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ABSTRACT: The study of the electrochemical CO, reduction to obtain formate (HCOO~) or formic acid
(HCOOH) is receiving much attention as a promising technology. Since continuous—mode operation has become
necessary for practical implementation of electrochemical CO, reduction, recent years have seen a rapid increase in
the number of research approaches focusing on this aspect. This Focus Review provides a unified discussion of the
available studies on the continuous electroreduction of CO, to HCOO™/HCOOH, considering the different
important features of process design. Moreover, this paper quantitatively assesses the performance of different
studies that involve continuous electrochemical reactors for converting CO, to HCOOH/HCOO™, comparing
relevant typically used figures of merit, including energy consumption. Although some relevant trade-offs have
already been achieved, the simultaneous optimization of all the figures of merit remains a challenge. Finally,
concluding remarks highlight the detected trends and discuss relevant aspects that will have to be tackled by future

studies in this field.

ne of the goals at the recent United Nations Climate
O Change Conference (COP26) hosted in Glasgow
was to limit the increase of global temperature by up
to 1.5 °C above the pre-industrial level." For this purpose, the
estimated remaining carbon budget is 420 Gt of CO,.” Thus, it
is necessary to reduce CO, emissions to mitigate climate
change.”* Different strategies are available for reducing CO,
emissions, such as (i) improving the energy efficiency of
processes, (ii) employing carbon-free fuels, and (iii)
developing approaches based on CO, capture, utilization,
and storage (CCUS).>® The CCUS strategies have received
special attention since they lower the CO, emissions in the
atmosphere7while extracting value-added products from CO,
conversion.
In this regard, electroreduction of CO, to form value-added
chemicals can be considered as a promising option because it
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requires low temperature and pressure and stores energy from
renewable and intermittent sources (e.g, solar and wind
energy) in the form of chemicals.”” Various compounds can be
obtained by CO, electroreduction, such as carbon monoxide
(C0O),""" hydrocarbons (e.g, methane (CH,) or ethylene
(C,H,)),"*™" alcohols (e.g,, methanol (CH;OH) or ethanol
(C,H40)),"®" formic acid (HCOOH), and formate
(HCOO™).207%?
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Among them, HCOO™ and HCOOH (depending on pH
value) are among the most valuable products that can be
obtained by CO, electrocatalytic reduction. The global market
for HCOOH was around 710 000 tonnes in 2021, and it is
expected to be increased to 1300000 tonnes by 2035,
conditioned in part by its possible future emerging
applications.” In September 2022, the price of HCOOH in
the USA was USD$1099 per ton,>* while the main alkali
formates such as sodium formate (HCOONa) and calcium
formate ((HCOO),Ca) have an estimated value of USD$444
and 1123 per ton, respectively.””® These compounds can be
used as precursors for the production of other value-added
chemicals and feedstock for fuels.”” Furthermore, they are used
as raw materials in different industries, such as for silage
preservation, as additives in animal feeds, for textile finishing,
and as anti-icing agents, and as intermediates in the chemical
and pharmaceutical industries.”” HCOO™ can also be used as a
more effective and environmentally friendly treatment for
slippery (icy) roads than salts.”® HCOONa specifically can also
be employed for various uses such as the production of sodium
hydrosulfate (NaHSO,) or the generation of HCOOH.
Moreover, HCOONa can be directly employed in leather
tanning and printing processes, as a food additive, and as an
enzyme stabilizer in detergents.29 Additionally, (HCOO),Ca
can also be used in leather tanning, as a cement additive, for
silage treatment, in gas generation and flue gas desulfurization,
for safety explosives, and as a de-icing agent, among others.*

Among the current number of uses of HCOOH or HCOO™,
the most promising applications are as reactants in fuel cells
and as renewable hydrogen carrier molecules. HCOO™ and
HCOOH are being considered as a starting reagents for direct
formic acid or formate fuel cells in small portable
appliances.” ~** Moreover, HCOOH is a promising material
for hydrogen storage. Hydrogen as an energy vector could be a
solution for storing and delivering energy from renewable
sources, but it is very difficult to use due to the extremely low
critical point and density; hence, the problems associated with
hydrogen storage hinder its implementation in fuel cells on a
larger scale.””> Therefore, alternative chemical hydrogen
storage mechanisms have been developed using HCOOH
due to its high storage density (53 g-L™! of hydrogen).*®
Furthermore, with the use of a suitable catalyst, HCOOH can
be easily decomposed into CO, and H,.*”*"

HCOOH production is currently based on the thermo-
chemical processes of methanol carbonylation and hydro-
carbon oxidation.””~** Conventional plants mainly synthesize
HCOOH by the hydrolysis of methyl formate in a process that
involves two stages: (i) liquid-phase carbonylation of methanol
with carbon monoxide to methyl formate in the presence of a
basic catalyst such as sodium or potassium methoxide
(CH;0H + CO - HCOOCH;) and (ii) hydrolysis of methyl
formate to HCOOH and CH;0H (CH;OOCH + H,0 —
HCOOH + CH;OH), where the methanol liberated in the
second stage (ii) is returned to the first stage (i).* Another
route for the production of HCOOH entails the formation of
the acid from its salts. The main HCOO™ salts (HCOONa and
(HCOO0),Ca) are available industrially as byproducts from the
production of polyhydric alcohols.*”** For example, penta-
erythritol (C(CH,0H),) is produced by the reaction between
formaldehyde (HCHO) and acetaldehyde (CH;CHO) in
alkaline conditions (3HCHO + CH;CHO -
(HOCH,);CCHO). Consequently, (HOCH,);CCHO also
reacts with HCHO by Cannizaro rearrangement

1993

((HOCH,);CCHO + HCHO + H,0 — C(CH,0OH), +
HCOOH) to give pentaerythritol and HCOOH, which is
inevitably converted into the corresponding HCOO™ salt
(HCOOH + NaOH — HCOONa + H,0 or 2HCOOH +
Ca(OH), — (HCOO),Ca + 2H,0) due to the presence of a
basic medium.*”** The formation of the acid HCOOH from
HCOO™ salts involves an additional final step of acidolysis
(2HCOONa + H,SO, — 2HCOOH + Na,SO, or
(HCOO),Ca + H,S0, — 2HCOOH + CaSO,), which
requires the addition of a chemical reagent like sulfuric acid
(H,SO,) or phosphoric acid (H;PO,) and the consequent
unavoidable co-production of salts.** HCOOH produced can
be purified to different commercial concentrations for several
uses, mainly by energy-intensive distillation-based separation
processes such as azeotropic or extractive distillation, among
others.*” Exploring the production of HCOOH and HCOO™~
by means of alternatives to the conventional routes, and
particularly, the possibility of obtaining these products through
the electrochemical valorization of CO,, is very attractive.
Some studies have demonstrated that, under certain conditions
and improvements, continuous electroreduction of CO, could
be techno-economically and environmentally sustainable for
producing HCOOH.”**~* HCOO~ and HCOOH must be
differentiated as a function of their pH and electrochemical
potentials versus standard hydrogen electrode (SHE) (egs 1
and 2). On the one hand, since pK, = 3.8, HCOOH is
produced at strongly acidic pHs, while HCOO™ is formed at
slightly acidic, neutral, or basic pHs.*®

COZ(g) + HZO(I) + 2e —> HCOO_(I) + OH™

o (1)
E° = —043 Vvs SHE (pH = 7)

COy + 2H" + 2¢” — HCOOH,

(2)
E° = —0.61 Vvs SHE (pH = 7)

Alkaline conditions are necessary to suppress the hydrogen
evolution reaction (HER), enabling high Faradaic efficiencies
(FEs) toward CO, reduction products such as HCOO™.""**
Locally on the catalyst layer, alkaline conditions are
predominant during the CO, reduction reaction by the
production hydroxide anion radicals (eq 1).* Nevertheless,
these conditions generate in turn a competing reaction of CO,
with hydroxide, producing carbonates and bicarbonates (eqs 3
and 4).

CO, + OH™ — HCO;~ pK, = 6.3

3)
HCO,” + OH™ — CO;*” + H,0

4
pK, = 103 ®

Classic reviews discussing the mechanical aspects and
reaction pathways (e.g., refs 49—-52), as well as the
fundamentals and general characteristics of CO, electro-
reduction (e.g., refs 27, 53—55) can be found in the literature.
Recent studies also highlight the advances and challenges of
electrochemical CO, reduction (e.g., ref 56). The increasing
interest in the electroreduction of CO, to obtain useful
products has rapidly increased the number of studies
conducted in this field over the past decade. The high volume
of publications explains the recent appearance of numerous
review articles focusing on certain aspects and components
involved in CO, electrochemical reduction. The -catalysts
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involved in CO, electroreduction have been given particular
attention, with excellent general reviews (e.g., refs 57, 58) and
reviews focusing on metal-based (e.g, refs 59—63), homoge-
neous (e.g, refs 64, 65), and carbon-based heterogeneous
catalysts (e.g., refs 66—70). For example, the effects of the
oxidation state of nanomaterials on the structure and catalytic
performance of the cathode catalysts have been studied,”
while Wang et al.”” have reviewed the regulation of the
coordination structure of single metal atoms and their effect on
the selectivity and activity of the CO, reduction reaction. The
type of electrodes used as cathodes (particularly gas-diffusion
electrodes, GDEs; refs 73—76), as well as the configuration and
type of reactor/electrolyzer (e.g, refs 77—84), including
specific types like membrane reactors (e.g, refs 85, 86), have
also been reviewed, and different innovative strategies (e.g.,
tandem catalysts, upgraded electrodes, promising electrolytes,
advanced devices; refs 87—89) and approaches of electrode
engineering (considering the key roles of morphology and
interface of electrode materials; ref 90) have been considered
to improve the performance of CO, electroreduction systems.

This review paper aims to provide a
unified discussion of the studies on the
electroreduction of CO, to HCOO™ or
HCOOH that operate in a continuous
mode. The review discusses the current
trends and assesses the most relevant
figures of merit.

Notably, most of the studies on the electroreduction of CO,
to form HCOOH or HCOO™ use either discontinuous (e.g.,
refs 20, 91—94) or semi-continuous (e.g., refs 95—97) modes.
Most of the studies in discontinuous operation use H-type
reactors to test new catalysts since the operation is simple.”®
However, compared with discontinuous cells, continuous
electrochemical equipment can minimize the limitation of
mass transport, improving the CO, conversion rate to a
meaningful level;** thus, continuous operation increases the
FE for the target product, resulting in reduced energy
consumption (EC), higher selectivities, and lower electrolyte
loadings.” Particular emphasis should be placed on the

possibility of operating continuous-flow reactors at higher
currents than batch reactors, thus achieving higher production
rates.”” These advantages make continuous operation neces-
sary for future practical and industrial implementation. Studies
on continuous CO, electroreduction has gained momentum in
the recent years. Several recent excellent specific reviews exist
on the electrochemical conversion of CO, to HCOO™ or
HCOOH,*'°~'% with particular emphasis on the reaction
mechanisms involved and the different types of electrocatalysts
used as cathodes, and involving Sn-based catalysts.'"'*®
However, a comprehensive review on continuous CO,
electroreduction to form HCOOH or HCOO™ is still lacking.
Moreover, the state of the art for continuous electrochemical
reduction of CO, conversion to form HCOOH or HCOO™,
which analyzes and compares these studies with respect to the
relevant figures of merit used to assess the performance, has
not yet been assessed in detail, and would interest the scientific
community.

