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The release of carbon dioxide (CO.) into the atmosphere is threatening the environment and ecosystems,
resulting in major challenges to sustainable development for modern industry. In this context, CO, electro-
chemical reduction (CO2 ECR) is one of the most promising technologies to mitigate the effects of high CO2
content in the atmosphere. Electrochemical technology can convert CO; into value-added chemicals including
methanol, ethanol and formate. In this review, different mechanisms of CO, electrochemical reduction into

formate/formic acid are reviewed, highlighting the different cell designs . Also, the effect of cell design and
operating parameters on the electrochemical reduction process are discussed. The review aims to highlight recent
developments in the CO, electrochemical cell design for formate production and provide guidelines for future
advancements. Challenges of large-scale production and research gaps are also provided.

1. Introduction

The anthropogenic emissions of CO5 due to the unprecedented uti-
lization of fossil fuels have resulted in detrimental environmental con-
sequences, threatening living communities. It has been reported that the
level of CO3 reached 421 ppm in 2022 and it could reach up to 790 ppm
by 2100 with the current industrial emissions [1]. Therefore, it is
important to switch energy and chemical production from fossil fuels to
renewable energy resources through energy conversion and storage
technologies with net zero COy emissions popularly known as the
Power-to-X approach [2]. The CO; electrochemical reduction (CO5 ECR)
is a promising technology that provides various chemical productions
including alcohols, hydrocarbons, and formate. These chemicals are
used as long-term energy storage materials that can effectively replace
the products derived from fossil fuels. Therefore, this technology can
effectively close the anthropogenic carbon cycle, reduce the CO3 level in
the atmosphere, and reach CO; neutral economy. Formic acid is an in-
termediate value feedstock that is used in textile industries, pharma-
ceutical industry and agriculture. In fact, it is an essential chemical that
is used as a preservative, antibacterial agent, and in hydrogen storage

* Corresponding author.

[3]. Formate, an equilibrium product of formic acid, can be further
processed into hydrocarbons through the Fischer-Tropsch process [4]. It
is worth noting that in COy ECR, formate or formic acid can be selec-
tively produced by manipulating the electrolyte pH as will be discussed
in Section 3.1.2 [5,6].

Besides CO2 ECR technology, other technologies including photo-
chemical, photoelectrochemical, biochemical, and thermochemical for
CO2 conversion are also available. Yet, COy ECR has great potential
owing to its operation under ambient conditions (temperature and
pressure), practical operation, and possible integration with renewable
energy resources for efficient power supply as will be discussed later.
However, CO, ECR systems still suffer from issues related to catalyst
stability [7], low selectivity, competitive reactions, and byproduct im-
purities [8,9].

Despite the fact that most studies are dedicated to developing
effective electrocatalysts, there is a good number of research articles that
examined the influence of operation conditions, cell configuration, and
design parameters on the production of formate/formic acid. Based on
the current literature, most review articles on CO, ECR to formate/for-
mic acid are limited to the synthesis of electrocatalysts. For instance,
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Zhang et al.[10] reviewed the COy ECR mechanism and the catalysts
used for formate production discussing their properties and perfor-
mance. While Al-Tamreh et al. [11] provided an overview of the COy
ECR into formate process, focusing on the catalysts used and providing
guidelines for efficient catalysts design, however, this paper provided a
general overview of the types of electrolysis cells without discussing the
effect of design factors, operation parameters and cell configuration on
formate production. Liang et al.[12] reviewed the CO, ECR electrolysis
cells design without focusing on the cells examined specifically for
formate/formic acid production and the influence of the operating pa-
rameters. Duarah et al.[13] offered a comprehensive review on the most
common catalysts used for CO2 ECR to formic acid. The authors outlined
the effect of temperature and pressure on the conversion process and
highlighted the techno-economic feasibility of formic acid production
via COy ECR. Masel et al. [14] reviewed the current advances in
formate/formic acid production focusing on catalysts for industrial
application. In this context, the current review summarizes the elec-
trolysis cell designs for formate/formic acid production, focusing on
their features, advantages, and disadvantages. In addition, the review
discusses the effect of operational (e.g. feed pattern and temperature)
and design (e.g. electrode size, cell configuration) parameters on the
formate/formic acid production. Finally, large-scale production and
challenges related to cell design and operation are presented as well.

2. Principle of CO; electrochemical reduction into formate/
formic acid

Electrochemical reduction (ECR) of CO; is the process by which CO,
is reduced to chemical products by electrical energy in the presence of
an electrocatalyst, which interacts with the CO, and the solution com-
ponents resulting in an electron exchange process [15]. In a conven-
tional electrolytic cell, the system consists of cathodic and anodic
compartments separated by a membrane to prevent mixing of the elec-
troreduction products. In both compartments, electrodes are placed in
an electrolyte medium, which is an ion-conducting phase, and con-
nected to an external power supply to initiate the reduction process.
When a voltage or current is applied, a strong interaction occurs be-
tween the ions in the electrolyte solution and the electrode resulting in
the formation of five regions: electrode surface, inner Helmholtz plane
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(IHP), outer Helmholtz plane (OHP), diffuse layer and bulk solution. The
IHP layer consists of adsorbed reactants, intermediates, reaction prod-
ucts, solvent molecules, and solvated electrolyte ions. The adsorbed ions
in the IHP are attracted to the electrode through physical and chemical
adsorption [16]. The OHP layer consists of solvated non-specifically
adsorbed ions that are oppositely charged to the electrode. These ions
may interact with the electrode through electrostatic forces. The diffuse
layer is comprised of non-specifically adsorbed ions, which extend from
the OHP layer to the bulk solution. The Helmholtz layer (IHP and OHP)
and the diffuse layer form an electrical double layer (EDL) in which its
total charge density equals to the charge of the electrode surface, but
with opposite sign. The EDL capacitance depends on the finite size of the
ions, ion concentration, type of the ions, the electrode area, and material
type. However, there is no general rule that can directly define the in-
fluence of these factors on the EDL capacity. Yet, as described in recent
literature, surface charge plays a role in enhancement of CO2 RR
selectivity by creating a new intermediate, where the stabilization
involving strong chemical interactions with the catalyst is suggested due
to surface-charging effects [17-20]. It is worth mentioning that the same
principles are applied to the EDL capacities of aqueous and nonaqueous
solutions, but the capacities are generally lower in aqueous solutions
[21]. The reduction of CO occurs on the IHP; thereby, it is influenced by
the above-mentioned factors besides catalyst selectivity towards COo,
reaction activity and CO, concentration gradient. The value of the ca-
pacity, the structure, and the thickness of EDL play an important role in
the electroreduction process in which they can enhance or hinder the
reduction process by influencing the faradaic reactions [10,22-24].
Fig. 1 illustrates the formed EDL during the CO; electroreduction
process.

Theoretically, formic acid is produced at an electrochemical poten-
tial of —0.250 V vs. RHE at pH 7. However, more negative overpotential
is required due to complex reaction mechanisms and sluggish kinetics.
The large overpotential is a result of the barrier associated with the
initial electron transfer to form CO5 radical intermediate that is poorly
stabilized by the electrode surface [25-27]. Unfortunately, the high
overpotential occurs at the potential range where hydrogen evolution
reaction (HER) can compete with CO2 conversion, which is the main
challenge in CO2 ECR. Consequently, developing catalysts with high
activity and selectivity that are capable of accelerating the reaction
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Fig. 1. Electrode double layer structure at the cathode.
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kinetics and efficiency by lowering the reduction potential of CO is the
main focus of most research activities [28,29]. The mechanism of CO5
ECR to formate/formic acid is not yet fully understood. It has been re-
ported, however, that the mechanism involves three main steps: (1) the
adsorption of the reactant on the surface of the working electrode (2)
electron and proton transfer (3) desorption of the products from the
working electrode. The mechanism is revealed through computational,
electrokinetics and in-situ spectroscopic analysis. The computational
analysis involves investigating the catalyst performance and interaction
with CO; based on thermodynamics principles. Although computational
analysis can provide useful insights into the reaction mechanism and
catalyst performance, the best catalyst should not only be identified
based on the computational analysis, but also by considering the elec-
trochemical activation barriers and reaction kinetics [30]. Electroki-
netics involves the investigation of CO, ECR through constructing Tafel
plots [27]. While in-situ spectroscopic analysis yields mechanistic in-
sights into the ECR process and enables samples analysis directly until
the system reaches equilibrium [31]. The CO5 ECR is a multi-electron
and multi-proton transfer process. To date, the mechanism of CO; ECR
is not fully well established, but it has been reported that CO, ECR into
formate/formic acid occurs through four possible pathways as shown in
Fig. 2.

The first pathway occurs through the formation of an intermediate
that binds to the metal electrode through one or two oxygen atoms
(Fig. 2A). Prior to that, the metal electrode forms a bond with hydrogen
atoms through direct protonation with H" from the solution [32].
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Another study reported the elimination of Hydrogen-metal bond for-
mation and the direct oxygen-metal bond formation [33]. The second
possible mechanism is the formation of carbon-metal bonds with the
carbon that exists in carbon dioxide anion (CO3 )(Fig. 2B). Then, CO3 is
reduced through the protonation of the oxygen atoms and finally the
intermediate is further reduced to HCOOH [34]. It is worth mentioning
that this mechanism might also result in CO and H20O production instead
of HCOOH. Fig. 2C shows a similar mechanism as Fig. 2B, but COOH is
directly attached to the metal electrode instead of CO3 intermediate.
The last mechanism occurs at the tin oxide electrode, through SnO,
reduction in a two-electron transfer process to form Sn"' oxyhydroxide,
which reacts with CO, to form surface-bound carbonate (Fig. 2D) [31].
Then, protons and electrons are transferred to the intermediate to form
formate.

3. Factors affecting cell design

In this section, the main design factors that affect cell performance
and cell operating parameters for CO2 ECR to formate/formic acid are
discussed. Fig. 3 summarizes the most significant factors that affect the
cell performance.
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Fig. 2. Possible mechanisms for CO5 ECR to formate/formic acid. (A) monodentate intermediate route, (B and C) CO»- radical intermediate route, and (D) surface-

bound carbonate intermediate route.
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Fig. 3. The factors affecting the cell design.

3.1. Electrochemical cell design
3.1.1. Cell configuration

3.1.1.1. H-Type cell. Several studies have utilized H-type cell for CO,
ECR to formate/formic acid. There are three main structures of H-type
cells reported in the literature: conventional, sandwiched, and the gas-
tight H-type cell.

The conventional H-type cell consists of a cathodic compartment
that contains the working electrode and the reference electrode, and an
anodic compartment that includes the counter electrode. The working
electrode is responsible for CO; ECR, while the counter electrode is an
auxiliary electrode that is used to close the electric circuit. Electrodes are
immersed in an electrolyte that is capable of transporting electric charge
through the dissociation of ions. The two compartments are connected
through a channel and separated by a membrane facilitating selective
mass transport and preventing CO, ECR products (formate and formic
acid) from oxidizing during the reaction [35]. The cathodic compart-
ment is continuously fed with CO, gas to ensure electrolyte saturation
and vented into a gas-sampling loop for gaseous products identification
and quantification [3,36]. The CO; gas is often pumped for a certain

duration (at least 30 min) to the reduction process to ensure electrolyte
saturation and removal of residual air [37]. The reduction reaction is
initiated by applying either an external voltage or current. This results in
the formation of gaseous and liquid products, such as carbon monoxide
and formic acid, respectively. The gaseous products are analyzed via
Gas-chromatograph (GC) equipment with a thermal conductivity de-
tector (TCD) for detecting hydrogen and a flame ionization detector
(FID) for detecting carbon monoxide and other hydrocarbons [38]. The
liquid products can be detected by ion chromatograph and/or proton
nuclear magnetic resonance (NMR). Several authors tested various cat-
alysts for COz ECR to formate/formic acid in a conventional H-type cell
(Table 1). Fig. 4a shows the general configuration of conventional H-
type cell. In addition, a semi-batch H-type is used towards formate
production in which the anolyte can be circulated, and the COy is
continuously pumped into the cathodic chamber (Fig. 4b).

