and grid balancing, facilitating energy storage in
chemical fuels. Research should target efficient, cost-effective materials,
nanostructures, and hybrid catalyst systems for enhanced electro-
catalysis to boost CO2 conversion to electrofuels.

Efforts should be made to increase energy efficiency by minimizing
losses during electrocatalysis, optimizing reaction conditions, and
innovating electrode materials and structures for improved CO; capture
and conversion, thereby bolstering the sustainability of electrofuel
production. Exploring new electrocatalytic pathways can unveil effi-
cient routes to desired electrofuels. Furthermore, investigating alterna-
tive pathways beyond methane and dimethyl ether (DME) could expand
the range of liquid fuels suitable for transportation.

Future CO; electrolyzer designs can leverage advanced materials and
innovative configurations to enhance efficiency and reduce costs. One
promising approach entails the use of solid oxide electrolytes (SOEs),
which operate at high temperatures, fostering higher conversion rates
and reducing reliance on costly, corrosive liquid electrolytes. Innovative
electrode materials such as carbon nanotubes or MOFs may enhance CO5
reduction kinetics and selectivity. Unconventional electrolyzer designs,
like flow-through or stacked cell configurations, could increase the re-
action surface area and improve mass transport, resulting in higher
conversion rates and less energy consumption. Scaling CO, conversion
methods necessitates the enhancement of reactor designs, investigation
of continuous flow systems, manufacturing of durable electrodes,
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improvement of process effectiveness, and the commercial viability
analysis. To successfully transition from R&D to competitive imple-
mentation, early-stage techno-economic feasibility studies are impor-
tant in system development and process design.
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