To fill this gap, this Focus Review aims to provide a unified
discussion of the studies on the electroreduction of CO, to
HCOO™ or HCOOH that operate in a continuous mode. The
review is structured into two main parts. Section 1 reviews and
discusses the current trends, considering aspects related to
process design, such as configuration of the electrochemical
reactor, type of feed, nature of the catalyst, configuration of the
working electrode, type of counter electrode used in the anode,
and the different membranes implemented for separating the
reactor compartments. Additionally, this work also assesses the
results of the continuous CO, electroreduction studies to form
HCOOH or HCOO™ considering the most relevant figures of
merit that are used to measure the performance of these
electrochemical processes: HCOOH/HCOO™ concentration,
FE of HCOOH/HCOOT, production rate, EC, and current
density used in the continuous operation. All these aspects are
discussed in Section 2 that presents a quantitative comparative
assessment, analyzes the trends, and detects relevant trade-offs,
based on important design aspects, such as type of feed, reactor
configuration, and nature of the catalyst or membrane used as
separator. Finally, the conclusions section, Section 3, highlights
the detected trends and mentions relevant challenges that need
to be tackled and could guide future research efforts for the
practical development of continuous electrochemical processes
to convert CO, into HCOOH or HCOO™.

40

Number of publications

20052007 2009 2011 2012 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Figure 1. Number of reported publications per year for the continuous CO, electroreduction to HCOOH/HCOO™. Studies published until 5

January 2023 in Scopus and Web of Science have been used.
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Table 1. Main Features, Aspects, and Figures of Merit of Studies Reported in the Literature for the Continuous Electrocatalytic
Reduction of CO, to HCOOH and HCOO™ in Terms of (i) Reactor Configuration, (ii) Type of Feed with the Corresponding
Concentration for Liquids Feeds, (iii) Catalyst Nature and Configuration of the Working Electrode, (iv) Type of Counter
Electrode Used in the Anode, and (v) Type of Membrane (When Applicable)”