One of the major drawbacks of H-type Cell is the limitation of CO2
mass transport, which is due to the low solubility of CO, in aqueous
electrolytes at ambient temperature and pressure resulting in poor CO4
ECR [41]. Therefore, Qian et al. [42] suggested the use of a gas diffusion
electrode (GDE) in a flow cell configuration in order to overcome such
limitation. Lowe et al. [43] carried out a semi-batch experiment in H-
type cell configuration using GDE to overcome the mass transport



Table 1

Performance for CO; electrochemical reduction into Formate/formic acid in H-type cell.

Cell configuration Support material Catalyst Membrane Electrolyte Applied Partial FE% Cell Ref.
potential current Stability
(vs. RHE) density (hr)
(mA/Cm?)
H-type H-Cell Carbon paper Sn Proton 0.5 M NaHCO3 —0.46 60 92 30 [131]
exchange
membrane
H-Cell Carbon paper Cu-Bi Proton 0.5 M KHCO3 —-1.2 13 94.7 8 [3]
exchange
membrane
H-Cell Carbon cloth SnO, Proton 0.5 M KHCO3 —1.00 28.7 93.7 9 [35]
exchange
membrane
H-Cell Carbon fiber Cu-In hydroxide - 0.1 M KHCO3 -1.2 ~10 80 10 [132]
H-Cell Glass carbon N-doped porous carbon  Proton 0.1 NaHCO3 -1.5 - 68 4 [133]
exchange (vs. SCE)
membrane
H-Cell Copper foil Sn Proton 0.1 M KHCO3 -1.08 8.5 97.8 10 [35]
exchange
membrane
H-Cell Copper foil Bi hexagonal sheet Proton 0.1 M KHCO3 -1.65 - 100 24 [134]
exchange
membrane
H-Cell BiOI nanotubes 2D bismuth oxoiodide - 0.5 M KHCO3 —-0.90 31.1 97.1 65 [135]
H-Cell Carbon paper In-Sn Nafion film 0.1 M KHCO3 —0.98 236 86 58 [136]
H-Cell Glassy carbon Rod-like CuBi Proton 0.5 M KHCO3 -0.77 - 100 24 [38]
exchange
membrane
H-Cell Cu@Bi nanocone Naifon 117 0.5 M KHCO3 -0.95 -31.9 96.9 10 [137]
Copper membrane (vs. Ag/
AgCl)
Three electrode system PANI/NF Sn - 0.1 M KHCO3 -1.70 -19 94 10 [138]
(vs. Ag/
AgCl)
Three electrode cell Copper Indium Ion exchange 0.5 M KHCO3 -1.9 72.5 2 [139]
membrane (vs. Ag/Ag/ —27.8
CD
Three electrode system Copper Sn-CO Ion exchange 0.5 M NaHCOg3 -1.36 22.12 72.2 1 [140]
membrane
H-Cell Carbon Nanorod SnO Proton 0.5 M KHCO3 -0.7 —60 94 1 [42]
exchange
membrane
H-Cell Carbon Indium Proton 0.1 M Na,ySO,4 -0.71 - 96.5 1 [141]
exchange
membrane
H-Type Carbon paper Bismuth/reduced Proton 0.5 M KHCO3 -1.17 28.1 92.1 30 [142]
graphene exchange
membrane
H-type Carbon cloth Cu nanowires bridged Cation 0.5 M KHCO3 —0.86 14.6 87 8 [143]
Bi nanosheets exchange
membrane

(continued on next page)
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Table 1 (continued)

Cell configuration Support material Catalyst Membrane Electrolyte Applied Partial FE% Cell Ref.
potential current Stability
(vs. RHE) density (hr)
(mA/Cm?)
Hh@edlelectrode system Caztion Layered Bi;0,CO3 Rritomexchange 0. MMCHED 3 —0.9 —8.73 28 160 [148]
exelnbrgae
membrane
Gastight electrolytic cell Carbon Bi nanoparticles - 0.1 M KHCO3 -1.5 14.4 92 20 [146]
(vs SCE)
Gastight H-Cell Carbon CuO Proton 0.5 M KHCO3 -1.6 14.3 65.1 20 [147]
exchange (vs. Ag/
membrane AgCl)
Gastight H-cell Copper Sn Proton 0.1 M KHCO3 -1.6 - 95.6 55 [37]
exchange (vs. Ag/
membrane AgCl)
H-cell Carbon fiber Sn0O,/y-Al,O3 Cation 0.5 M KHCO3 -2.0 21.7 65 152 [127]
exchange (vs. Ag/
membrane AgCl)
H-Cell Copper Sn/ y-Al203 Proton 0.1 M KHCO3 —0.95 1.9 92 12 [37]
exchange
membrane
H-Cell Carbon paper Pb/MWCNTs Cation 0.5 M KHCO3 -1.7 28 84.6 10 [148]
exchange (vs. Ag/
membrane AgCl)
H-Cell Copper Bi Proton 0.5 M KHCO3 -1.7 23.34 91.46 5 [113]
exchange (vs. NHE)
membrane
H-Cell Membrane of the AgCl-SnO, precursor AgCl/SnO, Anion exchange 0.5 M KHCO3 -0.8 10 85 13.5 [149]
using polytetrafluoroethylene as a binder membrane
H-Cell Graphite C0304/Ce0y ITon exchange 0.1 M KHCO3 -0.75 —6.1 76.4 45 [150]
Membrane (vs. RHE)
H-Cell Sn-Pb-Sb foil - Ion exchange 0.1 M KHCO3 —-1.4 8.3 91 16 [151]
membrane
H-Cell Graphene oxide Sn foil-nitrogen doped Ion exchange 0.5 M KHCO3 -1.0 21.3 92 20 [152]
membrane
H-Cell Titanium IrO5/Tay0s5 Cation 0.5 M KHCO3 - 12 40.2 24 [39]
B-PbO,/ exchange 22.2
membrane
H-Cell Carbon black In,03 Proton 0.5 M KHCO3 -0.9 29.5 87.6 12 [153]
exchange
membrane
H-Cell Carbon paper Nanoporous-Sn/SnO, Proton 0.5 M NaHCO3 -1.1 -16 80 58 [154]
exchange
membrane
Three-electrode cell Glass Fluorine doped tine - 0.1 M NaHCO3 -0.55 - 54 3.6 [155]
oxide (vs. SCE)
H-Cell Fluioride doped tin oxide C0304 Glass frit 0.1 M TBAPFg in -1.5 - 27 8 [156]
CAN + 1%vol H,O (vs. NHE)
Three-electrode system Copper foil Pt/NCNFs - 0.1 M KHCO3 —0.6 46 93 50 [157]
H- cell Carbon paper Sn0,/Cu0 Cation- 0.5 M KHCO3 -1.0 24 74.1 30 [158]
exchange (vs. SHE)
membrane
H-Cell Glassy carbon (di-halogen bismuth Cation- 0.5 M KHCO3 -1.6 0.7 98.4 14 [159]
oxyhalide exchange (vs. SCE)
membrane

(continued on next page)
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Table 1 (continued)

Cell configuration Support material Catalyst Membrane Electrolyte Applied Partial FE% Cell Ref.
potential current Stability
(vs. RHE) density (hr)
(mA/Cm?)
H-Cell Copper Nanostructured Bi Proton 0.1 M KHCO3 —0.6 - 100 10 [160]
exchange
membrane
Three electrode system copper Bi - 0.1 M KHCO3 -1.5 - 91.3 9 [161]
H-Cell Carbon fiber In-Sn Cation- 0.1 M KHCO3 —-1.2 15 92 22 [162]
exchange
membrane
H-cell Carbon Nitrogen doped tin Proton 0.5 M NaHCO3 + —0.65 4 90 1 [76]
oxide exchange 0.5 M NaCl
membrane
H-Cell Reduced graphene oxide SnS, Glass frit 0.5 M NaHCO3 —-1.4 11.75 84.5 12 [76]
H-Cell Carbon paper and carbon black with Sn02 Proton 1 M KHCO3 —0.96 - 76 12 [163]
weight ratio 2:3 exchange
mmebrane
H-cell Glass Copper modified Anion exchange 0.5 M NaHCO3 Over - 84 10 [164]
palladium membrane potential
nanoparticles 0.15V
H-cell Carbon paper Bi Proton 0.5 M KHCO3 —1.45 (vs 18.9 90 20 [165]
exchange SCE)
membrane
H-cell Copper Cd film Proton 0.5 M KHCO3 -1.8(vsAg/ 10.6 76.2 5.5 [109]
exchange AgCl)
membrane
H-Cell Carbon Nanocubic In(OH)3 membrane 0.5 K5S04 -1.1 5.2 77 7 [166]
H-Cell Carbon paper SnO, Proton 0.5 M KHCO3 —1.7 (vs 25 56 28 [167]
exchange SHE)
membrane
H-Cell Carbon paper SnO, Cation 0.5 M KHCO3 —1.7 (vs 12 62 12 [168]
exchange SHE)
membrane
H-Cell Copper Sn Proton 0.1 M KHCO3 —1.4 (vs 15 91 5 [169]
exchange SHE)
membrane
Undivided three electrode cell ~ Copper Sn - 0.1 M KHCO3 -1.8(vsAg/ 8 83.5 4.5 [170]
AgCl)
Three-electrode system Carbon black SnO, - 1 M KOH -1.27 251 80 1 [171]
High pressure- Semi Sn plate - Bipolar K2SO04 3.5 30 80 - [86]
continuous batch membrane
electrochemical reactor
H-type Graphite Pdpt Proton 0.1 M K;HPOs5/0.1 —0.4 5 88 2 [172]
exchange M KH,PO4
membrane
Rotating disk in three Glassy carbon Copper(I) oxide - 0.5 M KHCO3 -0.8 - 66 1 [173]

electrode system
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limitation and reported that the use of GDE (Section 3.1.4) alleviated
CO;, solubility issue that is caused by the temperature increase. The
authors ascribed this to the short diffusion paths of dissolved CO; from
the gas-liquid interference to the catalyst. Therefore, the use of GDE in
H-type cell can effectively enhance the cell efficiency. The solubility of
CO4 can be increased by reducing the temperature or increasing the
pressure; however, this is difficult to apply in conventional H-type cell.

In order to increase the CO; solubility to overcome the CO, mass
transport limitation, Kas et al.[44] suggested increasing the applied CO,
pressure. The study highlighted that increasing the CO; pressure from 1
atm to 9 atm increased the formic acid FE from 3.52% to 20.80%.

It is worth mentioning that one of the significant limitations of H-cell
is the low formate FE at lower aqueous pH of 3-5 compared to higher pH
of 7-11. This is mainly due to the dominance of the hydrogen evolution
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reaction at low pH. Consequently, the cell produces alkali metal formate
salts, which require an acidification process to produce formic acid.