Ener Icons of
Electrochemical Feed Current density Concentration of | Faradaic Product rate consum| ﬁgg'n or graphical
Reference reactor Cathode Anode Membrane 2 Y the target product | efficiency e P! P representati
configuration (CI#/A) [mA-cm?] gL 1%] [mmol-m?-s7] kmol of product ons of
¢ ¢ ’ [kWh-kmol] section 3
B ) 19.20 ) ) ©)
106 Undivided reactor N‘"‘*Sﬁ‘; 1 Sn plate DSA No memb o 720 = " o )
Two-compartment KHCO; (0.5
107 reacll)or M)/ KOH Sn plate I--MMO BPM (Fumasep) 100 20.07 65 4.00 277* o
(1.0 M)
Two - Humidified
108 compartment CO2/KOH Sn-CCME Pt/C-CCME CEM (Nafion 115) 40 116.20 78 1.61* 152% o
reactor (1.0 M)
Humidified AEM (Sustainion) /
Three- nidine HO-GDE | APV ((N‘fﬁ":::‘;‘%) ) 186.04 © ) ©
109 compartment 3 Sn-GDE — (0]
reactor water / DI 1IrOz on AEM (Sustainion) / 140 94.00 94 6.82 200%
water expanded Ti CEM (Nafion 324) ) |
KHCO:s (0.45
Two-compartment | M) +KCI (0.5 ~
10 w *
reactor M)/ KOH Sn-GDE DSA CEM (Nafion 117) 200 16.90 42 4.38 545 [e]
(1.0 M)
Two-compartment Humidified
m Wo-comp: CO;/KOH | S$n-CCME DSA CEM (Nafion 117) 45 19.20 49 115 244 e}
reactor (LOM)
2 Two-compartment KHCOs (0.45 Copper .
12 renctor M)/ KOH finned foil | PtonTiplate | CEM (Nafion 450) 133 2.02 50 -) 300 o)
(1.0 M)
Two-compartment | KHCOs (0.1 )
13 - ¢ A - B
oo M) Hy Sn-GDE Pt-GDE CEM (Nafion 212) 3 &) 64 ) ©)
KHCO:s (0.45
Sn
Two-compartment | M)+ KCI (2.0 N 316 SS, 10# "
reactor M)/ KOH particulate soreen CEM (Nafion 117) 310 (=) 95 0.15 ) o]
14 (LOM) fixed bed
. KHCO; (0.45 Sn
Two-compartment | ) KCl(2.0 | particulate | 3055 1% caM (Nafion 117) 310 4635 63 10.12% 340 o
M) + KHCOz fixed bed ;
(3.0M)/
KOH (2.0 M)
Two-compartment KHCO; (0.5
11s W P M)/KHCOs | Sn-GDE Pt foil AEM (FAD) 50 1.91 51 1.47 398+ °
reactor 0.5 M)
NaxS04 (0.5
Two-compartment | i\ 2,005 | Sn-GDE PYC-GDE CEM (Nafion 212) 214 1.80 74 7.40 182 o
reactor (0 5 M)
e Two-compartment Naz804 (0.5
P M) /Na2COs Sn-GDE Pt/C-GDE CEM (Nafion 212) 385 3.64 72 14.90 163 o]
reactor (0 5 M)
K2804 (0.4
" T“""Cr‘:;“c‘l’s:‘“e"‘ M)/ KOH Sn-GDE Ni foam BPM 500 3.94% 90 2331% 351% o)
(1.0 M)
Two-compartment Humidified
s W P CO2/KOH Sn-GDE Ni foam CEM (Nafion 117) 100 65.40 80 4.14* 181* (0]
reactor 2.0M)
. KHCO:s (0.5
i Two-compartment |\ o | $n-GDE Pt sheet CEM (Nafion) 47 © 73 1.77 © o
reactor (0 5 M)
Two-compartment KOH (1.0 M)
120 P! /KOH (1.0 Sn-GDE Pt wire CEM (Nafion 117) 306* 10.51 81 12.85* ) o)
reactor M)
Two-compartment Humidified
121 P COzand Ha/ Sn-GDE Pt-GDE CEM (Nafion 117) 15% ) 14 0.14 -) [e)
reactor KOH (1.0 M)
Two-compartment KHCO; (0.5 ]
122 M) /KOH Sn-GDE Pt on Ti screen CEM (Nafion 117) 100 0.85% 76 3.94% (=)
reactor 2.0 M)
KHCO3 (0.5 - o
12 Two-compartment |\ y oy Sn-GDE PtonTi CEM (Nafion 117) 109 © 68 463 ©
reactor 2.0M) electrode
N KHCOs (0.5
124 Two-compartment |\ o | $n-GDE DSA CEM (Nafion 117) 10 © 71 0.37* 250 o
reactor (0 5 M)
Two-compartment :\(/[I)-I? }?IBIg)(i C0304 on
125 - 3 " i * A A
reactor (0.5M)+ 10 Sn-GDE gr‘aphlte‘ CEM (Nafion 117) 43 (=) 70 1.57 (=) o]
mg MO clectrode
Two-compartment KOH (1.0 M)
126 /KOH (1.0 Sn-GDE Pt mesh AEM (Fumasep) 147 ) 46 3.50% -) o
reactor M)
Two-compartment KHCO; (0.5
127 Wwo-comp M)/ Na:SOs Sn plate DSA CEM (Nafion 117) 10 0.46 70 3.05 216 o)
reactor 0.6 M)
KHCO:s (1.0
128 Two-compartment | 1)/ 11,60, | $n-GDE Ir plate CEM (Nafion 212 30 15.75%* 63 1.00 - )
p
reactor (1.0M)
KHCOs (0.5 .
129 Two-compartment |\’ gr. 565, Sn-GDE IWRuO2 0 Ti |- gt (afion 324) 200 0.55% 98 10.57% &) o
reactor (0.5 M) mesh
KHCO:s (0.45
Two-compartment | M) +KCI (0.5
130 -GDE z 4
reactor M) / KOH Sn-GDE DSA CEM (Nafion 117) 300 27.00 45 7.00 752 o]
(1.0 M)
KHCOs (0.45
Two-compartment | M)+ KCI (0.5
131 -4 *
reactor M)/ KOH Sn-GDE DSA CEM (Nafion 117) 150 1.96 53 4.15 532 o]
(1.0 M)
KHCOs (0.45
2 Two-compartment | M) +KCI (0.5 o
132 . o *
reactor M)/ KOH Sn-plate DSA CEM (Nafion 117) 22 0.15 27 0.31 615 o]
(1.0 M)
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Ener: Icons of
Electrochemical Feed Current densit Concentration of | Faradaic Product rate consum, (igoyn er graphical
Reference reactor (CI#IA) Cathode Anode Membrane [mA-cm?] Y the target product | efficiency [mmol-m-s7] kmol ofP rodzct representati
configuration lg'L] [%] P " ons of
[kWh-kmol"]
section 3
Two-compartment KOH (1.0 M)
133 wo-comp /KOH (1.0 Sn-GDE 1t/C-GDE AEM (Selemion) 100* 0.66% 90 4.66% © °
reactor M)
Two-compartment | KOH (1.0 M) .
134 microfluidic /KOH (1.0 | Sn-GDE 1r0>-GDE :&'\‘f /(\Ség"l‘::") 471 12.41% 94 22.99% ) °
reactor M) .
KOH (1.0 M)
135 Two-compartment | ) g ') o Sn-GDE 1r02-GDE AEM (FAA-3, 557% 6.50* 84 24.10% ) °
reactor M) Fumatech)
Three- Humidified
136 compartment CO2/ N2 Bi-GDE Pt/C-GDE C?—‘[T::/IM (PSMIM) / 200 556.00 40 4.14% 368* A
“M (Nafion film)
reactor vapour / Hy
KHCOs (0.45
Two-compartment | M)+ KCl1 (0.5 .
137 - :
reactor M)/ KOH Bi-GDE DSA CEM (Nafion 117) 200 18.02 45 4.67 535 A\
(1.0 M)
T rtment Humidified
138 wo-compartment | - ¢, /KOH | Bi-CCME DSA CEM (Nafion 117) 200 43.20 43 2.84 434
reactor (1.0 M)
Two-compartment Humidified
139 wo- P! CO2/KOH Bi-GDE DSA CEM (Nafion 117) 45 337.00 89 2.10 180
reactor 1.0M)
KHCO; (0.5 o
140 Two-compartment | -y py/ypcq, | Dendritic Bi Pt gauze CEM (Nafion 117) 95 &) 92 4.53% )
reactor 0.5M) on Pb plate
KHCO; (0.5
Two-compartment | M) /KCI (0.5 . Ti/SnO2-Sb -
141 - 8 *
oactor M) + 500 Bi-GDE clectrode CEM (Nafion) 39 ®) 91 1.85 452 A
mg/L of MO
Humidified
Three- €02/
142 Humidified . AEM / CEM " "
cm:]g:::::enl N/ Bi-GDE Pt/C-GDE (Nafion film) 200 1228.00 20 2.07 429 A
Humidified
H>
KOH (1.0 M) )
Ni (OH):
N Two-compartment /KOH (1.0 .
143 | -
reactor M) + CH:OH Bi-GDE nar;\?isl:‘s::; on AEM 117 () 92 8.80 90 A
(0.5 M)
o KOH (1.0 M)
144 Two-compartment | =y '} o Bi-GDE Ni foam AEM (FAB-PK- 1000 1.30% 93 48.20% “)
reactor M) 130)
Two-compartment KOH (1.0 M)
145 P! /KOH (1.0 Bi-GDE Fe/Ni foam CEM (Nafion 1110) 816* 3.13* 83 35.08* ()
reactor M)
Three. Humidified
- CO2/DI . AEM (Sustainion) /
146 4 x " * *
compartment water / DI Bi-GDE IrO>-GDE CEM (Nafion 324) 200 151.80 76 7.89 246 A
reactor water
Two-compartment KHCOs 2.0
147 P! M) / KHCO3 Bi-GDE Pt foil na. 200 &) 90 9.33+ © &)
reactor 2oM
Two-compartment KHCO: (0.5
148 M)/ KHCO3 Bi-GDE Pt wire CEM (Nafion 117) 104* 0.21%* 72 3.87* ()
reactor 0.5 M)
Twor rtment | KOH(1.0M)
149 o-compartment | oy (1.0 Bi-GDE It/C-GDE AEM (Selemion) 210 4.60% 98 10.66% -
reactor M)
Two-compartment | KHCOs 2:0
150 wo-compartment |- ypy ) gCO, Bi-GDE Pt foil CEM (Nafion 117) 80* 0.75% 87 3.59 ©
reactor 2.0M)
KOH (1.0 M) N .
151 Two-compartment - y " AEM (Fumapem " " -~
reactor /KO[\;{)(1‘0 Bi-GDE Ni foam FAA-3-PK-130) 405 2.74 89 18.68 (=) A
Two-compartment | KOH (10 M)
152 Wo-compartment | ¥ oH (1.0 Bi-GDE Al foil na. 400 &) 100 20.72% ®) [®)
reactor M)
Two-compartment KOH (1.0 M)
153 P! /KOH (1.0 Bi-GDE RuO: plate na. 200 ) 96 9.97* -) &)
reactor M)
Two-compartment KHCOs (0.1 Bion Cu
154 M) / Na2SO4 DSA CEM (Nafion 117) 5% 4107 100 0.27 164 A\
reactor (03 M) plate
Two-compartment KOH (1.0 M)
155 wo-comp /KOH (1.0 Bi-GDE Pt wire CEM (Nafion) 500 340+ 91 24.14 © A
reactor M)
T t ¢ KHCO:; (1.0
156 Wo-compartment | - npy ) KHCOs Bi-GDE I-GDE AEM 105 0.14% 97 5.32% [®) A
reactor (I 0 M)
Two-compartment KOH (1.0 M)
157 /KOH (1.0 Bi-GDE Pt sheet CEM (Nafion 212) 204% 0.29% 93 10.78* &) A
reactor M)
T rment | KHCOs (10
158 wo-compartmen M) /KOH Bi-GDE RuO>-GDE BPM 200 0.31* 100 10.36* ©) A
flow reactor (LOM)
Two-compartment KHCOs (0.5
159 Wo-comp; M)/ KHCO3 Bi-GDE Pt foil CEM (Nafion 117) 50% 4-102+ 85 2.19 © A
reactor ©5M)
T rtment | KOH(1.0M)
160 wo-compartment | ¥ oH (1.0 Bi-GDE Ir/C-GDE BPM 194%* 0.06* 93 9.33* 144* A
reactor M)
Humidified .
t6t Two-compartment | - /g op Bi-GDE DSA ABM (Sustainion 600 10.80 74 22.90 342 A
reactor (LOM) 37-50)
1996 https://doi.org/10.1021/acsenergylett.3c00489
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Icons of
Electrochemical Feed Current densit Concentration of | Faradaic Product rat n El:ert‘igy" " graphical
Reference reactor ee Cathode Anode Membrane urre erzs Y the target product | efficiency oduc ,zaf consumption pe representati
. (CHHIA) [mA-cm?] et [mmol-m?-s1] kmol of product
configuration [g-L7] [%] [KWh-Kmol'] ons of
section 3
KOH (1.0 M) . .
Two-compartment . NiFe LDH / Ni AEM (Fumasep
162 - - - B
reactor /KOI;I)(]'O Bi-GDE foam FAB-PK-130) 160 © 74 © © A
Two-compartment KOH (1.0 M)
163 wo-comp; /KOH (1.0 Bi-GDE Pt-foil CEM (Nafion 117) 300% -) 95 14.77* “) A
reactor M)
Two-compartment KOH (1.0 M)
to4 /KOH (1.0 Bi-GDE Pt-foil CEM (Nafion 117) 350 ) 92 ) @] YAN
reactor M)
KOH (1.0 M)
Two-compartment . . AEM (Fumapem
165 - 4 * -
reactor /KO];[—I)(].O Bi-GDE Ni foam FAB-PK-130) 570 0.36 91 26.88% (-) A
L H2804 (0.5
. L_Tndwld_et_i M) + KaSOs N
microfluidic (0.5 M)/ Pb-GDE Pt-Ru-GDE No membrane 346 (=) 96 17.10 (=) @
reactor KOH (1.0 M)
KHCO:s (0.45
Two-compartment | M) + KCl1 (0.5
167 ~
oactor M) / KOH Pb plate DSA CEM (Nafion 117) 12 0.13 44 0.28 -) O
(1.0 M)
NaOH (0.5
g M) / H2SO4 Pb plate DSA EM (Nafion & 1 -)
68 Two-compartment )/ HSO b o S CEM (Nafion 423) 3 ) 90 0.12 ( <
reactor (©.5M)
NaxCOs (1.0
M)+
NaHCOs (1.0 Mixture of ) R
169 TW"’“rfc’:g’j:‘mc“‘ M)/NaOH | Pband In- PUC-GDE al’;j?:e(; "ell‘:]‘;i;‘;e) 40 © 80 1.66* ©) *
(10 % wiv) + GDE
NaHCOs (1.0
M)
Ag-Sn alloy
K2S04 (0.2
Flow-through dental 2 DSA mesh CEM (Nafion 117) /
170 N - ~
reactor M)/ KaS04 almagam type CEM (Nafion 117) 30 108.00= 85 © © <
©2M) electrode
Two-compartment KOH (3.0 M)
m wo-comp /KOH (3.0 In-GDE Ni foam AEM 1000* “) 93 48.30 “) L 2
reactor M)
NaxS0s4 (0.1
172 Two-compartment | -\ 1\ \o gy, | Sn-Sb alloy Pt-plate CEM (Nafion 117) 7% ) 83 0.31 6)
reactor (0.1 M) film
173 Two-compartment | KCI (0.5 M)/ CEM (Nafion NRE- . =
reactor KOH (1.0 M) BDD Pt plate 212) 2 7.36 95 0.10 @]
H2S04 (0.5
Undivided M) + K2SO4
174 microfluidic 0.5M)/ Pb-GDE Pt-Ru-GDE No membrane 144 0.39 94 7.01% 176* &
reactor K2804 (0.5
M)
Humidified
175 Two-compartment | o pco; | Pb-GDE Pt-GDE CEM (Nafion 117) 16 © © 2:10% © o
reactor (03 M)
KHCO: (2.0 .
176 Two-compartment | -y p\ /g, | Bi-Snalloy- ) CEM (Nafion 115) 250 0.33* 92 11.92% &) o
reactor 2.0M) GDE
CO:; saturated
177 Two-compartment ) Fe/BCNNS- o . g o -~ ~
enctor DI “\::;/ DI GDE BCN-GDE CEM (Nafion 117) ) 3.45 94 -) -) o
COz saturated | . .
178 Two-compartment FesC@NCN | FesC@NCNTs- ~ " -~ -
reactor DI w;i;?err/ DI Ts-GDE GDE CEM (Nafion 117) ) 2.67 90 ) ) <&
Bi-Sn on
N | KHCOs (0.1 e BT
v | Two-comparment |y ko, | Sy | Graphite carbon | cpn (Nafion 117) 10 © 94 © © o
©1M) electrode
KC1(0.5M)/
150 Two-compartment | "y g0y 5 BDD BDD CEM (Nafion NRE- 11* 0.57%* 9% 0.53* © o
reactor M) 212)
KHCO:s (0.5 .
Two-compartment Ag-Bion CEM (Nafion 417) /
181 - B
reactor M)((/) '5(]:4(';03 graphite felt 2DsA CEM (Nafion 417) 76 © 88 3.82 © <
Two-compartment KOH (1.0 M)
182 P! /KOH (1.0 Zn-In-GDE Pt sheet CEM (Nafion 212) 260* 0.34* 94 12.60* ) &
reactor M)
KOH (1.0 M)
Two-compartment Cu-Sn .
183 - - - -
oactor /KO“I/I-I)(] 0 | illoy-GDE 1r0,-GDE AEM (Selemion) 148 -) 87 -) “) *
184 Two-compartment KHCOs (0.5 Dendritic 3
M) / KHCO; Pt mesh CEM (Nafion 117) 17 2-10%* 92 0.83* ) &
reactor (0.5 M) Sn-Pb alloy
‘ KOH (1.0 M)
185 Two-compartment | =y 'y o In-GDE Carbon CEM (Nafion 115) 46 0.12+ 91 217 &) I
reactor M) electrode
Humidified . . -
186 Two-compartment C0»/ KOH In-GDE Ni foam AEM (Sustainion 258% ) 9 12.33% 157% rS
reactor (LOM) 37-50)
T rtment KOH (1.0 M) | Mixture of
187 wo-compartment | w1 (1.0 | Biand Sn- Pt sheet BPM 220 ) 91 10.37* -) o
reactor M) GDE
Humidified .
188 Two-compartment | o),/ gyyco, | BiSRalloy- | 6 on i foam | CEM (Nafion 117) 60 153.00 82 2.50% 267* o
reactor (0.1M) GDE
KHCOs (0.5
189 Two-compartment | Ny i | Cu-Bi-GDE Pt sheet AEM (FAA-3-PK- 57 -) 98 2.90% “) *
reactor (LOM) 130)
o KOH (1.0 M)
190 Two-compartment |y o1 0" | Cu-Sn-GDE Pt na. 223 &) 90 11.22 &) &)
reactor M)
1997 https://doi.org/10.1021/acsenergylett.3c00489
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Reference reactor (C/e#e/A) Cathode Anode Membrane u[meA. me,z]s ty the target product | efficiency [m:l :Ifnza f] cl?mﬂll fp ro dpet representati
configuration ¢ gL [%] © s o0 ol pro ,“c ons of
[kWh-kmol']
section 3
Three- Humidified
CO2/DI " AEM / CEM
191 -
compartment water / HaSOs Pb-Cu-GDE | IrO:2 on Ti mesh (Nafion film) 133* 7.36 94 6.60* 214* @
reactor ©.5M)
KOH (1.0 M) .
192 Two-compartment | "y o | Biw-GDE | MFCLDHS | epn (Nafion 117) 250 0.34* 98 12.63* ) &
reactor M) GDE
Two-compartment KHCOs (1.0
193 M)/ KHCOs3 In-Zn-GDE Ni foam CEM (Nafion 117) 500% 0.33* 95 24.70 (-) Lod
reactor (LOM)
KOH (1.0 M)
194 Two-compartment | " ¢ on (10" | SnIn-GDE |  Ir0»-GDE AEM (PK-75, 196* 9.57% 87 8.86* 197+ *
reactor M) Fumatech)
Two-compartment | KOH (10 M) / .
195 . ’ p . 8 8 8
eactor KOH (10M) | AgGDE Ni foam na. 450 “) 50 ) “) -)
KOH (1.0 M) . .
Two-compartment . Ni(Fe)OxHy/ Ni AEM (Fumasep
196 -4 - *
reactor / KOI\IZ)(LO Bi-GDE foam FAB-PK-130) 400 ) 90 18.66 460 A
Two-compartment | CO2/KOH -~ .
197
Cenctor ©.1M) In-GDE IrOx-Timesh | CEM (Nafion 115) 150 ) 52 4.04* 439* &>
KOH (1.0 M)
Two-compartment AEM (Fumatech ¥ %
197 reactor /KO’;I)(I.O In-GDE 1rO,-GDE FAB-PK-130) 200 (=) 85 8.81 225
Two-compartment KOH (1.0 M)
198 P /KOH (1.0 Bi-Cu-GDE ) CEM (Nafion) 60 ) 96 ) ©) <&
reactor M)
KOH (1.0 M) .
199 Two-compartment | = o190 | Ag-In-GDE Ni foam AEM (FAB-PK- 600 ) 94 9.7 © *
reactor M) 130)
Three- Hgguc}lg?d AEM (Sustainion
200 compartment water j H:S0. In-GDE IrO2 on Ti mesh 37-50)/ CEM 30 5.52% 88 1.37* 219* <@
reactor (1.0 Ni) * (Nafion 117)
KOH (1.0 M)
2| Two-compartment | = 1" | 1n.GDE Ni foam AEM (FAA-3-PK- 4 © 91 © © .
reactor M) 130)
T art ¢ KHCO:s (0.5
202 Wo-compartment M)/ KOH Bi-GDE Ni foam CEM (Nafion 115) 200 0.36* 95 9.97 223% O
reactor (.0 M)
Two-compartment KOH (1.0 M)
203 /KOH (1.0 Bi-GDE Pt mesh AEM 200 -) 95 9.84* “) A
reactor M)
Humidified
3 Two-compartment | CO2 + K2SOs4 .
204 _{ * * % *
reactor 04M)/ Sn-GDE Ni foam BPM 500 3.54 81 20.99 423 Qo
KOH (1.0 M)
KOH (1.0 M)
Two-compartment . AEM (Fumapem
205 - 2 5 8 8
o / KO]\I/[{)(].O In-GDE Ni plate FAAPK-130) 134 -) 90 ) “) *
KOH (1.0 M) -
Two-compartment . AEM (Sustainion
206 -4 - - B
ttor /KOI\I/l-I)(] 0 In-GDE Pt foil X37.50) 100 -) 90 ) “) *
KOH (1.0 M)
207 Two-compartment . . AEM (Fumasep "
reactor / KOI\IZI{)(I .0 Sb-Bi-GDE Pt foil FAB-PK-130) 800 1.01 91.7 37.71 ) *
20% wt.
’ KHCOs (0.5 )
208 Two-compartment |\’ g e, SCuSn- [r@carbon CEM (Nafion 117) 250% 3.37* 96 12.48% &) O
reactor 0.5 M) GDE XC72
. (Premetek)
KHCO:s (0.5 .
Two-compartment CuBi- AEM (Fumatech
209 _ * - - -
reactor M)((/)IS(I:/IC)Q HFGDE © FAA-3-PK-130) 165 © 85 © © ¢
KOH (1.0 M) .
210 Two-compartment . . AEM (Sustainion " " "
reactor /KOI\;{)(I.O Bi-GDE Pt foil X37-50) 1938 5.66 69 69.88 ) A
T artment | CSOH (10M)
211 wo-compartment | cop (1.0 Bi-GDE Ni foam AEM (-) 870 &) 90 40.57* &) A
reactor M)
KOH (1.0 M)
212 Two-compartment | ' Bi-GDE Ni foam AEM (FAA-3-PK- 186* 8.49-107% 98 9.43+ &) A
reactor M) 130)
Two-compartment KOH (1.0 M)
213 Wo-comp; /KOH (1.0 Bi-GDE 1rO2 on Ti sheet ) 400 0.53* 95 19.61* ) )
reactor M)
KHCO3 (0.5
Two-compartment M) /KOH . .
214 _Bi- 5 _ 8
reactor (1.0 M)+ Ag-Bi-GDE | CoP on Ni foam AEM (-) () () 130 5.08* 91 <
GLY (0.1 M)
KHCO;
Two-compartment (0.1M) / .
215 - w 7 * * -
reactor KHCOs (0.1 Sn-Cu-GDE Ni electrode CEM (-) 205 0.52 90 9.65 ) (o
M)
KOH (1.0 M)
216 Two-compartment | =y 14’} o Bi-GDE Pelectrode | AEM (FAA-3-PK- 500 0.71% 100 26.66 © A
reactor M) 130)
Two-compartment KOH (1.0 M)
217 ©o-compartme /KOH (1.0 | S-Cu-GDE “) ) 588% ) 71 ) “) -)
reactor M)
Two-compartment | KOH (1.0 M)
218 microfluidic /KOH (1.0 Sn-Bi-GDE Pt foil AEM (-) 200 0.12% 90 9.32% ) *
reactor M)
Two-compartment KOH (1.0 M)
219 wo-comp /KOH (1.0 Sn-GDE NiCoFe plate CEM (Nafion) 200 3.34% 71 7.43* “) o)
reactor M)
T rtment KHCO:s (0.5 Platinized
20 W°’°"‘“*t’a men M)/ KOH Sn-GDE titanium CEM (Nafion 117) 300 7.17* 85 13.28% “) [e)
reactor (1.OM) electrode
1998 https://doi.org/10.1021/acsenergylett.3c00489
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Ener- Icons of
Electrochemical Feed Current density Concentration of Faradaic Product rat n meﬁgy“ " graphical
Reference reactor e Cathode Anode Membrane urre e,zsq the target product | efficiency oduc ,za ,el consumption pe representati
. (CI#A) [mA-ecm?] s o [mmol-mZ-s1] kmol of product
configuration [g- L] [%] [KWh-kmol] ons of
section 3
T t t KOH (1.0 M)
21 Wo-compartment | KoH (1.0 | Bi-W-GDE e CEM (Nafion 117) 110 &) 78 4.49% &) O
reactor M)
~ Pt-coated
2 Two-compartment | - CO2/KOH | g opp | fianium flow | AEM (QAPPT) 500 5.04% 9 23.32% 207* A
reactor (0.1 M)
field anode plate
KOH (1.0 M)
/KOH (1.0 - Ni3N-CosN/NF AEM (FAB-PK- " .
M) + CHsOH Bi-GDE on Ni foam 130) 150 0.46 90 10.39 142 A
223 Two-compartment 0.5 M)
reactor -
KOH (1.0 M)
/KOH (1.0 Bi-GDE Ni foam AEM (lglg)B'PK' 300% 0.66* 95 14.81 )
M)
Two-compartment KOH (1.0 M)
24 P! /KOH (1.0 Bi-GDE IrO>-electrode CEM (Nafion 117) 200 2.10% 70 7.25% @]
reactor M)
KOH (1.0 M) .
25 Two-compartment /KOH (1.0 Cu-Bi-GDE Foa‘med Ni AEM (FAA-3-PK- 200 © 95 9.84 © 'S
reactor M) films 130)
KOH (1.0 M)
/KOH (1.0 Bi-In-GDE Ni foam AEM (f%)\'”K' 300 “) 92 14.36 - *
226 Two-compartment M)
reactor Humidified AEM (Sustaini
CO2/KHCO; | Bi-In-GDE | 1rO: on Ti foam XW‘ES)‘““’“ 120 0.36* 80 4.97* 268* *
(0.1 M)
Two-compartment KOH (1.0 M)
27 P! /KOH (1.0 Bi-GDE Pt electrode AEM (-) 300 ) 89 13.88* ) A
reactor M)
T rment | KHCO3 (05
28 Wo-compartment | - nfy/KOH | Cu-Sn-GDE Pt film AEM (FAD) 66 ) 89 2.20% 189* *
reactor (0.5 M)
KHCOs (0.45
279 Two-compartment M) +KCl . NiO particulate
reactor (0.5M) / KOH Bi-GDE electrode CEM (Nafion 117) 150 13.73 45 3.56 545 AN
(1.0M)

CEM - Cation exchange membrane
AEM - Anion exchange membrane
BPM - Bipolar membrane
MO - Methyl orange
DI - Deionized water
BDD - Bored Doped Diamond

C: Feed of the cathode compartment
#: Feed of the central compartment in the cases of 3-compartment reactors
A: Feed of the anode compartment.
*Calculated values of figures of merit
**Accumulated HCOO™ or HCOOH concentration
n.a. membrane not available
(-) figures of merit neither reported nor with enough information to be calculated

“The commercial houses and specifications of the membranes reported by each work are indicated in parentheses. The figures of merit analyzed to
assess the performance of the electrochemical processes were current density, HCOOH or HCOO™ concentration, Faradaic efficiency for the target
product, the production rate, and energy consumption. Definitions of the figures of merit are explained in Section 2. The last column shows the
icon used to represent each study in the graphical representations of Figures 12—15, according to the symbols and meanings detailed in Table 2.

1. STATE OF THE ART OF CONTINUOUS
ELECTROCHEMICAL CO, REACTORS FOR HCOO™
AND HCOOH

1.1. Summary of Studies. A total of 124 studies (from
2005 to 2023) on continuous electrocatalytic reduction of CO,
to HCOOH or HCOO™ were compiled. It was assumed that
all these studies operate with a continuous feed of all the
reactants (including CO,) in the electrochemical reactor. The
number of studies in this field has increased in the recent years,
reaching up to 22 publications in 2020, 34 manuscripts in
2021, and 32 in 2022 (Figure 1).

The main features and aspects of these studies are
summarized in Table 1. Table 1 also summarizes the main
figures of merit obtained from all these studies. These figures
of merit are defined at the beginning of Section 2, before the
subsequent quantitative comparative assessment.

1.2. Electrochemical Reactor Configuration. The
configuration of the electrochemical reactors for continuous
CO, electroreduction to HCOO™ and HCOOH is considered
significant."”> Generally, more than 90% of the published
studies have used two-compartment electrochemical reactors,
while the rest used three-compartment reactors and reactors
without separation between compartments or undivided
reactors.

Some studies have reported the use of electrochemical
reactors that do not employ separators between the cathodic
and anodic compartments.'°*'°*'”* The main advantage of
this configuration is that they do not depend on the stability of

the compartment separator. However, the HCOO™ or
HCOOH produced on the surface of the working electrode
can diffuse to the counter electrode and consequently be
oxidized, lowering the selectivity of CO, conversion to the
target product process. This category includes compartment-
less filter press and microfluidic reactors. Figure 2a shows the
schematic diagram of a pressurized undivided filter-press
reactor, and Figure 2b depicts the diagram of a microfluidic
reactor. An example of an undivided filter press reactor can be
found in Proietto et al.'% CO, electroreduction is carried out
at high pressures (23 bar) and current densities of 55 mA-
cm™?, reaching HCOO™ concentrations, FEs and production
rates of 17.20 g-L_l, 55%, and 1.42 mmol-m s, respectively.
The Sn metal plate cathode remains stable for up to 41 h for
the production of HCOOH. Nevertheless, the stability of the
Sn metal plate cathode could be affected by degradation and/
or deactivation under cathodic polarization.*® For Sn catalysts
and 2.0 M KCI solutions, the deactivation by cathodic
polarization was due to the formation of intermetallic
compounds (KSn) occurring in parallel to the reduction of
CO, to HCOO™ at different potentials.”* Microfluidic
reactors operate with two diverse electrolytes (known as dual
electrolyte microfluidic reactor) in laminar conditions to avoid
intermixing of the electrolyte flow lines."**'”* Both stud-
ies'®>'7* report that increasing the Reynolds number improves
the energy efficiency of the electrochemical process. This
configuration enhances mass transfer (because there is no
membrane separator) and removes the neutralization of both

1999 https://doi.org/10.1021/acsenergylett.3c00489
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Figure 2. (a) Undivided filter-press reactor (reproduced with permission from ref 106, copyright 2018 Elsevier). (b) Microfluidic reactor
configuration (adapted from ref 166 copyright 2017 Elsevier, and ref 174, copyright 2016 Elsevier).
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1. Rear plate assembly
2. Current collector

3. Electrodes

4. Electrode gaskets

T T
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7. Membrane gaskets

8. Membrane / separator
9. Front plate assembly

Figure 3. Two-compartment reactor based on a series of stacked components (adapted from ref 231, IOP Publishing Limited 2020, Creative

Commons Attribution 4.0 License).

electrolytes (due to laminar flow) maintaining high concen-
trations of protons and hydroxyl radicals.

As previously mentioned, most studies on the electro-
catalytic reduction of CO, to HCOOH or HCOO™ have
utilized a two-compartment reactor separated generally by an
ion-exchange membrane (e.g, cationic-exchange membrane
(CEM) and anionic-exchange membrane (AEM)). Reactor
designs that involve the introduction of flow are often
assembled from a series of stacked components, such as
electrodes, current collectors, gaskets, separators, flow
distribution frames, and housings (Figure 3).2!