Another challenge in using conventional H-type cell configuration is
the low concentration of produced formate/formic acid in a large elec-
trolyte volume and small electrode size, which might be difficult to
detect. To mitigate that, Kuhl et al. [45] suggest a modified structure of
H-type cell called Sandwich H-type, Fig. 4c, that accounts for a large
electrode size and low electrolyte volume. This increases the concen-
tration of formate/formic acid in the electrolyte resulting in a higher
sensitivity in quantifying formic acid through the analysis technique. As
can be seen, the working electrode is fixed in a parallel position to the
counter electrode, and an anion exchange membrane is placed between
the two compartments to prevent the reoxidation of the CO, ECR
products (formate and formic acid). CO2 gas flows within the cell and
both compartments are filled with the electrolytic solution. Hatsukade
et al. [40], investigated the COy ECR on metallic silver electrode in a
sandwich H-type cell. The study revealed that Hy and CO are the major
products reaching a maximum FE of 90%, while formate is a minor
product reaching a maximum FE of 7%. It is worth noting that, the
performance of this type of cell can be enhanced by using a catalyst that
has high formate FE such as tin-based catalysts.

3.1.1.2. Flow cell

3.1.1.2.1. Polymer electrolyte membrane flow cell. Unlike H-type cell,
polymer electrolyte membrane (PEM) is a practical reactor for CO2 ECR
that can be used on an industrial scale. There are two main types of PEM
cell configuration as shown in Fig. 5. Generally, a membrane is placed
between the cathodic and anodic compartments to prevent the products
crossover. In Fig. 5a, the membrane is sandwiched between electrolytes
solution and in each compartment, a GDE is used (not necessary in the
anodic side), and COs is introduced in gaseous phase, whereas catholyte
is introduced in liquid phase. While in Fig. 5b, the membrane is sand-
wiched between GDEs and the fluid flows in the backside (the so called
zero gap arrangement) and the COs is introduced as CO; gas or COq
humidified gas through the GDE [46]. However, the anodic compart-
ment is fed with liquid electrolyte only. Furthermore, the use of GDE in

Anode Compartment
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PEM cells suppresses the mass transport limitation allowing a higher
concentration of COs in the cathodic compartment, which increases the
reaction rate, and the cell efficiency.

The main advantage of the PEM cell is the high FE, continuous
operation, ability to scale up without any reduction in the FE, and low
internal resistance. However, the electrolyte and the membrane should
be selected properly to achieve high FE and low internal resistance. In
addition, similar to H-type cell, the electrolyte has a significant effect of
the pH. This implies that any reduction of the pH below the allowed
range will result in a hydrogen evolution reaction resulting in a lower
formate FE [47,48].

Yang et al.[48] proposed a structure of PEM cell that can effectively
modify the GDE structure resulting in a higher cell performance,
reduced liquid flooding, and a stable pH of around 7-11 near the GDE so
it can suppress the hydrogen formation. The proposed structure involves
the use of an acidic center compartment, where formate is directly
converted to formic acid. Fig. 6 shows the configuration of the proposed
PEM cell. The cell consists of three compartments: anodic, center, and
cathodic compartments. The center compartment is sandwiched be-
tween a cation membrane from the anodic side and an anion membrane
from the cathodic side. The center pH is maintained between 1 and 5
using a strong acidic-ion exchange bead electrolyte. The anodic
compartment is more acidic than the center compartment by allowing
zero space with the anode. The pH is maintained between 7 and 11 near
the GDE. The membrane in the anodic compartment (cation membrane)
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Table 2
Performance for CO, electrochemical reduction into Formate/formic acid in flow cell.
Cell configuration Support Catalyst Membrane Electrolyte Applied Partial FE Cell Ref.
material potential current % Stability
(vs. RHE) density (hr)
(mA/Cm?)
Flow Carbon cloth SnO-, Proton exchange 1 M KOH —-1.18 174.86 93 9 [35]
cell Polymer electrolyte membrane
membrane
Polymer electrolyte Carbon In-Sn Anion exchange 1 M KOH —0.98 236 94 58 [136]
membrane flow cell paper membrane
Troy paper In/pb Alkaline polymer 1 M NaHCO3 - 40 80 1 [47]
Polymer electrolyte membrane
membrane
Sn foil SnO, - 1 M KOH -1.4 285 96.4 10 [174]
Polymer electrolyte mintues
membrane
Carbon Sn304 Anion exchange 0.1 M KHCO3 —1.02 421 91.1 2.5 [41]
Polymer electrolyte membrane
membrane
Carbon Nanorod SnO Proton exchange 1 M KOH -0.7 —-330 94 - [42]
Polymer electrolyte membrane
membrane
Carbon Sn Ion-exchange 0.5 M KHCO3 2.85 50 90.1 2 [175]
paper nanoparticles membrane
Polymer electrolyte
membrane
Polymer electrolyte Titanium As-deposited Bi Proton exchange 0.5 M KHCO3 —0.82 -1.6--83 75 6 [176]
membrane films membrane
Toray paper Sn/MWCNTs Proton exchange DI water 3.5 140 94 500 [48]
Polymer electrolyte membrane
membrane
Microfluidic Toray RuPd/Sn - 0.5MKCl +1 —0.55 100 89 - [49]
carbon paper M HCI

is used as the electrolyte. In addition, COy flow into the GDE in the
cathodic compartment, where it reacts with water coming from the
center compartment to form formate ions. In the anodic side, water is
oxidized into protons and oxygen. The generated protons flow to the
center compartment through the cation exchange membrane. Similarly,
the formate ions flow to the center compartments through the anion
membrane. In the center compartment, formate reacts with protons to
form formic acid. A 9.2 wt% formic acid is generated with a FE of 81%.
Furthermore, the cell showed a good stability over 500 h.

3.1.1.2.2. Membraneless (microfluidic) flow cell Membraneless or
microfluidic flow cell was first proposed by Whipple at el. [49]. The cell
consists of two GDE separated by a flowing electrolyte stream in which
its pH and composition can be easily tolerated. CO; is fed to the cathodic
side in which it is reduced directly to formic acid, while oxygen is
released from the anodic side. The formic acid is directly removed from
the system by the movement of the electrolyte. The reference electrode
is placed in the electrolyte existing point or it can be placed in the
electrolyte flow channel. It is worth mentioning that the gases produced
within the cell are washed away by flowing electrolyte and/or escape
from GDE. Fig. 7 shows the configuration of membraneless flow cell. In
the same study, Whipple et al. investigated the cell performance using
Sn catalyst at different pH. The results revealed that as the pH decreases

Co,

CATHOLYTE+
HCOO-

CATHOLYTE

|

Co, CATHODE

REFERENCE MEMBRANE

the formic acid current densities and FE increase indicating an improved
reaction kinetics. However, the pH could not be reduced less than 3 due
to the catalyst instability. The maximum formic acid FE and current
density were 89% and 100 mA/cm?, respectively.

Wang et al.[50] developed a model for membraneless flow cell to
study factors that significantly affect the cell performance for formic
acid production. The study revealed that the main limiting factors are
the CO; low diffusivity in the porous electrode, hydrogen evolution re-
action at the cathode and hydrogen dilution effect. The results showed
that GDE is responsible for the major mass transport resistance, which is
mainly because of the steeper gradient in CO, concentration inside the
GDE. In addition, the accumulation of Hy gas near the reactive surface
inside the GDE causing the dilution of CO, concentration and additional
overpotential, which reduces the cell performance. Furthermore, the
study mentioned that reduction of channel length can enhance the
current density, which is due to the reduction in the concentration
boundary layer thickness. However, the CO5 utilization will be reduced
due to the low CO;, residence time in which there is no sufficient time for
CO- to react with the electrode reactive surface. Table 2 shows the
performance of CO; electrochemical reduction into formate/formic acid
in flow cell.

Overall, the main advantage of this configuration is the ability to

ANOLYTE
u n ANOLYTE

ANODE

ELECTRODE

Fig. 8. filter press cell configuration adapted with permission from [52].
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Table 3
Performance for CO, electrochemical reduction into Formate/formic acid in filter press cell.
Cell Support Catalyst Membrane Electrolyte Applied Partial current FE Cell Ref.
configuration material potential density % Stability
(vs. RHE) (mA/Cm?) (hr)
Filter press Carbon Bi Ion exchange 0.5MKCl + 0.45 M -3.1 90 49.5 1.5 [52]
membrane KHCO3 (vs. Ag/AgCl)
Carbon Sn Proton exchange A M KOH -1.5 150 70 1.5 [177]
nanoparticles membrane
Tin Pb Cation exchange 0.45 M KHCOs3 + 0.5 —1.86 (vs Ag/ - 71.4 1.5 [51]
membrane M KCl1 AgCl)
Carbon paper Sn particles ITon exchange 0.45 M KHCO3 + 0.5  —2.0 (vs Ag/ 90 70 1.5 [178]
membrane M KCl AgCl)

carry out a continuous operation, electrolyte characteristics can be
easily manipulated, high formic acid FE and the electrolyte flow can
minimize the water management issues at the electrode including
flooding or dry-out. However, as mentioned above, several factors limit
the cell potential resulting in low formic acid production. The reasons
behind these factors need to be experimentally studied and enhanced to
achieve a high cell performance.

3.1.1.2.3. Filter press cell. Filter press cell or parallel-plate cell al-
lows the operation of a continuous process in which both catholyte and
anolyte pass once through the cell. Some research papers refer to the
filter press cell as a special type of microflow cell [51,52]. The cell is
divided into two compartments and separated by a membrane. An
anolyte is fed into the anodic compartment, whereas the catholyte and
CO,, are fed into the cathodic compartment. CO; is initially pumped into
the catholyte and then the solution is pumped to the filter press cell
using a peristaltic pump. The existing anolyte is reserved in a tank;
Similarly, the catholyte and liquid products are stored in a tank to be
analyzed. In addition, GDE is usually used because it has larger elec-
troactive surface area compared to other electrodes. For this type of cell,
there is a growing interest in optimizing the cell performance using Sn
GDE compared to others due to its superior performance compared to Pb
GDE [51,53]. Fig. 8 shows all the components of a filter press cell.

Castillo et al. [52], investigated the effect of current density (j) and
electrolyte flow per surface area (Q/A) on the performance of filter press
cell for CO, ECR to formate using Bi GDE. The results revealed that
increasing the current density j from 90 mA/cm? to 300 mA/cm? at Q/A
of 0.57 mL.(min.cm)™! increased the average formate concentration
from 2.04 g/L to 5.20 g/L; however, the FE reduced from 92.4% to
70.6%. The study highlighted that despite the reduction in FE, the

formate rate doubled when the j was 300 mA/cm?, which is beneficial to
the process. Additionally, there was a significant increase in energy
consumption from 177 kWh.kmol ™} to 410 kWh.kmol}. Moreover,
when the Q/A decreased from 0.57 mL.(min.cm)™! to 0.15 mL.(min.
cm)_1 at the same j (90 mA/cmZ), there was a significant increase in the
formate concentration (from 2.04 g/L to 7.51 g/L) and slight increase in
the energy consumption (from 177 kWh.kmol ™! to 186 kWh.kmol™1).
Overall, it is required to achieve high formate concentration, FE, and
energy efficiency towards formate with the possible lowest energy
consumption for commercial-scale application. Table 3 shows the per-
formance of CO, electrochemical reduction into formate/formic acid in
filter press cell.

Thus, the cell configuration plays important role in the cell perfor-
mance in which it affects the mass transport efficiency, process scale-up
capability and operation sustainability. This eventually, affect the
overall formate/formic acid FE and concentration as well as cell energy
consumption. Considering the above discussion on the cell architecture,
H-cell suffers from mass transport limitation, low liquid product con-
centration (due to small electrode size and large electrolyte volume),
and electrolyte pH control. These limitations make H-type cell suitable
for the performance evaluation of electrocatalyst prior to electrocatalyst
utilization in flow cells. Even though sandwich type H-cell facilitated the
quantification of low product concentration by using high electrode
surface area in a low electrolyte volume, still the mass transport limi-
tation pauses a challenge. This problem is suppressed in the flow cell
(both PEM and Membraneless). In addition, high formate/formic acid FE
and concentration can be generated in flow cell architecture using the
catalyst that is highly selective towards these products. Furthermore,
flow cell can effectively operate continuously with low internal

Table 4
Summary of different cell configuration performance towards formate/formic acid production.
Cell configuration Advantages Disadvantages
H-type Conventional o Suitable for catalyst testing. e Poor mass transfer.
e Easy to operate. o Difficult to control temperature and pressure.
e Low formate/formic acid concentration.
e Not suitable for industrial application.
Sandwiched e Low electrolyte volume e The configuration is restricted to flat shape electrode.
e Easy to quantify formic acid due to its high concentration.
Flow Polymer e Can operate with liquid catholyte or humidified CO,. e The pH should be carefully controlled.
cell electrolyte o Allow zero-gap arrangement, which might result in better CO, conversion e Flooding of GDE with liquid electrolyte.
efficiency. e Resistance due to the existence of the membrane.
e Continuous operation. e Membrane re-usability and cost.
Low internal resistance
e Can be scaled up without a reduction in the FE.
e Stable operation.
Allow the direct conversion of formate to formic acid during operation.
Microfluidic e Does not require use of membrane. e Accumulation of hydrogen gas near the cathode.

Continuous operation.

Reduced water flooding and dry-out issue.

Filter press cell Continues operation.

High formate production rate can be achieved.

Electrolyte characteristics can be easily controlled.

Steep CO,, gradient, which increases the mass transport
resistance.

Electrolyte flow rate should be carefully controlled.
Relatively high energy requirement.

Relatively high energy consumption.

Restricted to flat shape electrode.
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Fig. 9. The structure of planar, porous and MEA electrodes.

resistance. These advantages increase the flow cell reliability for scale-
up. However, still the limitation of pressure drops across the mem-
brane for PEM and cell architecture (e.g. channel length) need to opti-
mize. Filter press can effectively operate in a continuous mode in which
the anolyte and catholyte pass through the cell only once. However, the
reusability of the electrolytes still needs to be investigated since they
influence the process cost. Tables 4 summarizes the advantages and
disadvantages of different cell configurations for formate/formic acid
production.

3.1.2. Electrolyte

The main role of electrolyte is to transfer charge between the elec-
trodes and the catalyst during the CO, ECR process. The CO, can be
directly pumped into the electrolyte or through the GDE. In case CO3 is
pumped directly into the electrolyte, salts present in the electrolyte
reduce the COg solubility elevating the mass transfer limitation [54].
Therefore, the electrolyte concentration should be managed. However,
this problem is suppressed in case CO; is diffused through GDE. This is
ascribed to the creation of three-phase boundary layer where CO; con-
tacts the electrolyte near the catalyst, which enhances the COy ECR
process. Furthermore, the electrolyte influences the HER, system sta-
bility activity, formate/formic acid production rate, cell energy effi-
ciency, current density, local pH, faradic efficiency and product
selectivity [55-57]. Consequently, electrolyte is an important factor that
can render or facilitate the cell performance. Therefore, the electrolyte
characteristics and properties should be carefully considered to maxi-
mize the cell performance. Electrolytes are categorized into aqueous and
non-aqueous. The concentration of the electrolytes affects CO5 solubility
due to salt effect. As there is no general rule that defines the CO3 solu-
bility as the electrolyte concentration varies, studies should investigate
the effect of varying the electrolyte concentration on the CO2 reduction
efficiency. For instance, in NaHCOg solution concentration of 0.1 mol/
kg, the CO4 solubility varies between 0.07 and 0.43 mol/kgnancos under
CO,, pressure ranges from 0.3 —1.9 MPa, respectively, at a temperature
of 313 K [58]. Another study reported CO» solubility of 0.05 mol/kg at
temperature of 278.15 K in a concentration of 0.5 mol/kg NaHCO3
Under ambient pressure [59].

3.1.2.1. Aqueous electrolytes. Aqueous electrolytes consist of salts dis-
solved in a solvent, commonly water, such as Na*, K", CI~ and HCO3. As
shown in Table 1, aqueous electrolytes are commonly used in CO2 ECR
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into formate/formic acid owing to their high electroconductivity in
water, which facilitates the CO5 ECR process. The aqueous electrolytes
consist of cations and buffering anions or non-buffering anions. In most
studies dedicated to CO, ECR to formate, KHCOj3 is widely used and well
known for its high performance [60,61]. This is because KHCO3 can
excessively provide the reactant (CO2) for the reduction process at a
potential more negative than —1.8 V vs SCE leading to high faradaic
efficiency. Wu et al.[55] studied the effect of KHCOg, K2SO4, and KCl on
the selectivity and activity of Sn electrode for formate production. The
results showed that KHCOg3 can provide sufficient local dissolved CO5 to
the interface between the electrode and the electrolyte. This is indicated
by its stable current density over time. On the other hand, KCl and K2SO4
showed a reduction in the current density value over time indicating
that the current density was limited by the diffusion of dissolved CO;. In
addition, KHCO3 attained the highest formate production rate at a po-
tential of —2.0 V vs. SCE compared to KCl and K3SO4. In fact HCO3 has
an important role in enhancing the formate/formic acid production rate.
HCOj3 can provide an excessive amount of carbonaceous reactant, which
enhances the CO; reduction process into formate/formic acid. In the
same study carried out by Wu et al. [55] replacing SOz 2 with HCO3 ion
combined with Na®, K* and Cs" resulting in a higher formate faradic
efficiency by more than 10% at over potential less than —1.8 V vs. SCE.
Also, the current density stability was enhanced over 60 min without a
significant reduction. Besides, the formate production was enhanced by
more than 200%. Even in the absence of an external CO5 gas source,
formate/formic acid can be generated in presence of HCO3 ions [62].
Despite that, several research papers proved that CO, saturated elec-
trolyte systems show poor formate FE and current density compared to
gas-fed CO; system. This is justified by the fact that bicarbonates act as a
substrate for the reduction process, and the poor performance is caused
by the use of inappropriate cell configuration or catalyst. On the other
hand, it is suggested that bicarbonates act as a carbon donor and CO,
(supplied from the equilibrium reaction of bicarbonate with water) is
the substrate for the reduction process. Yet, the main problem associated
with bicarbonate that it also acts as a proton donor promoting the HER
and resulting in a low formate FE [62-64]. In order to overcome this
issue, recently, it was shown that by using cationic surfactants, HER is
inhibited while CO5 reduction (CO2R) is promoted when using bicar-
bonate as feedstock [65]. Nevertheless, it is proposed that bicarbonates
do not act as a proton donor and serve as a reactant that forms an in-
termediate that is directly reduced to form COOH intermediate [66].
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Thereby, it is assumed that direct fed the GDE with CO gas can increase
the ECR cell performance through its direct contact with the electro-
catalyst. However, there are some difficulties in collecting the liquid
products such as ethanol and n-propanol through GDE. One of the main
limitations is the liquid prod uct crossover through the GDE by evapo-
ration. Highly volatile products with low production rate tend to have
higher tendency to cross the GDE. Low volatile products like formate
have more tendency to cross the exchange membrane rather than GDE
through electro-migration [67,68].

Cations have a considerable effect on the formate/formic acid faradic
efficiency, current density and production rate. The highest faradic ef-
ficiency and energy efficiency can be achieved using cations of order
Na™>K">Cs" using Sn and In electrodes [55,69]. It is worth mentioning
that this order is in decreasing order of cation size, which indicates that
larger cation size can achieve higher faradic efficiency. This is because at
the same electrolyte concentration, large cations size attains to have a
higher potential at OHP, which increases their electrostatic adsorption
[55,70].

3.1.2.2. Non-aqueous electrolytes. Non-aqueous electrolytes including
ionic liquids are also used for CO2 ECR into formate/formic acid as
shown in Tablel. Non-aqueous electrolytes, especially ionic liquids are
known for their enhanced CO5 solubility compared to aqueous electro-
lytes, thereby suppressing the mass transport limitation and the
competing HER. For instance, at 313 K under CO» pressure of around
0.7 MPa, the CO4 solubility in aqueous NaHCOs is around 0.16 mol/
kgnancos, Whereas the COq solubility in non-aqueous 30 wt% 2-(2-
aminoethylamine) ethanol (AEEA) is around 10.99 mol/kgagga [58,71].
In addition, ionic liquids are used due to their electrical conductivity
leading to enhanced COs solubility [72] and production of high value
chemicals such as oxalate [73]). However, non-aqueous electrolytes
have low faradaic efficiency, which limits their industrial application.
Consequently, ionic liquids can suppress HER due to their low proton
concentration and reduces the overpotential for CO2 ECR [74,75]. It is
important to add water to the ionic liquid solution to prevent carbonate
precipitation and enhance product distribution, which ultimately pre-
vents any efficiency losses [76,77]. It is worth noting that there are some
concerns associated with ionic liquids as electrolytes including prepa-
ration, price, toxicity and safety hazard [78,79].

3.1.2.3. Electrolytes operation. In liquid flow ECR cells, the electrolyte
concentration is an important parameter that should be investigated as it
links directly to the solution pH. In fact, the solution pH is the most
critical factor that can enhance or diminish the ECR cell performance.
This is because the solution pH would favor the HER over formate/
formic acid at pH ranges other than the optimum range and affect the
CO4 solubility [80,81]. Formate is generally produced at pH neutral or
slightly alkaline (below 10). The reduction of pH below the neutral
conditions would favor the HER over formate production causing the
formate FE to decrease. For instance, increasing the concentration of
KHCOj3 solution from 0.1 M (pH 7) to 1 M (pH 7.8) causes the formate FE
to reduce from 80% to 40% [81]. For formic acid production, mainly the
optimized pH is around 4. In order to maximize the formic acid pro-
duction relative to formate, the system should operate at pH below or at
3 [82]. However, this would damage the electrode structure, and in-
creases the HER activity. Studies showed the highest formic acid FE of
70% was achieved at pH 4 [83], and 37% at pH 3.9 in KCl solution [84].
At pH lower than 4, the HER denominates due to the high proton con-
centration compared to the CO, concentration. This causes bubbles to
cover the electrode surface, which increases the bubble overpotential
and reduces the electrode efficiency. Nevertheless, even in a controlled
pH environment, the local pH near the electrode’s surface may deviate
from the bulk’s pH. This is ascribed to the production of OH™ ions from
the CO; reduction reaction (Eq. (1)) and HER (Eq. (2)). Yet, this effect is
counteracted by the formation of bicarbonate buffer by CO5 according to

13

Separation and Purification Technology 316 (2023) 123811

the reactions below and can be counteracted further by using buffer
electrolytes.

COxsg) + H,0 & HCO; +H" 6
Or.
COs+OH < HCO; pH >T @

The electrolyte flow rate is another important fluid dynamic factor
that would affect the CO; ECR process. At ambient pressure, the
formate/formic acid FE and current density increases as the flow rates
increase up to an optimum value. This is because higher flow rate would
(1) reduce the thickness of the diffusion boundary layer, which increases
the CO, mass transfer to the electrode surface (2) increases the transfer
of dissolved ions present in the electrolyte to the electrode active sites,
which increases the conductivity and thereby enhances the reduction
efficiency. Any increases in the catholyte flow rate beyond the optimum
value would reduce the cell performance mainly due to the decline in
residence time, excessive turbulence in the cathode chamber that affects
the CO, absorption and production of dead zones across parts of the
cathode. Also, at a low flow rate the poor performance could be attrib-
uted to the low CO2 mass transfer, and insufficient ions supply including
the H"™ and OH™ that limit the formate/formic acid production. It is
worth noting that at higher pressures (e.g. > 15 bars), higher formate/
formic acid FE and current density are obtained at a low catholyte flow
rate. This is because COy mass transfer is not the limiting factor at a
higher pressure and the enhancement could be due to the high CO2
solubility at a higher pressure and the improved proton transport to the
cathode [85-87].