2000

In particular, approximately 63% of the studies involving
two-compartment laboratory reactors analyzed in this review
employed a CEM as the compartment separator (Figure
4).11»13L17 CEMs are solid components that usually consist
of a backbone composed of various polymeric materials
containing sulfonic acid, phosphoric acid, sulfonamide, or azole
groups.232 Majority of the two-compartment reactors use
Nafion membranes (Nafion 115, 117, 212, 324, 417, 423, 450,
and 1110) (Table 1),"'*"*>'% the numbers of which represent
different thicknesses (127, 183, 50.8, 279.4, 431.8, 250, 431.8,
and 254 pm, respectively). Among them, Nafion 117 is the
most widely used CEM."””'**'”” These membranes show
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good performance for the selective passage of cations,
particularly protons.”*> The studies where HCOO™ is
generated at the cathode employ a CEM that restricts the
passage of the HCOO™ anions to the anode compartment,
concentrating the product in the cathode outlet stream.”*
However, for aqueous feeds in the cathode compartment, the
generated product can pass from the cathode into the anode
compartment when the product is in high concentrations,
reducing the selectivity of the electrochemical process.''*'*"

Only 31% of studies used AEM as the separator in two-
compartment electrochemical reactors (Figure 4) 115156169
This type of membrane enables HCOO™ anions to diffuse
from the cathodic to the anodic compartment, with the
possibility that part of the product generated in the cathode is
re-oxidized over the anode surface. AEM are polymer
electrolytes that conduct anions (like OH™ and CI7), as they
typically contain positively charged groups bound covalently to
a polymer backbone.””* The main AEM employed in the
reported studies were from commercial companies such as
Fumatech (FAA-3-PK-130 and FAB-PK-130), Selemion
(Selemion AMV, AGC Inc.), and Sustainion (Sustainion 37-
50). Specifically, Wang et al. and Diaz-Sainz et al. successfully
used a Sustainion 37-50 AEM with a humidified CO, inlet
stream at the cathode side.'®”'®® All the reported two-
compartment reactors with AEM use aqueous alkaline
electrolytes in both compartments,'*®'*"'*% because these
membranes perform optimally under alkaline conditions.
Furthermore, the high ionic conductivity of aqueous alkaline
electrolytes allows increased operation at high current densities
(<2 A-cm™?). Despite the promising results obtained with the
implementation of these membranes in continuous electro-
chemical reactors for CO, reduction to HCOO~/HCOOH,
rigorous studies such as the one by Salvatore et al.”** conclude
that AEMs should be further developed to avoid product
crossover, increasing the mechanical and chemical stability,
and minimizing energy losses.

In particular, Diaz-Sainz et al."®" carried out an interesting
comparison with the same system setup and operating
conditions employing an AEM (Sustainion X37-50) and a
CEM (Nafion 117). Notable performances were achieved with
the two-compartment flow reactor equipped with the
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Sustainion X37—50 membrane, achieving promising FEs
toward HCOO™ of up to 93% at current densities of 200
mA-cm ™ at the expense of obtaining diluted HCOO™
concentrations of 4.5 gL' in the anolyte output stream. In
contrast, under the same experimental conditions with the
same filter-press reactor equipped with Nafion 117 membrane,
HCOO™ concentrations of up to 312 g-L™" were achieved in
the cathode side with the disadvantage of obtaining FEs toward
this product of only 24.8%. Lei et al."'* also tested up to four
different ion-exchange membranes, showing that the best
performance were achieved by FAD alkaline-exchange
membranes, mainly attribute to the high ionic conductivity
of this membrane, and thus, the reduction in the ohmic
overpotential during the CO, electroreduction.

Studies implementing bipolar membranes (BPMs) in two-
compartment reactor configurations have also been reported
(Figure 4),!0717158 BPMs are composite membranes that
consist of a layered ion-exchange structure composed of a
cation-selective layer (with fixed negative charzges) and an
anion-selective layer (with fixed positive charges).”*® Fumatech
commercial membranes, such as Fumasep FBM-PK,'"” are the
most used BPMs in continuous CO, electrochemical reactors
to obtain HCOOH and HCOO™. Most of the studies with
BPMs have employed electrolytes based on KHCO; and
K,SO, at the cathode side and alkaline electrolytes (based on
KOH) at the anode side (Table 1).'9"'7!5% The configuration
of the BPM (Figure S) favors the dissociation of water into its
hydroxyl radicals (to anode) and protons (to cathode),
improving the electrochemical performance of the reactor.””’
In all the studies that implement BPMs, operation is carried
out at current densities >100 mA-cm™>.

Several studies using three-compartment reactor config-
urations for continuous CO, electroreduction to HCOO™ or
HCOOH process also exist.'*'**'*>!%® Three-compartment
reactors are separated by an AEM in the cathodic compart-
ment and a CEM in the anodic compartment, forming a
central compartment in which the HCOOH is generated
(Figure 6). The AEMs used are mainly Sustainion membranes,
such as those of Yang et al.'””'** The main objective of these
membranes is to increase the transport of the HCOO™ anions
from the cathodic to the central compartment. In case of
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Figure S. Schematic diagram of a two-compartment electro-
chemical reactor separated by a bipolar membrane (reproduced
with permission from ref 117, copyright 2020 American Chemical
Society).

CEMs, fluorinated ones, such as Nafion 324 used by Yang et
al."* allow the passage of cations and protons from the anode
compartment to the central one. In the central compartment,
materials based on porous solid electrolytes (Figure 6a) (e.g.,
styrenedivinyl-benzene copolymer)'****'%! or ion-exchange
resins (Figure 6b)'*”'** are used for the proper performance
of the CO, electroreduction to the target product process. In
particular, styrenedivinyl-benzene copolymer microspheres
with sulfonic acid functional groups used by Fan et al.'*’
increase the transport of protons from the anodic to cathodic

compartment under room temperature. Other studies
implemented Amberlite IR120 strong acid ion-exchange resins,
that perform extremely well as ion conductors in the central
compartment.'”'*® Currently, Dioxide Materials has started
to develop three-compartment reactors achieving remarkable
HCOOH concentrations (>15 wt%) for extended periods of
time (>500 h).>**

Park and Shin'’® have developed a novel reactor
configuration in which the cathode is located in the central
compartment, while the anodes are in the other two
compartments separated by CEMs (Nafion 117) (Figure 7a).
This configuration aims to increase the crossover of cation
(K*) and protons (H*) through the two CEMs and promote
electron generation through the two anodes. Another similar
reactor configuration was implemented by Lou et al,'®' in
which the central compartment where the cathode is located is
separated from the anodes by two CEMs (Nafion 417) (Figure
7b).

Two-compartment reactors were the most implemented
configuration for the electrocatalytic reduction of CO, to
HCOOH and HCOO™ (Table 1). In particular, here CEM
avoids the product crossover from the cathodic to the anodic
compartment and therefore enhances the selectivity of CO,
electroconversion. Undivided reactors and three-compartment
reactors have also been considered for the CO, electro-
reduction to HCOOH and HCOO™ in few studies. Undivided
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reactors do not require a compartment separator, improving
the transport of the ionic species through the reactor.
However, a product crossover from the cathode to the anode
compartment can occur, oxidizing the product and thus
lowering the process selectivity. Meanwhile, a three-compart-
ment reactor configuration allows obtaining the HCOOH in
the central compartment through HCOO™ (from the cathode

through an AEM) and protons diffusion (from the anode
through a CEM).

1.3. Types of Feeds at the Cathode. There are different
ways for delivering the CO, to the electrochemical flow
reactor. For better comprehension, Figure 8 depicts the main
configurations of input feed stream used up to date for
supplying CO, to the cathodic compartment of electrolyzer.
Some part of the studies analyzed in this review employed
aqueous feeds at the cathode compartment of the electro-
chemical reactor, particularly those in which the CO, input
stream is bubbled until the saturation of the electrolyte (e.g,
refs 140, 167, 168, 180). (Figure 8a). Moreover, there are
numerous reported approaches in which CO, is fed directly to
an interface between the catalyst of porous electrode and
aqueous electrolyte (e.g., refs 110, 137) (Figure 8b).

The vast majority of studies on the continuous electro-
chemical reduction of CO, to HCOO™/HCOOH analyzed in
this review use a pure CO, gaseous stream at the cathode
chamber of the electrochemical reactor at ambient pressure
conditions. Only two approaches analyzed”'”**° have studied
the effect of CO, concentration by reducing the CO, partial
pressure of the input stream. On one side, Choi et al*"? carried
out CO, electrolysis experiments for 8 h using diluted streams
of 15 vol% CO, (equivalent to a partial pressure of 0.15 atm)
with SO, and NO impurities, and obtained notable perform-
ances. On the other hand, Van Daele et al.>* successfully
operated a continuous flow cell with a less concentrated
gaseous stream (60 vol% CO, or CO, partial pressure of 0.6
atm) at current densities of up to 300 mA-cm™> In contrast, to
increase the CO, partial pressure, other approaches such as
Proietto et al.'’° and Ramdin et al.'”” assessed the pressure
effect inside the flow electrochemical cell to ensure a high CO,
concentration near the catalyst surface, showing that the best
results were obtained at elevated pressures of 23 and 50 bar,
respectively, thereby increasing the CO, partial pressure.

a) Cathode b)

Aqueous electrolyte Aqueous electrolyte

Cathode C)

Cathode

solid polymer electrolyte

Figure 8. Simplified scheme showing the three main different input feed configurations that have been used for delivering CO, streams to the
cathode of flow electrolyzers for the continuous production of HCOOH and HCOO™ reported in this review: (a) a liquid feed in which the
CO, input stream is bubbled until the saturation of the aqueous electrolyte, (b) a CO, input stream fed directly to an interface between the
catalyst of cathode and a liquid electrolyte, and (c) a gaseous feed in which the CO, input stream is humidified, avoiding the use of the
aqueous electrolyte since the ion-exchange membrane acts as a solid polymer electrolyte (adapted from ref 74, copyright 2018 American
Chemical Society).
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Aqueous electrolytes as cathode feeds increase the
conductivity along the reactor and reduce the total reactor
voltage. To date, liquid electrolytes based on potassium
bicarbonate (KHCO,),"””"*° sodium carbonate (Na,CO,),
sodium bicarbonate (NaHCO,),'® and mixtures of carbonate
compounds with potassium chloride solutions (KCI)"'**'*"”
have been used. Thus, it has been proven that adding salts to
the carbonate-based liquid electrolyte provides greater ionic
conductivity.239 Other electrolytes based on different salts,
such as sodium sulfate (Na,SO,)'°*''® or potassium sulfate
(K,80,),"'”"7" have also been considered for the electro-
catalytic reduction of CO, to HCOOH and HCOO™. The
concentration of these electrolytes ranges between 0.1 and 3
M, mainly being 0.5 or 1 M (Table 1).

Other studies have used an acidic solution, particularly 0.5
M sulfuric acid (H,SO,), as the electrolyte in the cathode
feed.'°>'”* These studies employed an undivided microfluidic
reactor in which laminar flow operates with an acid solution in
the cathode side.

Despite the fact that alkaline electrolytes promote the
formation/precipitation of (bi)carbonates,”* they are used at
the cathode side to improve the selectivity of the electro-
chemical process and reduce hydrogen production. (Bi)-
carbonate formation can hinder the working electrode
performances. Some excellent works have studied this
undesirable event as well as different ways to reduce their
formation, and thus, their impact during electrochemical tests,
which is particularly important with operation at high current
densities and for keeping long-term performances,”*' as well be
discussed in section 2.5.

Nearly a third of the studies analyzed use alkaline liquid
electrolytes. This has been proved by studies focused on
potassium hydroxide (KOH) solutions at different concen-
trations (1.0 and 3.0 M)."*>"**'”! For example, Grigioni et
al.'”" employed a highly concentrated alkaline solution (KOH
3.0 M) as a cathode feed electrolyte, which considerably
decreased the cathodic overpotential. Seifitokaldani et al.'”
obtained 50% FEs for HCOO™ with current densities >450
mA-cm™> using Ag-based catalysts at the cathode (more
selective to give CO) and ultra-concentrated alkaline electro-
lytes (KOH 10 M). To a lesser extent, relatively low
concentrations (0.5 M) of sodium hydroxide (NaOH)-based
alkaline solutions have been used as a cathode feed
electrolyte,' "%

Additionally, some studies use deionized water as an input
stream at the cathode compartment of the electrochemical
reactor.'””"”® For instance, Ghosh et al.'””® employed CO,-
saturated deionized water stream as an input in the cathodic
compartment, and obtained remarkable accumulated product
concentrations of 2.67 g-'L ™" and FEs of up to 90% toward the
target product.