3.1.3. Membrane

In CO; ECR cells, membranes are commonly used to separate the
anodic and cathodic compartments preventing the formate/formic acid
to oxidize in the anodic compartment. The membrane allows the use of
two different electrolytes with different pH conditions. However, not all
cell configurations require the use of membrane as discussed in section
3.1.1 such as in microfluidic cells. In fact, the continuous movement of
electrolyte that carries the formate/formic acid eliminates the need of
using a membrane. As shown in Table 1, three main types of membranes
are used in COy ECR cell: cation exchange membrane (CEM), anion
exchange membrane (AEM) and bipolar membrane (BPM). CEM is a
monopolar membrane with a fixed negative charge in which it allows
the cations to pass and prevent the passage of anions. Whereas AEM is a
positively charged membrane that allows the passage of anions while
rejecting cations [88-90]. BPM is a selective membrane towards anions
and cations. It comprises a charged anion exchange layer and negatively
charged cation exchange layer. AEM and CEM are cheap, easy to
manufacture, stable and have long lifetime. However, they suffer from
high product cross over, electrolyte contamination and high pH gradient
across the membrane. It is worth mentioning that the formate crossover
issue in AEM is much greater than CEM. Overall, these disadvantages
can be overcome by using BPM. In fact, compared to AEM and CEM,
BPM can effectively maintain a constant pH across the membrane
through its selective transport of anions and cations. In addition, the
products crossover and electrolyte contamination are minimized.
However, BPM is expensive, has a short lifetime and suffers from low
stability of the anion exchange layer. The short lifetime is mainly due to
layers delamination that is caused by the accumulation of water on the
interface due to bicarbonate crossover that converts to CO5 resulting in
membrane swelling [86,89,91,92]. Nevertheless, a recent paper high-
lighted that the use of alkaline anion exchange membrane combined
with alkaline electrolyte (KOH) result on a better selectivity of formate
by suppressing the HER besides the low solution resistance and
confinement of free CO, gas that KOH provides [93].

The performance of CEM and BPM under similar conditions were
investigated [87]. The results showed that the use of CEM membrane
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requires higher catholyte concentration, which is about 1 M KHCO3 and
0.5 M KHCOs3 for CEM and BPM, respectively. In addition, at low pres-
sure (e.g. 1 bar), ECR cell with BPM show higher format concentration
and FE, and lower current density. Also, in ECR cell where CEM is used,
it is recommended to use acidic anolyte. However, it is not recom-
mended to use acidic anolyte with BPM because the current density and
formate amount are reduced significantly compared to alkaline anolyte.
Systems that involve the use of BPM require the use of alkaline anolyte.
Despite that, it is not recommended to use bicarbonate as the anolyte
since the bicarbonate ions will react with the hydroxide ions from the
BPM to form carbonates. For the catholyte, it is recommended to use a
neutral to slightly alkaline solution. In fact, it is preferred to use KHCO3
as a catholyte as discussed in Section 3.1.2 [86]. It is important to
mention that the cathodic compartment can operate without the use of
liquid catholyte. In that case, water is supplied through the membrane
from the anodic compartment [94]. In addition, the membrane thickness
plays an important role in the energy requirements. As the membrane
thickness increases, the ohmic drop increases and subsequently in-
creases the cell voltages resulting in a high electricity requirement.

3.1.4. Working electrode
The reduction of CO, into formate/formic acid occurs at the working
electrode (cathode) at pH around 7 and it is expressed as:

CO,+H,0+ 2" -HCOO™ +OH™ 3)

The formate anions combine with the positive ions that are trans-
ported from the anodic compartment through the membrane or positive
ions available in the electrolyte.

Properties including the electrode geometry, shape, configuration,
composition, porosity, and electrode material influence the electrode
CO3 reduction capability. There are three types of electrodes, which are
planar, porous and membrane electrode assembly (MEA) as shown in
Fig. 9. MEA consists of catalytic layer (CL), Microporous and Macro-
porous layer, current collector and gas feed.

Planar electrode is not commonly used due to its unreliability in COy
ECR cell [95]. On the contrary, MEA are used in two main configura-
tions, which are GDE and Catalyst Coated membrane (CCM). Compared
to planar and porous electrodes, GDE has lower mass transfer resistance
and larger electroactive sites per unit area. GDE is fabricated by
depositing the catalyst ink on a microporous layer of gas diffusion layer,
mainly carbon support, Whereas CCM involves depositing the catalyst
ink on a polymeric membrane [96]. In GDE, the support layer (micro-
porous and microporous layer) is mainly made of porous materials that
facilitate gas transport. The microporous layer is an optional layer that
can enhance the CO;, distribution over the catalyst layer. Carbon powder
is commonly used as a microporous layer. Whereas the macroporous
layer is mainly carbon-based material (e.g. carbon nanotubes and woven
fabric carbon cloth) mixed with a hydrophobic polymeric material.
Among the carbon support material reported, carbon nanotubes possess
a high mass transfer rate, good stability and productivity, and more
confinement of catalytic layer and CO, gas [97]. The main issue asso-
ciated with carbon materials is that they can facilitate the HER. How-
ever, the hydrophobicity of the support can be enhanced to prevent HER
by applying surface and structure changes, such as incorporating cata-
lytic metal sites into the carbon structure (e.g. the metal organic
frameworks (MOF) [98]. A recent study reported that the addition of
binders, such as polytetrafluoroethylene (PTFE) enhanced the catalyst
active surface area, the CO; diffusion channels around the active surface
and reduced the HER resulting in enhanced formate production [99]. It
is worth mentioning that the cathode microstructure governs the gas
diffusion and the charge exchange and transfer, which influence the CO,
reaction and subsequently influence the cathode performance [100].

The catalyst can be coated/deposited on the support through various
methods including spraying, screen printing, rolling and electrodeposi-
tion. Spraying involves the spraying the electrocatalyst ink through a
nozzle to form fine aerosols, whereas screen printing involves creating a
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stencil on a mesh screen followed by pushing the electrocatalyst ink
through that stencil [101,102]. Rolling method involves sieving the
electrocatalyst through a silver mesh onto a support or directly intro-
ducing the electrocatalyst to the support followed by passing the support
loaded with electrocatalyst between two rollers [103]. In electrodepo-
sition, an electrical current is used to reduce the cations existing in an
electrolyte to form an electrocatalyst thin film [104]. It is worth
mentioning that CCM electrode eliminate the need to use liquid cath-
olyte and can effectively work in gaseous phase (humidified COj2)
catholyte. This eliminates problems including the low CO; solubility
that limits the reaction rate and the occurrence of secondary reactions;
yet the system is difficult to control. GDE can effectively overcome the
mass transport limitation due to low COs solubility in aqueous electro-
lyte by maintaining a high CO, concentration near the catalyst surface.
In addition, GDE provides has a good mechanical stability, contributes
to system stability, can operate at higher current densities (e.g. 200 mA/
cm?) and reduces ohmic losses and achieve higher formate production
rate. Besides that, GDE prevents cathode flooding by providing a passage
for byproducts removal due to its highly structured three-phase
boundary [105,106]. For instance, Diaz-Sainz et al.[96] carried out a
comparative study between GDE and CCM electrodes. For the same
electrocatalyst, the study showed that CCM electrode outperform GDE in
term of formate concentration, FE, and energy consumption per Kmol of
formate. However, the formate production rate of CCM electrode was
much lower than GDE, as low as 75% due to the low operating current
density. The study highlighted that GDE is more suitable for operating at
higher current density resulting in higher CO, reduction and formate
production rates.

The formation of formate is governed by the local proton concen-
tration in the reaction zone and the local electrical field. Therefore, as
the thickness of the catalyst layer increases the current density increases,
which subsequently increases local proton concentration resulting in
higher formate FE. However, the local electrical field is reduced with the
increase in the catalyst layer thickness, which impedes the formation of
formate [107]. Another reason could be the limitation of reactants
diffusion as the catalyst thickness increases, which reduces the formate
FE. A study reported that at constant overpotential, as the thickness of
the catalyst layer increase, the partial current density and faradaic ef-
ficiency towards formate increases up to certain metal loading. This is
ascribed to the increase in the total area of three-phase boundaries.
However, a further increase in the metal loading causes a reduction in
the current density as well as the faradaic efficiency due to the reduction
in reactants diffusion [108,109]. In addition, the increase in the catalyst
layer thickness beyond the optimum thickness cause a shift in the
product distribution (e.g. from formate to CO). A study reported that the
thickness of the catalyst layer has a significant effect on the over-
potential of the reaction at a constant current density, which might
cause a shift in the product distribution. For instance, increasing the
metal loading up to certain amount may increase the FE considerably.
However, further increase in the metal loading leads to a significant
reduction in formate FE causing the FE of other products to increase. For
instance, at low metal loading of 5 mg/cm?, the formate FE reached 93%
at 50 mA/cm? requiring a higher reactor voltage. Yet, additional in-
crease in the metal loading reduces the voltages, but the FE decreased
significantly to 82% with a considerable rise in the CO FE [80]. It is
worth noting that the cell voltage is the sum of equilibrium electrode
potentials, overpotentials and potential drop across the electrolytes as
well as the membrane. Moreover, the cell voltage is significantly influ-
enced by the ohmic drops.

The type and the properties of the support layer also have an
important effect on the CO, ECR to formate/formic acid. The support
layer affects the CO», protons and electron transport within the catalyst
layer as well as the HER activity, which subsequently influences the CO,
ECR. As disused above, the type of support layer influences the HER
activity, which influences the CO; ECR. For example, mesopores carbon
(pore size 1.7-20 nm) has a higher capability towards HER suppression
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compared to activated carbon (pore size 1.7-60 nm) and acetylene black
(pore size 17-50 nm) [5]. Generally, the primary pores (exist on the
catalyst layer deposited on the support) acts as a reaction zone, whereas
the macroporous layer acts as CO, gas channel. The primary pores
surface area determines the cell performance towards formate produc-
tion. As the primary pores surface area increases, the current density of
formate increases leading to better cell performance. Han et al.[5] re-
ported that the optimum pore size of the primary zone for the COy ECR
to formate ranges between 5 and 20 nm, which differs from the optimum
pore size of other carbon-supported electrodes for CO ECR to gaseous
products (e.g. CO). In addition, for carbon support, the enhanced
graphitic degree enhances the electron transfer, which subsequently
enhances the CO; reduction reaction. Furthermore, the CO5 adsorption
capability and charge transfer capability of the support layer impact the
electrode reduction performance. Therefore, these parameters should be
studied in order to optimize the electrode performance.

The fraction of the support layer (microporous and microporous
layer) plays a deceptive role in the electrode performance. The effect of
increasing the support layer fraction on current density and formate
production is similar to the effect of the catalyst layer thickness. As the
thickness of the support layer increases the current density increases
along with the formate FE due to the support layer microstructural
evolution that increases the local proton concentration near the catalyst
surface. However, further increase in the support layer fraction beyond
the optimum thickness, the formate FE decreases due to the blockage of
catalyst sites that subsequently reduces the gas permeability and in-
creases the mass transport resistance.