Notably, some recent studies that operated in continuous
mode avoided the use of liquid electrolytes, employing a
humidified CO, stream at the cathode compartment of the
electrochemical reactor.'”>"**'*" Specifically, 12% of the
reported studies operated with a humidified CO, feed to the
cathode. This technique eliminated the need of an additional
liquid electrolyte because the ion-exchange membrane acted as
a solid polymer electrolyte (Figure 8c). Thus, the water vapor
provide protons to carry out the reduction of CO, to HCOO™
over the cathode surface, and simultaneously, the humidified
CO, stream reduced the limitations associated with the
solubility of CO, in aqueous phases.”® In this context, the
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control of the CO, and water vapor ratio becomes
crucial, 198118146 Fop example, in Lee et al,'%® the water flow
was controlled by a homemade bubble humidifier, and it was
observed that the HCOO™ concentration (116.20 g-L™") and
FE (78%) increased with a vapor supply of 0.65 mg-min™':
cm™? and a temperature of 323 K without an appreciable
increase of the cell voltage. Several works have designed
experimental setups, such as a Vapour Delivery Module, which
accurately controls and adjusting the feed gas temperature and
the ratio between CO, flow and water vapor in the input
stream at the cathode side.''""*®'*" Diaz-Sainz et al.''!
reported that the best results were obtained at ambient
temperature of 293 K and water vapor stream of 500 mg-h™"
(56,1 mol H,0:[mol CO,ym*]™") as input, providing of
HCOO™ concentrations, FEs, and EC of 19.20§ L™, 50%, and
244 kWh-kmol ™, respectively. De Mot et al."'® controlled the
flow of CO, (Brooks Instruments, GF040) and the flow of
injected water by adjusting an HPLC pump (Watrex, P102)
and mixing both compounds in a T-mixer. Employing this
experimental setup, a product concentration and EC of 65.40
g'L™" and 181 kWh-kmol ™', respectively, were achieved. Yang
et al."* used a gas humidifier at room temperature (296—298
K) to control the CO, and vapor ratio with current densities of
up to 200 mA-cm™* and achieved excellent product
concentrations of 151.80 g-L™".

Some works, in which CO, input streams are humidified
without employing a liquid catholyte, have studied the effect of
temperature of the input stream. In this context, Lee et al.'*®
observed that the best HCOO™ concentrations of 116 g-L™"
were obtained at cell temperatures of 323 K. Diaz-Sainz et al,,
with catalyst-coated membrane electrodes based on Sn''" and
on Bi,"*® also assessed the influence of the temperature of the
input stream in a two-compartment flow reactor, observing
that the best performances in terms of HCOO™ production
were obtained at room temperature (293 K), which in both
studies could be attributed to achieving in these conditions the
optimal thickness of the liquid layer that coats the catalyst
layer.

Literature review has revealed that aqueous electrolytes
operate at higher current densities and with lower total reactor
voltages. However, the problems associated with low CO,
solubility of aqueous electrolytes generate mass-transfer
limitations.'”® Humidified CO, input streams at the cathode
side of the electrochemical reactor improve the mass-transfer
phenomena for the CO, electroreduction to HCOOH and
HCOO™. Nevertheless, operation with humidified CO,
gaseous feed for continuous electroreduction to HCOOH/
HCOO™ has resulted in general higher reactor voltages, which
prevents efficient operation at high current densities. The
causes to explain these higher voltages observed may be
complex, probably related to resistances or ohmic drops due to
liquid products formed that can flood the electrode, but they
are currently being studied in order to understand their origin,
minimize them, and thus improve energy efficiency.

1.4. Electrocatalyst and Working Electrode Config-
uration. Excellent detailed reviews have been focused on
cathode electrocatalysts for the electrochemical conversion of
CO, to HCOO™ or HCOOH (e.g., refs 28, 100—105). This
subsection presents a brief analysis of the cathode catalysts that
have been used in the continuous electrocatalytic reduction of
CO, to HCOOH and HCOO~ (Table 1), with special
attention on the catalyst arrangement and cathode config-
uration.

https://doi.org/10.1021/acsenergylett.3c00489
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Figure 9. (a) Fixed-bed cathode of Li and Oloman (reproduced with permission from ref 114, copyright 2007 Springer Nature). (b) Catalyst-
coated membrane electrode of Lee et al. (reproduced with permission from ref 108, copyright 2018 Wiley). (c) Graphite felt of Lou et al.
(reproduced with permission from ref 181, copyright 2021 Elsevier).

The most common cathode materials used in the continuous
electroreduction to CO, to HCOOH/HCOO™ are
Sn-''%12012% and Bi-based."'™"*® Nearly one-third of the
reported works employ Sn-based catalysts. Within this group
more than 30% employ tin oxide-based catalysts. Most of these
studies used SnO, nanoparticles, while others researchers, such
as Qian et al.'** and Liu et al,,"** have chosen to use SnO or
Sn;0,, respectively. However, few studies have also used Pb-
based'*"'*® and In-based'”"'®>'*® electrocatalysts. Further-
more, boron-doped diamond'”*"*” and nitrogen-doped'”® or
boron and nitrogen co-doped carbon'’” materials encapsulat-
ing iron have also been used as cathode catalysts. Recent
studies have explored the use of catalysts based on metallic
alloys, particularly Sn alloys, such as Sn—Bi,156 Sn—Cu,163 and
Sn-Pb."**

The electrocatalysts used are typically in the form of metal-
based nanoparticles that increase the reaction-specific surface
and improve the mass transfer of the compounds involved in
CO, electroreduction. All the reported studies have used
nanoparticles with a diameter <150 nm'*"'®""® that mainly
average between 9 and 15 nm."' M3 However, Wu et al.'*?
conducted the CO, reduction reaction using Bi-based catalyst
nanoparticles of 5 nm, and Merino-Garcia et al."*’ employed
SnO,-based catalyst nanoparticles of 2 nm. Some studies have
shown that the structure and size of the Bi-based catalyst
nanoparticles have a great influence on the selectivity and
behavior of electrochemical reduction.”***** Thus, it is
important to highlight other physical configurations of catalyst
nanomaterials, such as nanosheets,"*”'®* which has demon-
strated great performance in the reduction reaction. For
instance, Fan et al. successfully and effectively employed ~4.5
nm thick Bi-based nanosheets.'**

Furthermore, porous support materials can effectively
increase the reaction-specific surface (based on carbon
materials). For example, carbon nanotubes employed as
support for catalyst nanoparticles,"*”'”>'”® and other complex
structures based on the metal—or%anic frames with different
metallic catalysts, such as Bi'*”">® and In,'® have demon-
strated great performance. These structures achieved FEs of up
to 90% for the target product at current densities >200 mA-
cm™2 Along with the material nature of the catalyst and its
support, the physical configuration of the cathode employed
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for the CO, electroreduction to HCOOH and HCOO™ also
plays an important role.

Barely 5% of the 124 reported papers use foils/g)lates as
physical workinﬁ electrode configurations. First, Pb-'"'*® and
Sn-based'*>'?”"3* metallic plates were reported as the simplest
physical configurations of cathodes. However, the low specific
reaction surfaces of metallic plates limited the mass transport
of the compounds involved in reduction, limiting the current
density supplied to the electrochemical reactor.”" The highest
current density in a continuous operation using a metallic plate
of ~100 mA-cm ™2 was reported by Ramdin et al."”” Lucas and
Lima'”? used Sb-Sn alloy and showed a catalytic activity of 22
h, and the main figures of merit of the process were obtained in
an acceptable range (FEs >96% and production rates of up to
0.28 mmol'm™s™"). As the surface area is a limiting issue in
this type of configuration, numerous studies have been
conducted on other cathode configurations.""*

Figure 9a shows the configuration of the fixed-bed cathode
implemented by Li and Oloman.""* This configuration
improved CO, transport, with CO, conversions of up to
75% per step. However, the Sn particles witnessed a loss of
activity due to the accumulation of impurities on the surface of
the catalyst and a loss of material due to corrosion.''* Other
innovative cathode configurations have also been proposed in
the field of continuous CO, electroreduction to HCOOH and
HCOO™. For instance, the catalyst-coated membrane elec-
trode (CCME) configuration deposits the catalyst over the
ion-exchange membrane to increase the reaction-specific
surface (Figure 9b). This approach solves the limitation of
low CO, solubility in aqueous media that is associated with a
humidified CO, input stream at the cathode side. Lee et al.""®
deposited Sn nanoparticles over a CEM (Nafion 115), and a
carbon fibrous substrate was used as current collector that
simultaneously corrected the distribution of the humidified
CO, feed. Diaz-Sainz et al."'"*** implemented CCME:s in two-
compartment flow reactors. Sn''" and Bi'*® carbon-supported
nanoparticles were deposited over a CEM (Nafion 117) using
a tinned steel mesh as a current collector. These studies
showed the formation of liquid water on the catalyst surface of
CCMEs during the experiments due to the accumulation of
condensed water from the humidified CO, feeds. The
thickness of the water layer was a critical factor and one of

https://doi.org/10.1021/acsenergylett.3c00489
ACS Energy Lett. 2023, 8, 1992—2024


https://pubs.acs.org/doi/10.1021/acsenergylett.3c00489?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00489?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00489?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00489?fig=fig9&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c00489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

Focus Review

the main mass-transfer resistances. Catalyst particles can be
supported in different porous structures, such as graphite felts
(Figure 9¢c).'®" This highly porous support improves transport
by increasing the specific surface area and are available on a
large scale at a low cost (Mersen, France)."®’

The most implemented cathode configuration in continuous
CO, electroreduction to HCOOH and HCOO™ has been the
gas-diffusion electrode (GDE).""”"*»'*? GDEs are composed
of a catalytic layer and a gas-diffusion layer (GDL), which is a
fibrous porous component that has two main functions: (i) to
ensure uniform distribution of the reactant over the electrode
surface, and (ii) to enhance the transport of electrons to or
from the external electrical circuit.”” Detailed reviews on
GDEs for CO, reduction are available in literature.”>’® In
general, GDEs are composed of a carbon fibrous substrate, a
microporous layer, which sometimes may not be present, and a
catalytic layer (Figure 10). The different parts which conform

GDE cross-section
» - " 22
e Catalytic layer

Carbon
fibrous
substrate

Figure 10. Schematic illustration of the cross-section of a gas
diffusion electrode (GDE) with carbon support, an optional
microporous layer, and a catalytic layer (adapted from ref 84,
copyright 2022 Springer Nature).

to the GDEs are briefly discussed below. Compared to metallic
plate electrodes, GDEs enhance the three-phase boundary area
where the reduction reaction takes place, *"*****” decreasing
the mass-transfer limitations and increasing the current density
supply. 245249

Several studies have used Teflon-treated carbon fibrous
substrates such as GDL."'>"*”"*" This material is efficient in
electron transport, is hydrophobic due to the polytetrafluoro-
ethylene (PTFE) pretreatment, and permits the passage of
CO, through the cathode.”*” The most commonly used carbon
fibrous substrate consist PTFE-treated carbon paper of
different total thicknesses (190, 255, 280, and 370 ym) from
companies such as Toray Inc. of Japan or AvCarb (TGP-H-60,
AvCarb P75t, TGP-H-90, and TGP-H-120).'9%1%137 A
microporous layer is usually deposited over this carbon fibrous
substrate (Figure 10) to improve CO, mass transport to the
catalytic layer. For example, Diaz-Sainz et al. and Del Castillo
et al. deposited a microporous layer consisting of a PTFE/
carbon black mixture over the carbon fibrous substrate using
an airbrush technique, with a corresponding load of 2 mg-
m—z.l 10,137,139

Other studies used commercial GDLs as carbonaceous
support from companies such as FuelCellStore, and they are
composed jointly of the carbon fibrous substrate and a
microporous layer. Different GDLs have been reported

2006

(mainly Sigracet 39BC, Sigracet 35BC, CeTech W1S1009,
and CeTech W1S81010""7"'*371) " Qian et al.'*® used a
PTFE-treated carbon fibrous substrate (TGP-H-60) equipped
with mesoporous layers with a larger pore size (2—50 nm).

Although most of the approaches using GDEs compiled in
Table 1 have employed carbon fibrous supports, other kind of
substrates have also been reported, like carbon cloths,'?%12%171
PTFE gas-diffusion substrates,"®® copper hollow fiber sup-
ports,””” metal copper meshes,''”'** or metal copper foams.'*’
In particular, tests with cloth substrates required PTFE
treatment to prevent cathode flooding,'**"*'”" as well as a
larger volume of electrolyte to dilute HCOO™ and limit
crossover.'”" GDEs prepared with Sn and Bi by using thermal
evaporation on highly hydrophobic PTFE GDLs'* were able
to perform the continuous CO, electrocatalytic reduction to
HCOO™ with notable stability performances of up to 100 h,
although at a current density of only 60 mA-cm™. On the one
hand, the use of Cu hollow fiber as the substrate allowed
Rabiee et al.”” to prepare hollow fiber GDEs with free
ionomer Bi-based catalysts. GDEs fabricated with other Cu-
based substrates, such as meshes''”'** or foams,'® have also
been reported due to their good properties of ductility,
electrical conductivity, and low cost.

The catalytic layer (Figure 10) consists mainly of a mix of
catalyst particles and an ionomer. The ionomer/binder holds
the catalytic layer together and to the GDL. Binders/ionomers
manipulate the hydrophobic—hydrophilic balance along with
the ion transport in the three-phase boundary layer.””**!
Perfluorinated sulfonic acid (PFSA) ionomers such as Nafion
contain —SO;~ (hydrophilic) and —CF, (hydrophobic)
groups.z‘gl’252 However, a compromise is required, since
excessive hydrophobicity will result in inferior electronic
conduction because of a large amount of non-conducting
hydrophobe, while not enough hydrophobicity will restrict the
diffusion of CO, gas due to the tendency of flooding and
accelerating the undesired HER.*® Nafion solution (5 wt%) is
the most implemented ionomer in the currently reviewed
literature for the electrocatalytic reduction of CO, to HCOOH
and HCOO™."">"*»!** In contrast, Sen et al.''® employed the
Nafion ionomer with a different mass ratio (LIQUion 1100
EW, Ion Power Inc, 15% w/w). However, certain studies
report different anionic ionomer solutions, such as XA-9
(Dioxide Materials Inc., S wt%) or ionic liquid-based
ionomers, such as imidazole (5 wt%).'%%*

However, the catalytic layer of GDEs often compromises the
catalytic activity and stability; hence, some strategies have been
proposed to improve the essential requirements for the
implementation of this technology on a larger scale. For
example, Sen et al.''® used a hydrophobized fibrous backing
layer since it can act as a mechanical support for the Sn
nanoparticles and correct the distribution of the gas flow
through the catalytic layer. Xing et al.'*® studied a two-
compartment reactor that operates with an aqueous feed
(KOH 1.0 M) from the cathode side. PTFE was added to the
ink that makes up the Bi-based catalytic layer. Specifically, the
strong dependence of the CO, reduction reaction activity on
the gas flow rate for the Bi/C/30% PTFE electrode suggests
that the CO, mass transport inside the catalyst layer is partially
mediated by gas-phase diffusion via the hydrophobic pores
near PTFE, which enhances the CO, transport and CO,
reduction reaction performance relative to the Bi/C
electrode.'*
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Figure 11. Schematic illustrations of examples of the implementation of a GDE in (a) a two-compartment reactor with an aqueous feed in
cathode side and (b) a two-compartment reactor used for the study of the continuous electrocatalytic reduction of CO, to obtain HCOO~
with a single pass of the inputs through the electrochemical reactor (1: gas diffusion electrode, 2: current collector, and 3: Nafion 117
membrane). (Adapted from ref 137, copyright 2019 Elsevier, and ref 139, copyright 2021 Elsevier.)

GDE disposition inside the electrochemical reactor plays an
important role in the CO, electroreduction to HCOOH and
HCOO7, depending mainly on the type of the feed at the
cathode side Figure 1la shows a schematic view of the
operation of a two-compartment reactor where the working
electrode (GDE) is used with a liquid electrolyte feed at the
cathode side. The product generated on the cathode surface
was collected and analyzed with the aqueous electrolyte of the
cathode side. A membrane electrode assembly (MEA)
configuration (also called free-catholyte zero-gap reactor
configuration), in which a humidified stream of CO, is used
as an input at the cathode side, has also been studied and
extracts higher HCOO~™ and HCOOH concentra-
tions.' "' "#15%15¢ Figure 11b shows a schematic view of the
MEA inside a two-compartment reactor. Li et al. employed a
GDE in an MEA, achieving catalytic activity for 100 h with
high HCOO™ concentrations. Nevertheless, most works with a
MEA at the cathode in a two-compartment flow reactor do not
reach operation at commercially relevant current densities of
200 mA-cm™~>.*%’

1.5. Counter Electrode Configuration and Anode
Catalyst Implemented. In this section, the main electro-
catalysts employed to carry out the anodic reaction and its
configuration are discussed in detail. Oxygen evolution
reaction (OER) is the most widely implemented reaction in
the anodic compartment of the different reactor configurations
for continuous CO, electroreduction to HCOO™ and
HCOOH. Numerous studies carried out the OER through
the oxidation of aqueous solutions, such as KOH, KHCO;
K,SO,, H,SO,, and deionized water, to obtain electrons, which
were conducted through the external circuit to the working
electrode of the reactor (Table 1). In contrast, only two studies
have been reported in this review that use gaseous feeding in
the anode compartment.'**'** They carried out the hydrogen
oxidation reaction (HOR) through the employment of Pt
carbon-supported nanoparticle GDE in a three-compartment
reactor. For different operating conditions (Table 1), Yang et
al.'”” also employed a Pt carbon-supported nanoparticle
electrode to carry out the HOR in the anode side of a three-
compartment reactor with the consequent reduction of the cell
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voltages (1.83 V), which registered low EC of 119 kWh-
kmol™!. Proton generation in the HOR promotes the
formation of HCOOH in the central compartment of the
reactor. Even though HOR in the anode compartment can
reduce the reactor voltage, the high cost of H, feed can
significantly increase the operational cost of the process.'*®

Pt-based anodes with different physical configurations (Pt-
wire, Pt-sheet, Pt-mesh, and Pt-gauze) have been the most
used in the continuous electrochemical reduction of CO, to
HCOOH and HCOO~ (Table 1)."*""%' He et al.'>®
supplied the highest current density (500 mA-cm™>) employ-
ing Pt-based anodes (Table 1). However, despite the high
electron conductivity of Pt, its availability and cost are still
limiting factors for its implementation on a larger scale.”>*

Dimensional stable anodes (DSAs) have also been widely
implemented to carry out the OER (Table 1).'0%'*%!%%
Different DSAs are available based on different catalysts and
physical configurations. The commercial electrodes are
typically metallic plates covered with materials based on
IrO,-Ta,0y alloys. These electrodes are widely used in other
electrochemical processes, such as electrooxidation of organic
compounds, and have good performance in OER.***°
Currently, operations at current densities of ~300 mA-cm™
have been reported using DSA/O,. However, Merino-Garcia et
al."*” showed that DSA/O, can operate even at higher current
densities of 500 mA-cm™, maintaining catalytic activity for
90—120 min. Moreover, Diaz-Sainz et al.'®' achieved
remarkable figures of merit using a DSA/O, operating at
current densities of up to 600 mA-cm™% Some studies have
also used Pt catalyst-based DSAs.'*® Studies that operate with
two interconnected DSAs are also available.'””'®" Thus, the
geometric areas of the anode for a given reactor design can be
doubled, thereby increasing the production of electrons. Park
and Shin'”" used two interconnected DSA mesh anodes for
long a period of time (180 h). Meanwhile, Lou et al.'®’
operated with two interconnected DSAs (AC-2004, ECS
International Electro Chemical Services, France). DSAs are
generally very stable electrodes, but have a low specific surface
area that limits the mass transfer of the anodic reaction.

Several recent studies have used particulate electrodes as
anodes, which have higher active surface area with respect to
that of the DSA plates.'*”'*>'®* These particulate electrodes
are mainly based on IrO,, Pt, and Ru materials. For example,
Pt carbon-supported nanoparticles operates at current densities
of up to 385 mA-cm ™2, achieving promising product rates of
14.90 mmol-m~2s~"."'® However, this anode configuration can
be degraded under alkaline conditions due to binder/anolyte
interaction, thus decreasing the activity and stability of the
anode. Therefore, the choice of binder and its proportion in
the catalytic ink is a critical factor in the proper development of
an anodic reaction.””’

The maximum current densities reported for Pt-based
anodes, DSAs, and particulate anodes do not exceed 500
mA-cm ™2 However, Ni foams work at higher current densities
(e.g., refs 117, 118, 186) due to their intrinsic porosity, which
increasing mass transport of the species involved in the OER
(Column 3, Table 1).*”” Different catalytic materials have been
employed for Ni foam anodes. For example, Xing et al. used a
nickel—iron foam as the counter electrode.'*> Moreover, other
studies have used Ni foams in MEA configuration,''”""%'%
highlighting two-compartment reactors with humidified CO,
feed in the cathode side operating at relatively high current
densities of 100 and 258 mA-cm™2, respectively.'' "%

2

2008

Ding et al.">” employed an Al foil as a counter electrode for

simultaneous CO, valorization and power generation. This
electrode in alkaline conditions (KOH 1.0 M) oxidizes the Al
to Al(OH),” and generates electrical energy. For a FE up to
100%, 1 g of Al can ideally convert 1.24 L of CO, to 2.45 g of
HCOOH, releasing 5 kWh of electrical energy.

Few studies in continuous mode have carried out an
oxidation reaction of interest at the anode. These studies took
advantage of the oxidation potential of the anode instead of
carrying out the OER, which had lower added value, e.g,
oxidation of a methyl orange dye."””'*' Wang et al."*" oxidized
methyl orange using a SnO,—Sb electrode supported on Tij,
obtaining 100% decolorization efficiencies. Similarly, Wang et
al.'* oxidized methyl orange with a Co;O,-coated graphite
electrode. Furthermore, Wu et al.'** co-produced HCOO™ in a
two-compartment reactor. In the cathode compartment, CO,
was reduced to HCOO™ and in the anode compartment,
methanol (CH;OH) was oxidized to HCOO™. HCOO™ was
produced from CH3;OH in the anode compartment under
alkaline conditions (KOH 1.0 M) using an Ni(OH), foam
anode. The HCOO™ produced at the cathode diffused from
the cathodic to the anodic compartments through an AEM, the
product being concentrated in the anolyte outlet stream.
Consequently, all figures of merit of the process were
enhanced.'*® This shows that instead of OER, different
oxidation reactions of interest can improve some process
figures of merit and produce another valued-added product in
the anodic compartment.

2. ASSESSMENT OF THE MAIN FIGURES OF MERIT

This section presents a quantitative comparison of the results
obtained by the studies of continuous CO, electroreduction to
HCOOH or HCOO7, considering the most commonly used
figures of merit, such as current density, concentration of the
target product, FE, production rate, and EC. Table 1 reports
the figures of merit corresponding to the conditions in which
the highest product concentrations were obtained in each
study. Certain studies did not explicitly include all the figures
of merit; such figures of merit were calculated from the
reported results (represented with an asterisk (*) in Table 1).
Studies that report cumulative HCOO™/HCOOH concen-
trations (marked with two asterisks (**) in Table 1) have not
been shown in the different representations of the figures of
merit for a fair comparison. Therefore, all the studies of this
comparative evaluation involved continuous single-pass re-
actors. Some studies have reported figures of merit for different
reactor configurations and different cathode electrocata-
lysts."'#'1® All the figures of merit addressed in Table 1 are
shown for these studies. The meaning of the figures of merit is
briefly explained below.