In addition, the catalyst size influences the electrode performance
towards CO2 ECR process. Small catalyst size could lead to higher
formate/formic acid yield [110]. However, it is also reported that the
particle size of the electrocatalyst does not have an effect on the elec-
trode performance under the optimum support layer and catalyst layer
thickness. Wu et al. [107], highlighted that the formate production using
Sn electrode with the optimized support layer fraction (Nafion) is in-
dependent on the Sn size that ranged between 100 nm and 2000 nm.
Nevertheless, the thickness of the catalyst layer and support layer
(Nafion) fraction affects the Sn electrode performance towards formate
production significantly. The optimum catalyst thickness was about 9
pm, while the Nafion fraction was roughly 20 wt%. Therefore, the
catalyst size does not define the performance of the electrode. Other
factors such as primary zone pore size, primary pores surface area,
electroactivity of the catalyst, primary zone CO, adsorption capability,
support layer porosity, and support layer electron transfer capability
have a direct influence on the electrode performance. Nevertheless, in
order to achieve the optimum catalytic activity, the catalyst must
demonstrate a high mesoporosity and 3D hierarchical structure. This
results in a larger specific surface area and maximizes the contact sur-
face area between the electrode and the electrolyte, which facilities fast
mass transport as well as electro-transfer rate [111].

It is worth mentioning that the electrode fabrication methods pa-
rameters, such as annealing temperature and electrodeposition time
influence the structure, superficial area, and the electroactivity of the
catalyst. Furthermore, recent study showed that the type of precursor
can influence the selectivity and the degree of alloy component forma-
tion. For instance, a recent study reported that the use of S0%~ precursor
in Cn/In/MOF electrocatalyst synthesis promoted the formation of In,
which increased the catalyst stability, selectivity towards formic acid
and FE compared to NO3[112].Therefore, the fabrication parameters
should be well optimized [113,114].

3.1.5. Anode material

The oxidation reaction occurs in the anodic compartment at pH 14
simultaneously with the reduction reaction at the cathode, and it is
expressed as:
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1
20H" —302 +H,0+2e” 4

The electrolyte used in the anodic chamber (anolyte) could be water
or other organic and inorganic electrolytes as mentioned in Section
3.1.2. Despite that, water dissociation occurs at both the cathodic and
anodic chambers. Furthermore, in some cell configurations, the cathodic
and anodic compartments are separated by a membrane to prevent
formate/formic acid oxidation. Other configurations do not include the
use of a membrane and the continuous movement of the electrolyte (e.g.
membraneless flow cell) prevents formate/ formic acid oxidation.
However, the existence of a membrane ensures maintaining the alkaline
conditions to ensure oxygen evolution at low equilibrium potential for
oxygen evolution reaction (OER) [87]. Besides that, it is important to
reduce the oxygen evolution potential (OEP) at the anode as it reduces
the electrical energy required for the CO, ECR and consequently in-
creases the total cell energy efficiency [115]. The OEP is the major
contributor to the cell voltage requirements by more than 50%. In
addition, lower cell voltages enhance the formate production. This is
because the production of formate involves the transportation of H*
from the anodic to the cathodic compartment. As the OEP increases, the
cell voltage increases, which strengthens the electric field intensity and
enhances the H' transfer across the membranes to the cathodic
compartment. However, H" reduction reaction is faster than formate
generation reaction. Therefore, formate regeneration decreases and
hydrogen evolution increases [39]. Most of the studies showed that
noble metals and their oxides have excellent performance and good
stability. Yet, the oxides are more stable since they cannot be further
oxidized. To date, platinum (Pt) electrode is widely used in CO, ECR. It
has been proven that the use of Pt cermet electrode reduced the anode
overpotential and ohmic resistance while increased the CO5 ECR reac-
tion at the interfaces [116]. Nevertheless, its activity towards OER is
limited due to the potential for oxide formation. Other studies showed
that iridium oxide (IrO3) outperforms other catalysts including Pt in
term of cell performance and stability [117,118]. For instance, Jiang
et al.[39] studied the effect of three anode material (Pt, [rO5-TayOs/Ti,
and p-PbO2/Ti) on the performance of Tin cathode for CO; ECR to
formate. The study showed that IrO2-TazOs/Ti exhibited the highest FE
and energy efficiency, and the lowest power consumption. It is reported
that it reduced the cell energy requirement by 53.8%, which reduces the
formate production price. In addition, IrO,-Ta0Os/Ti electrode con-
tained more active sites as well as less interfacial charge-transfer resis-
tance, which accelerates the water oxidation process. However, noble
metals are generally expensive and require neutral electrolyte for OER,
which limit their applicability in large scale production.

The electrolyte affects the type of the anode that can be used. The use
of alkaline electrolyte such as KOH can effectively reduce the anode cost.
This can be achieved by utilizing highly reactive non-noble metals such
as cobalt and iron as an OER catalyst rather than noble metals along with
alkaline electrolyte. This combination can provide a good cell perfor-
mance [119].

In undivided CO; ECR cells where the cathodic and anodic com-
partments are not separated, thereby formate can be oxidized on the
anode causing the concentration of formate to decrease significantly.
Generally, the three-electrode system is used to investigate the perfor-
mance of catalysts as this system is not practical to implement in in-
dustry. However, there are ways to prevent or reduce the formate/
formic acid oxidation on the anode in an undivided three-electrode
system. For instance, a study reported that coating the Pt electrode
with Nafion membranes can reduce the oxidation rate of formate
resulting in a higher formate concentration in the electrolyte compared
to uncoated Pt anode [120]. This can provide better information
regarding the catalyst performance towards formate production. The
Nafion layer prevents the formate to reach the Pt surface, while it allows
the water to pass. The addition of Nafion layer caused the formate
concentration to increase to 0.12 mol.L ™! compared to 0.023 mol.L ™! for
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Fig. 10. (a) The effect of CO, pressure on the electrolyte pH at different electrolyte concentration (b) the distribution of formate and formic acid at different

electrolyte pH at 25 °C adopted with permission from [82].

uncoated Pt electrode. In addition, as the Nafion content on the Pt
electrode increased from 0% to 5% the faradaic efficiency increased
from 38% to around 81%. Furthermore, in undivided cell, the dissolved
Pt from the Pt electrode can act as a cathode contaminant causing car-
bon monoxide to be adsorbed on the catalyst surface leading to catalyst
corrosion [121,122].

3.1.6. Hydrogen evolution reaction (HER)

The HER can reduce the cell efficiency towards formate/formic acid
production by competing with the electrode reaction mechanism and
dilution of CO,. Therefore, it is important to suppress the HER in order
to optimize the cell performance. This suggests that HER kinetics is one
of the important cell parameters that need to be minimized. The HER
typically occurs at current density between 0.01 mA/cm? and 1 mA/cm?
in GDE and it is expressed as:

2H,O+2¢ — H, +20H™ 5)

Thermodynamics principles apply that HER occurs at cathode po-
tential lower than —1.02 V vs. SHE. However, a recent study suggests
that HER has minor effect on cell performance towards CO; reduction
reaction at —1.02 V vs. SHE till the cathode potential drops to —2 V vs.
SHE. This is because beyond —2 V vs. SHE, the partial current densities
of CO; and H; overlap resulting in a lower energy efficiency and cell
performance. As shown in Table 1, the optimum FE for formate pro-
duction typically occurs at cathode potential —1.7 vs. SHE. Yet, several
studies emphasize that the HER is still a challenge in CO, ECR into
formate/formic acid cells [107]. The cell configuration influences the
degree in which HER affects the cell performance. For instance, the HER
has a significant effect in flow channel ECR cell structure (e.g. micro-
fluidic cell). In flow channels, the Hz concentration may increase along
the channel, which accumulates inside the GDE near the reactive surface
area causing CO; dilution and resulting in a lower cell performance [50].

Overall, the HER can be effectively suppressed by using a highly
selective and active catalyst towards CO2 formate/formic acid produc-
tion. In addition, increasing the hydrophobicity of the macroporous and
microporous layer suppresses the HER. Also, the use of proper cell
dimension in some cell configuration such as microfluidic cell reduces
the effect of HER. As discussed in Section 3.1.5 some anodic materials
increase the cell voltages allow the passage of H' ion promoting the HER
over formate.

3.1.7. Cell stability
One of the most important factors while designing the ECR cell is the
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long-term cell stability during operation. Cell stability is most likely
influenced by the stability of electrode structure, catholyte type, phase
and concentration, CL structure and membrane type. A stable CO; ECR
cell showed an acceptable and stable formate/formic acid FE, current
density and cell voltage. For industrial scale, the cell should demonstrate
a stable performance for at least 8000 h per year [123]. It is well-
established in the literature that the degradation and deactivation of
the CL is the main reason responsible for the poor cell stability. This is
ascribed to the catalyst poisoning and contamination by the metal im-
purities, intermediates, CO produced from the side reactions, and im-
purities in CO gas. For instance, the use of industrial CO, purified gas
might cause catalyst poisoning due to the presence of small quantities of
Hj,S. However, CuSx catalyst can reduce the risk of catalyst poisoning
through the Cu foil reaction with dissolved sulfur that increases the CuSx
catalyst average size and surface density for formate production.
Another way to reduce the electrode poisoning by CO is by using metals
that have low binding energy towards CO, such as Pd metal [124-126].

As shown in Table 1, the maximum operating time for formic acid
production is 500 h in flow cell configuration using Sn/MWCNTs elec-
trode [48]. The cell voltage remained almost constant throughout the
500 h, while a slight drop in the formic acid concentration (from 20 wt%
to 15 wt%) occurred after 120 h. Whereas, the maximum operating time
for formate is 152 h using SnOy/ y-AlpO3 supported on carbon fiber
paper in H-type cell [127]. Considering the research papers demon-
strated in Table 1, it seems that the type of support affects the electrode
stability, which is by the nearly constant value of FE and current density.
For instance, the FE reduced from 80% to 20% after 150 h of operation
using SnO; supported on carbon fiber paper. However, for SnO5 sup-
ported with y-A,03 and carbon fiber paper, the FE initially increased to
80% in 20 h, then slightly reduced to 70% after 150 h of operation
[127]. Furthermore, the catholyte type affects the cell performance over
long-term operation. For instance, the cumulative formate FE remained
constant at 5% roughly during 30 min of operation in sodium carbonate
electrolyte. On the other hand, the formate FE reduced from 80% to 15%
during the same period in sodium bicarbonate [47].

The type of the electrolyte affects the cell stability. Wu et al.[55],
reported that the NapsSO4 exhibited the most stable current density over
1 h compared to K804 and Cs,SO4 at 0.5 M. after replacing the SO3~
with HCO3 of the same concentration, all electrolytes exhibited stable
current density over the same period. In addition, the formate FE for Sn
foil was investigated over 48 h in 0.5 M KHCO3 and 0.5 M Na3SOy4. The
results revealed the formate FE decreased significantly by more than
50% for both electrolyte with obvious degradation during the first 10 h
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of operation. Also, the deposition of trace metal presented as metal
impurities, especially Zn, which is responsible for the reduction in FE.
Furthermore, the electrolysis phase either liquid catholyte or catholyte
free, influence the cell stability. Catholyte-free CO5 ECR cells attain
more stable current density and formate/formic acid FE. This is because
the liquid catholyte in CO5 ECR cells tends to damage the electrode as a
result of the catholyte flow velocity and the excessive HER, which causes
a reduction in formate/formic acid FE. For instance, Lee et al.[128],
reported a stable formate FE at 91.2% for 48 h using Sn electrode, while
the formate FE in liquid catholyte reduced from 67.7% to 31.8% during
the same period.

During CO; ECR, the electrode goes through several structural
changes as a result of long-term operation, which affects the overall cell
performance. In fact, the morphology and the structure of the CL play an
important role in defining the cell stability [129,130]. The deformation
of the CL such as changes in the structural characteristics and pore size
causes the cell performance in term of FE and current density to diminish
in a short time (e.g. 10 h). For instance, the pore structure of Sn and Cu
electrode totally collapse after 10 h of operation leaving a rod-branch
overlapped structure. An alternative way to maintain the structural
integrity and maintain a stable cell performance is by using alloyed
electrodes. For example, Cug 2Sns electrode maintained the structure
integrity with little reduction in the pore diameter. Thereby, the elec-
trode maintained a stable FE and current density value [35]. High
catalyst stability can be achieved through optimizing the catalyst
composition to maintain the structural integrity during the CO ECR.
Operational parameters such as electrolyte type and concentration
should be investigated to optimize the cell performance and maintain its
stability.

3.2. Operational parameters

3.2.1. COy flow rate
In flow cells, the CO; flow rate affects the formate/formic acid FE
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and current density despite the cell configuration. For instance, in
microfluidic cell, where the anodic and cathodic compartments are not
separated by a membrane, as the CO; flow rate increases the current
density increases significantly, but the CO5 conversion efficiency de-
creases dramatically. This is because at higher flow rates the concen-
tration boundary layer thickness decreases resulting in the need to apply
higher current densities. Moreover, the reactant utilization decreases
due to low residence time causing lower CO, conversion. Similar results
were obtained in flow H-type cell, where the two compartments are
separated by a membrane, and CO; gas and the electrolyte are flowing
continuously. Furthermore, the influence of CO, flow rate on the
formate FE is not significant at a current density below 300 mA/cm?.
However, at a current density above 300 mA/cm? the effect of CO,, flow
rate on formate FE becomes significant. Generally, as the CO5 flow rate
increases the formate FE increases up to a certain limit [42,50,179].
Beyond the optimum CO-, flow rate, no enhancement in the formate FE
could be detected. This is mainly because the CO transportation to the
active site is limited by the CO mass transfer rate of the gas diffusion
layer (macroscopic and microscopic layer). It is worth noting that the
CO; mass transfer rate can be improved by optimizing the pore size and
the thickness of the gas diffusion layer. Higher pore size and small
thickness of the gas diffusion layer may increase the cell performance.
Yet, higher pore size could increase the contact losses as the electrons
travel through the solid matrix of the GDE, which could adversely affect
the ECR cell performance [85,180].

It is worth mentioning that the flow rate of CO5 and the electrolytes
should be appropriately matched or else the electrolyte in the anodic
chamber will run to the cathodic chamber and reduces the cell perfor-
mance [181].

3.2.2. CO; feed pattern

Generally, the CO; is fed to the ECR cell either in a form of gaseous
CO5 or by saturating the electrolyte with CO, prior to starting the
reduction process. In both cases, CO2 should be 99.99% purity.
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Therefore, varying the inlet CO5 concentration does not have an effect
on the performance of the ECR cell, yet it is claimed that the way that
CO4 is introduced has an effect [182]. Saturating the electrolyte with
CO, results in the presence of bicarbonate and hydrogen ions. As
mentioned, several research papers proved that bicarbonates electrolyte
systems show poor formate FE and current density based on the
assumption that the bicarbonates act as a substrate for the reduction
process. On the other hand, CO, gas-fed system showed an enhanced
performance. Therefore, it was suggested that CO, gas-fed system are
more effective compared to CO, saturated electrolyte system [183].
Nevertheless, recently it has been proven that the CO, feed pattern does
not influence the cell performance. In fact, bicarbonates act as carbon
donors and supply COs to the electrode surface, which is the substrate
for the reduction process. Even in pure bicarbonates solution, CO; is the
substrate for the reduction reaction [62,63,184]. Deng et al.[62] stated
that the bicarbonate ions are not adsorbed on the catalyst layer, but are
converted to CO, via equilibrium conversion which is adsorbed by the
catalyst layer and reduced.

The local CO4 concentration near the electrode is a critical factor that
determines the ECR cell performance. Higher local CO, concentration at
electrode/electrolyte interface leads to higher kinetics resulting in a
better cell performance. The local CO, concentration is determined by
several factors including catalyst’s material, wettability, and pore
structure, type of electrolyte, the electrolyte flow rate in flowing sys-
tems, and catalyst layer thickness [95,126]. In fact, the local environ-
ment of the CL and its properties controls the distribution of COy
influencing the cell performance. Uneven distribution of CO can lead to
poor catalyst utilization leading to poor cell performance [95]. Simu-
lation results suggest that the thickness of the catalyst layer is the main
factor that controls the CO, local concentration than the catalyst
porosity [185]. Generally, higher local COy concentration near the
electrocatalyst leads to higher CO, reduction efficiency. The local CO5
concentration can be increased by using a nanostructure needle shape
electrocatalyst that is able to produce high local electric field that con-
centrates the electrolyte cations near the surface, which attracts the
HCO3 anions that are converted to CO, and thereby increases the COy
concentration [62].

3.2.3. Temperature

The majority of the studies on ECR of CO; into formate/formic acid
are conducted at room temperature and atmospheric pressure, while the
studies at elevated temperatures are scarce. Generally, as the operating
temperature increases, the CO» diffusivity (mass transport) and kinetics
increase. However, the CO, solubility decreases at a higher temperature,
which decreases the local CO, concentration at the electrode/electrolyte
interface resulting in a poor cell performance. This indicates that the
local concentration of CO, at the electrode/electrolyte interface depends
significantly on the CO2 solubility. Despite that, several studies high-
lighted that increasing the temperature results in a higher current den-
sity and energy efficiency. Nevertheless, the HER rate increases with
respect to CO, reduction rate due to low COs solubility resulting in a low
formate FE. It is reported that the optimum temperature required to
suppress the HER rate and maximize the formate/formic acid FE falls
between 0 °C and 35 °C [43], while others suggested an optimum
temperature between 20 °C and 70 °C [186]. A study investigated the
effect of temperature on the formic acid FE using Sn GDE electrode in H-
type cell [83]. The results revealed as the temperature increases from 5
°C to 20 °C, the formic acid FE increases from 0% to 60% followed by a
considerable reduction in formic acid FE as the temperature elevates. In
contrast, another study reported an optimum temperature of 50 °C
showing an average formate FE of 85% for 24 h using SnO, GDE elec-
trode in H-type cell [43]. Despite the fact that the system attains the
lowest and most stable cathode potential at a temperature of 70 °C,the
cell performance was poor due to the increase in HER activity over
formate production rate and the electrolyte residence time in the CL
pores. It is worth mentioning that an increase in the electrolyte residence
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time causes electrode wetting that changes the catalyst structure and
increases the electrodeposition on the metal impurities (e.g. Fe) from the
electrolyte that boosts the HER activity. Therefore, temperature has
strong correlation with the electrode wetting and degradation. Thus, it is
important to operate the ECR cell at the optimum temperature to avoid
the electrode degradation. For instance, Lowe et al.[43] highlighted that
between 20 °C and 70 °C, mechanical degradation was observed after
20 h of operation in form of small black fragments split off the GDE, but
not at 50 °C which is the optimum temperature. This might be explained
by the excessive HER that waken the GDE structure. It is worth noting
that the catalyst type affects the optimum temperature that produces the
maximum formic acid FE. For instance, lead, tin, and lead electrodes
produces the highest formic acid FE at optimum temperature of 20 °C,
20 °C and 60 °C, respectively [187].

The effect of temperature on the formate FE varies in gas-phase
(humidified COy supply without using liquid catholyte) or liquid-
phase (presence of liquid catholyte) ECR cell. As discussed above in
liquid-phase ECR cell, as temperature increases beyond the optimum
temperature the formate FE decreases. This reduction could be more
than 30% for 20 °C temperature increment. However, in gas-phase ECR
cell, the reduction in formate FE could be less than 10% for 20 °C
temperature increment. This is ascribed to the fact that the CO reduc-
tion reaction is not limited by the CO3 solubility [128].

3.2.4. Pressure

COq, pressure has a significant effect on the product selectivity, FE,
current density, electrolyte pH and formate/formic acid concentration.
It is well-established in the literature that increasing the pressure in-
creases the CO3 solubility in the electrolyte (based on Henry’s law) and
facilitates working at high temperatures [188,189]. Most of the studies
carried out the ECR under atmospheric pressure (=1 bar(and few use
high-pressure systems that requires pressurized stainless-steel cell in
which the pressure can go up to 80 bars. In addition, some cell config-
urations are pressure sensitive such as membrane flow cell, which limits
their operation under high pressure. The cell configurations described in
this review can operate under high pressure by using stainless steel
materials. It is worth noting that the cell configuration affects the CO»
ECR efficiency under the same operating conditions. For instance,
pressurized filter press cell showed formic acid concentration generated
in 4 h 28% higher than the concentration generated by a pressurized
cylindrical cell in 6 h under the same CO; pressure of 15 bars [190].

Furthermore, one of the greatest challenges in high-pressure ECR
cells is the use of membrane with a good mechanical strength and low
products cross over capability. As discussed, BPM membranes outper-
form AEM and CEM membrane and therefore it is used in pressurized
systems. For instance, CEM membrane causes 4% formate cross-over,
whereas BPM causes only 1% under the same pressure of 40 bars
[86]. However, still the system suffers from formate/formic acid cross-
over and must be eliminated to optimize the cell performance.

The CO pressure has a significant influence on the CO, ECR cell
performance. As the CO5 pressure increases the formate/formic acid FE,
current density, and concentration increase despite the electrode type.
This is mainly because higher pressure results in higher CO; solubility
enhancing the mass transfer to the CL [190,191]. For instance, a study
reported that as the CO5 pressure increases from 10 bars to 50 bars, the
formic acid FE and concentration increases from 40% to 80%, and from
1500 ppm to 5000 ppm, respectively [86]. However, higher pressure
would flatten out the formic acid FE and concentration and cause formic
acid cross over through the BPM membrane. The analysis showed that at
50 bars, around 4% of formic acid was presented in the anodic
compartment. In another study, the formate cross-over reached 1%
under similar conditions [86]. The degree of crossover of formate and
formic acid differs. Usually, formic acid has higher cross over intensity
with respect to formate through the BPM [191].

Higher CO; pressure tend to reduce the electrolyte pH, but the
amount of the reduction depends on the initial molarity of the
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electrolyte. For instance, as the CO5 pressure increase from 1 bars to 70
bars, the pH reduces from 8.5 to 7 for 3 M KHCO3, from 8.5 to 6.35 for 1
M KHCO3, and from 8.5 to 5.35 for 0.1 M KHCOg3 as shown in Fig. 10a.
However, for all electrolyte concentration, the pH does not reduce to a
value below 5. The reduction of pH would favor the HER and determine
the product distribution between formate and formic acid. As can be
seen from Fig. 10b, between pH 6-7 the formate predominates. Thus,
increasing the CO, pressure for all electrolyte concentration between
0.5 M and 3 M favors the formate production. On the other hand,
increasing the CO, pressure for the low electrolyte concentration of 0.1
M still favors the formate production, but in lower quantities. If the
formic acid is desired over formate, then pH below 3 showed be tar-
geted, but that would adversely affect the electrode causing electrode
depletion on the long-term operation and increases the HER activity
[82,192].

The effect of CO5 pressure on the formate/formic acid FE, current
density and concentration differ for different electrolyte concentration
and type. It is recommended to use intermediate electrolyte concentra-
tion such as 0.5 M KHCO3 and 0.25 M K3SO4. This is because lower
concentration could cause poor conductivity and significant pH drop,
which enhance the HER and reduce the cell performance towards
formate/formic acid production. Whereas higher concentration could
cause the CO3 solubility to decrease due to the salting-out effect, in-
crease cation concentration on the electrode, and reduce the electrical
field that destabilizes the intermediates [86].

Generally, it is stated in literature that increasing the CO5 pressure
might reduce the cathode overpotential. A study investigated the effect
of CO4 pressure on the formate/formic acid FE, current density, and
concentration at different cell potentials [86]. First, for all cell potential,
the formate/formic acid FE, current density and concentration increases
as the CO; pressure elevate. Secondly, the results revealed that it is a
challenge to obtain a high formate/formic acid FE, and current density
at low cell potential, yet there is always a trade-off. For instance, at alow
cell potential of 3 V, it is possible to obtain the highest formate/formic
acid FE compared to cell potential of 4 V. In fact, the difference in FE
remains above 30% under all CO, pressure that varies between 1 and 50
bars. On the other hand, the highest formate/formic acid current density
can be obtained at cell potential of 4 V and the lowest at 3 V. That dif-
ference is more than 25 mA/cm? under all CO, pressure.

3.2.5. Applied voltage

In order to initiate the COy ECR process, the voltage or current
should be specified. The applied voltage affects the cell product distri-
bution. As the applied voltage varies, products including hydrogen,
carbon monoxide, methane, ethylene, formate, formic acid, methanol,
ethanol, formaldehyde, isopropyl alcohol and other hydrocarbons and
alcohol are produced. This occurs through multielectron transfer steps
on an electrocatalyst. At low overpotential, formate and hydrogen are
produced. As the overpotential increases the formate FE increases
reaching the optimum value, while the Hydrogen FE decreases. How-
ever, as the overpotential increases further, the formate FE decreases,
and hydrogen evolution dominates. Similarly, as the applied current
changes, the product distribution changes. Therefore, the applied po-
tential or current should be managed accordingly to optimize the cell
performance towards formate/formic acid production [45,193].

Thus, the operational parameters have a critical role in the CO, ECR
cell performance, stability, and sustainability. In addition, the effect of
each operational parameter varies from one cell configuration to
another. For instance, the CO5 flow rate plays a critical role in defining
the cell performance if the electrolyte is not saturated prior to its
introduction. If the electrolyte is not saturated prior to its introduction to
the cell, low CO flow rate might result in poor cell performance due to
insufficient CO, reactants. Similarly, high CO; flow rate might lead to
poor cell performance due to low CO, residence time. In case the elec-
trolyte is saturated with CO; prior to reduction process, the CO; flow
rate does not have an effect on the cell performance. Eventhough high
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temperatures tend to increase the reaction kinetics, it reduces the CO,
solubility in the electrolyte, which reduces the cell performance.
Different types of working electrodes attain different optimum operating
temperature, but the optimum temperature usually ranges from 20 °C to
70 °C. On the other hand, increasing the pressure can effectively in-
creases the CO; solubility, thereby increases the CO, conversion effi-
ciency. However, a membrane with good mechanical strength should be
used to prevent the products crossover. In addition, higher pressures can
reduce the electrolyte pH, which might disturb and/or effect the con-
version process. In order to overcome such a limitation, the use of high
electrolyte concentration can facilitate operation at high pressure
without a significant reduction in the electrolyte pH.

4. Large scale production

The implementation of CO3 ECR on industrial scale is still at an early
stage due to several challenges. The main obstacles that hinder the in-
dustrial application of CO; electrochemical conversion are: (1) high CO4
separation and purification cost as COy ECR requires 99.99% CO- (2),
high energy consumption (3) the limited market is limited and less
appealing to investors. Furthermore, there are several technological
challenges associated with CO3 ECR, including low catalyst activity, low
product selectivity, poor catalyst stability, and non-optimized cell ar-
chitecture for practical application [194,195]. In fact, the scale up of
CO3 ECR cell is a challenge as numerous factors and parameters must be
considered and carefully managed to keep a stable cell performance. For
industrial application, the cell should demonstrate a stable performance
for at least 8000 h. In addition, it should demonstrate an overpotential
below 1 V, current density between 200 and 1000 mA/cm? and formate/
formic acid FE above 90% [123]. Another study mentioned that the cell
should be stable for at least 20,000 h to be economically attractive
[196]. Also, the cell membrane and electrode structure contribute to cell
stability. Among all membranes reported, bipolar membrane is adequate
for large scale application owing to its ability to maintain pH gradient,
reduce the liquid crossover and promotes water dissociation at the
interface [11,197]. Operating parameters, such as electrolyte type, flow
rate, pH, and type of CO; feed can be optimized to maximize the cell
performance. Currently, there are few number of large-scale CO; elec-
trolyzers towards methane, CO, hydrocarbons and formic acid produc-
tion [198,199]. Few research centers implemented the large-scale
production of formate/formic acid through CO, ECR. For instance, In
2008, pilot plant was developed with a capacity of 146 kg COy/day
resulting in around 110 kg formic acid/day at pressure around 10 bars
[200]. Another recent scale up study reported the pre-pilot plant ca-
pacity of 55 kg COy/day that produces around 12 kg formate/day at
atmospheric pressure (Fig. 11) [201].

Although the above-mentioned studies showed the applicability of
this technology for scale-up production, several challenges need to be
overcome to optimize the plant performance. One of the most important
challenges is keeping a constant and relatively high current density
(recommended > 200 mA/cm?) over time. High value of current density
indicates the reaction rate is high, which results in high formate/formic
acid production rate. The current density is a strong function of the
electrode (both support material and catalyst) properties and structure.
Another challenge is the low energy efficiency. In a lab scale three
compartments cell, the system showed energy efficiency of between
28% and 33% at current densities >100 mA/cm? over 1000 hr of
operation [202]. While on pilot scale the energy efficiency is above 50%
over 450 min of operation [200]. However, there is a lack of data
regarding the energy efficiency of formic acid production on large/pilot
scale. In order to keep a high cell energy efficiency, the FE should be
high while the overpotential should be low. These parameters are
mainly a strong function of the working electrode supporting material
and catalyst properties as well as the anodic material. Furthermore, the
membrane type is important since it can significantly reduce the IR drop
between the cathodic and anodic compartments, thus reducing the cell
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overpotential resulting in a better energy efficiency. For industrial scale
implementation, the FE is recommended to be above 90% and the po-
tential between 2.5 and 3 V [203-205].

The cell design for COy ECR to formate/formic acid for industrial
implementation is still under development. In fact, each design has its
own advantages and disadvantages. Yet, it seems that PEM cell config-
uration is a suitable design for scale-up. The PEM design showed rela-
tively high FE towards formic acid production and stable cell operation
over 500 h. However, several issues limit the PEM application in in-
dustry for CO5 ECR to formate/formic acid as mentioned in Table 1 such
as deterioration of membrane performance over time and GDE flooding.
In fact, the mechanical strength of the membrane will definitely be a
major issue when operating the cell at high pressure causing the formic
acid cross over and membrane damage. Furthermore, more studies need
to be conducted to improve the cell performance and stability. Even-
thought the PEM cell showed FE of 94% and a stable performance for
500 h, the industrial scale requires cell operation for at least 8000 h with
FE above 90%. Both cell design and operational parameters should be
considered in order to develop a cell structure that can maintain a sus-
tainable performance, meet the industrial operation requirements and
be economically feasible. Nonetheless, membranes are expensive and
require frequent replacement. From our point of view, more attention
showed be given to membranelees CO2 ECR cells to avoid frequent
maintenance or membrane damage. In addition, the flooding of GDE
with electrolyte that might damage the electrode structure and reduce
the CO;y conversion is another major issue. Gas-phase CO, ECR cells
might prevent such problems, and thereby more research should be
directed to those types of cells to develop efficient, stable, and sustain-
able CO; ECR cell.

5. Summary and future perspective

The electrochemical reduction of CO is a promising technology that
can effectively achieve a carbon-neutral economy through CO; elec-
trochemical conversion to value-added chemicals, such as formate/for-
mic acid. In this review, the mechanism of CO, electrochemical
reduction to formate/formic acid and the electrolytic cell configuration
used for formate/formic acid production were discussed. Also, the in-
fluence of the electrolytic cell design and operational parameters on the
formate/formic acid FE, current density, and concentration were
examined.

The cell design factors, such as cell architecture and membrane type
have an important role in formate/formic acid production efficiency. In
terms of cell configuration, H-type cell is suitable for testing the catalyst
performance towards CO; electrochemical conversion to formate/for-
mic acid, but not suitable for continuous operation and industrial
application. One of the main drawbacks of H-type cell is the mass
transport limitation due to low CO; solubility in electrolytes, and its
unreliability for scale up and commercial use. However, flow cell and
filter press cell show good mass transport, can be operated in continuous
mode, and are easy to scale up. It is worth mentioning that the cell ar-
chitecture affects the formate/formic acid production, such as channel
length in the microfluidic cell. In addition, other design factors including
electrolyte, membrane, and anode material should be considered to
optimize the cell performance. The electrolyte can significantly enhance
or render the cell performance. It is well-established in the literature that
KHCOj3 outperforms other electrolytes. It is also recommended to use
BPM over CEM and AEM, as it shows the lowest formate/formic acid
crossover despite its short lifetime. Furthermore, anode plays an
important role in the ECR cell. The selection of proper anode material
can increase the cell efficiency, enhance formate/formic acid production
and reduces the cell voltage. Also, the working electrode have a major
role in COy ECR process efficiency. To date, GDE outperforms other
electrodes as it can effectively enhance mass transport, suppress HER
using a proper support layer, and operates at high current density.
Factors such as type of support layer, the thickness of support layer,
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catalyst type and catalyst properties should be optimized to enhance the
cell performance. It is worth noting that the cell design parameters play
a critical role in the cell configuration stability and performance. The
operation with the suitable cell components (anode, membrane, elec-
trolyte type and conditions and working electrode) can effectively boost
the cell CO, ECR efficiency. For instance, PEM cell can be easily scaled
up without a reduction in FE, yet it requires the use of proper electrolyte
and membrane to maintain such performance. Also, the cell configura-
tion is an important aspect of CO5 ECR process to study and develop for
effective application of CO2 ECR on industrial scale. For example, con-
trolling the cell configuration can determine the type of the product
(formate or formic acid) as demonstrated in PEM cell discussion.
Another example is that some cell configurations can prevent the cell
flooding and/or dry-out such as microfluidic flow cell and allow zero
gap arrangement and thus increasing the conversion efficiency, such as
PEM cell. Operational parameters such as temperature, pressure, and
CO,, feed pattern should be carefully monitored to optimize the cell
performance. All factors should be optimized to increase the local CO,
concentration near the electrode to provide sufficient CO5 (reactant) for
the reduction reaction. Among all discussed operation factors, it seems
that pressure, and electrolyte operational parameters (flow rate and pH)
have a major role in defining the cell performance.

The literature shows a lack of studies related to developing afford-
able anodic material that can maintain a good cell performance. In
addition, attention should be given to developing support layers that can
suppress the HER and maintain good structural integrity of the GDE.
Also, innovative cheap catalysts for selective CO, conversion to
formate/formic acid with high production rate still need to be devel-
oped. Importantly, the catalyst should be feasible for industrial appli-
cation. In addition, new cell architecture that can stabilize and provide
smooth operation should be adopted for CO, conversion to formate/
formic acid. Also, optimization of the cell design parameters such as
channel length, catalyst layer thickness and anode material are needed.
Moreover, experiments should be conducted on a pilot scale to assess the
feasibility of the COy electrochemical conversion to formate/formic
acid. To date, studies on large scale CO5 ECR process are scarce and most
of them are on lab scale. The available research results hold significant
promise for the applicability of CO, ECR on a commercial scale.
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