First, the FE for HCOO~™ or HCOOH is defined as the
percentage of the total charge supplied, which is used to obtain

the desired product.”*® FE can be obtained by eq 5:

zFn
0 _-
EE (%) = == x 100 (s)
where z is the number of electrons exchanged in the
electrochemical process (for HCOO™ and HCOOH z = 2),
F is the Faraday constant (96485 C-mol ™), n is the number of
moles of HCOO™ or HCOOH produced per unit of time
(expressed in mol-s™'), and I is the current supplied to the
electrochemical reactor (A).
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Table 2. Symbology, Abbreviations, and Meanings of the Icons in the Graphical Representation of the Figures of Merit”

Symbol | Abbreviation Meaning
A G-2-Bi-CEM Gaseous feed two-compartment reactors with Bi-based cathode
catalysts and cation exchange membranes.
o G-2-Sn-CEM Gaseous feed two-compartment reactors with Sn-based cathode
catalysts and cation exchange membranes.
o G-2-X-CEM Gaseous feed two-compartment reactors with X-based cathode
catalysts and cation exchange membranes.
A G-2-Bi-AEM Gaseous feed two-compartment reactors with Bi-based cathode
catalysts and anion exchange membranes.
* G-2-X-AEM Gaseous feed two-compartment reactors with X-based cathode
catalysts and anion exchange membranes.
A G-3-Bi Gaseous feed three-compartment reactors with Bi-based cathode
catalysts.
Gaseous feed three-compartment reactors with Sn-based cathode
@ G-3-Sn
catalysts.
Gaseous feed three-compartment reactors with X-based cathode
14 G-3-X
catalysts.
| J L-1-Sn Aqueous feed undivided reactors with Sn-based cathode catalysts.
Ld L-1-X Aqueous feed undivided reactors with X-based cathode catalysts.
A L-2-Bi-CEM Aqueous feed two-compartment reactors with Bi-based cathode
catalysts and cation exchange membranes.
o L-2-Sn-CEM Aqueous feed two-compartment reactors with Sn-based cathode
catalysts and cation exchange membranes.
o L-2-X-CEM Aqueous feed two-compartment reactors with X-based cathode
catalysts and cation exchange membranes.
A L-2-Bi-AEM Aqueous feed two-compart.ment reactors with Bi-based cathode
catalysts and anion exchange membranes.
® L-2-Sn-AEM Aqueous feed two-compart.ment reactors with Sn-based cathode
catalysts and anion exchange membranes.
* L-2-X-AEM Aqueous feed two—comparFment reactors with X-based cathode
catalysts and anion exchange membranes.
A L-2-Bi-BPM Aqueous feed two—compartme_nt reactors with Bi-based cathode
catalysts and bipolar membranes.
° L-2-Sn-BPM Aqueous feed two—compartme_nt reactors with Sn-based cathode
catalysts and bipolar membranes.
PN L-2-X-BPM Aqueous feed two—compartmefnt reactors with X-based cathode
catalysts and bipolar membranes.

G — Gaseous cathode feed ; L — Aqueous cathode feed
1 — Undivided reactor ; 2 — Two-compartment reactor ; 3-Three-compartment reactor
Bi — Bi-based catalyst ; Sn — Sn-based catalyst ;
X — Pb-based catalyst, In-based catalyst, bimetallic alloy, mixture of metal catalysts, BDD,
and nitrogen-doped catalyst;
CEM - Cation exchange membrane ; AEM — Anion exchange membrane, and
BPM - Bipolar membranes

“The external line represents the reactor configuration: icons with the dashed black external line are undivided reactors; two-compartment reactors
are represented by icons with continuous blue and red external lines; symbols with continuous black external lines indicate three-compartment
reactors. Blue icons represent the figures of merit for continuous reactors with humidified CO, feeds at the cathode side. Red icons show the figures
of merit of reactors with aqueous feeds on the cathode side. The nature of the cathode catalysts has been considered with different symbol forms:
the triangles represent Bi-based catalysts, circles represent Sn-based electrocatalysts, and other metallic catalysts, such as In, Pb, alloys, boron-doped
diamond, and nitrogen-doped carbon materials, are represented by a diamond icon. The nature of the membrane of two-compartment reactors is
represented with unfilled symbols for CEMs, blue and red filled icons for AEMs, and gray filled icons for BPMs.

The HCOO~ or HCOOH production rate (r) represents
their total amount produced per unit area of working electrode
and unit of time. This figure of merit is defined by eq 6:

P

r (mmolm™2-s7}) =
( )=t

(6)

where n,, is the number of moles of HCOO™ or HCOOH
produced per unit of time (expressed in mmol-s™') and A is the
geometric area of the cathode (m?).

The EC per kmol of HCOO™ or HCOOH is expressed as
the amount of energy used in the electrochemical reactor to a
produce certain amount of HCOO™ or HCOOH. The EC can
be calculated by eq 7:

where I is the current supplied to the electrochemical reactor
(kA), U is the voltage of the electrochemical reactor (V), and
i, is also the number of moles of HCOO™ or HCOOH
produced per unit of time (expressed in kmol-h™").

The quantitative comparison is supported by graphic
representations of the combinations of the figures of merit to
ease the analysis and considers reactor configuration, type of
feed at the cathode side, electrocatalysts used in the cathode,
and the type of membrane. The figures of merit analyzed have
been represented in the graphs with different icons according
to the symbols and meanings explained in Table 2.

2.1. Assessment of Concentration of the Target
Product. Figure 12 shows the product concentration of the

EC (kWh-kmol ") = 1 ) different reported studies as a function of the current density.
Mih Due to the variation in the reported product concentration
2009 https://doi.org/10.1021/acsenergylett.3c00489
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Figure 12. HCOO™/HCOOH concentration versus current density
(j): (a) displays in a higher Y-axis scale (0—1400 g-L™') for the
highest product concentrations reported by reactors with gaseous
feeds; (b) presents a lower Y-axis scale (0—160 g'L™') showing
mainly HCOO™/HCOOH concentrations of reactors with aqueous
feeds. The abbreviations and symbols are detailed in Table 2. The
horizontal green dashed line is set as the most common
commercial product concentration value (1020 g'L™') and the
horizontal dashed blue line represents the target product
concentration (218 gL™') for environmentally sustainable
processes. The vertical black line is the threshold from which
the current densities applied are commercially relevant (200 mA-
cm_z).

values, this figure has been divided in two graphs at different
scales: Figures 12a and 12b.

Although HCOO™ and HCOOH concentrations above 85
wt% (1020 g-L™") are desired for commercial use (depicted as
green dashed line in Figure 12a), it has been found that
product concentrations close to 21 wt% (218 gL™', blue
dashed line of Figure 12a) can reduce the energy costs
associated with the downstream purification steps, thus making
continuous electrochemical HCOO™ and HCOOH processes
environmentally sustainable.”” Moreover, current densities
>200 mA-cm™> have been suggested as commercially relevant
to minimize the capital-expenditure of the conversion unit to
economically compelling levels.”” Considering these thresh-
olds, Figure 12a shows that there are no studies located in the
top right area; i.e., there are no approaches yet that combine
achieving concentrations above the most common commercial
value of 85%, with operating current density >200 mA-cm™>.
The highest concentrations of HCOO™ or HCOOH reported
in continuous studies used a CO, humidified input stream at
the cathode compartment of the electrochemical reactor and
Bi-based electrocatalysts, although they were obtained at a
maximum current density of ~200 mA-cm™* (Figure 12a). Fan

2010

et al."** achieved the highest product concentration (up to

1228.00 g-L™!, becoming the only approach that exceeds the
most common commercial HCOOH concentrations) by using
a three-compartment reactor with Bi-GDE at current density of
200 mA-cm~2 Xia et al."*® also obtained remarkable results in
terms of the concentration (556.00 g-L ') employing a three-
compartment reactor with Bi-based cathode at current
densities of 200 mA-cm™2. As shown in Figure 12a, the third
study that reports concentrations above the threshold of 218 g-
L™' suggested for the process to be environmentally
sustainable® is that by Diaz-Sainz et al,'*” which achieved
HCOO™ concentrations of 337.00 g-L™" at current densities of
45 mA-cm™? with a CEM-separated two-compartment reactor
also using Bi-GDE.

Figure 12a also shows that some approaches with gaseous-
fed electrochemical reactors (blue filled symbols) obtain
product concentrations close to 21 wt% at current densities
<200 mA-cm™2 In contrast, the approaches that use liquid
feed can operate at even higher current densities (up to almost
2 A-cm™?, Figure 12), due to the higher ionic conductivity of
the aqueous electrolyte. However, Figure 12b also clearly
reveals that the product concentrations in approaches using
liquid catholyte (red color) are lower (<50.00 g-L™!, reaching
even <5.00 g-'L ') compared to those with gaseous feed (blue
color). In this sense, aqueous-fed CEM-separated two-
compartment electrochemical reactors with Sn-based cathode
catalysts report product concentrations close to 50 g-L™' at
current densities >200 mA-cm > (representing one-third of the
studies in this analysis). For instance, Li and Oloman''*
reported the highest product concentrations of 46.35 g-L™" at
current densities of 310 mA-cm™ for reactors with aqueous
feed (white circle with a red outline, Figure 12b). Recently,
Merino-Garcia et al."*° obtained HCOO™ concentrations of
27.00 gL' employing a two-compartment reactor at current
densities of 300 mA-cm™> This study implemented SnO,
nanoparticles with an average size of 2 nm as electrocatalysts
in the cathode. It has also been noted that two-compartment
cells with Bi-based cathode catalysts allow supplying current
densities up to almost 2 A-cm™ and obtaining product
concentrations <11 g-L_1.144’145

Finally, it should be noted that more than 60% of the studies
located in the lower left part of Figure 12b (HCOO~™/
HCOOH concentrations <50 g-L ™! and current densities <200
mA-cm™?) employ aqueous-fed two-compartment reactors
with CEMs.

2.2. Analysis of the Faradaic Efficiency (FE) for the
Target Product. Figure 13 represents the FE values as a
function of current densities. To facilitate analysis, Figure 13
can be divided into sections considering as representative
thresholds FE for HCOO™ or HCOOH of 90% and current
density of 200 mA-cm ™2 FE for HCOO™ or HCOOH above
90% lowers the separation needs and reduces the total current
required for a target production rate.’***” Furthermore, these
high FEs may be combined with commercially relevant current
densities above 200 mA-cm™2>7¢ In general, Figure 13 shows
that reactors with aqueous feeds obtain high FEs for HCOO™
or HCOOH at higher current densities than those by gaseous
feed reactors.

Looking at the top right area of Figure 13, it can be seen that
studies with FEs >90% and current densities >200 mA-cm >
have mainly employed aqueous-fed two-compartment reactors
(representing 90% of the studies located in that section).
Specifically, these configurations used AEMs and Bi- and In-
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Figure 13. Faradaic efficiency (FE) for HCOO~ or HCOOH versus
current density (j). The abbreviations and symbols are detailed in
Table 2. The horizontal black dashed line shows the value of FE of
90% established. The vertical black dashed line is the threshold
from which the current densities applied are commercially relevant
(200 mA-cm™2).

based electrocatalysts, achievin% FEs of 93% at current
densities of up to 1 A-em™2."**"7

The upper left section of Figure 13 is dominated by
aqueous-fed electrochemical reactors, achieving FEs >90% for
HCOO™ or HCOOH, but at current densities <200 mA-cm™.
Some studies have shown high FEs (~100%) with aqueous
feeds at the cathode side. Cao et al.'*® used Bi-based
electrocatalysts to obtain FEs ~100% at current densities of
up to 200 mA-cm™> using a two-compartment reactor
separated by a BPM. Only a few approaches using humidified
CO, streams at the cathode can be found in this upper left
section of Figure 13. Specifically, three-compartment reactors
achieve FEs (up to 94%) at higher current densities (<140 mA-
cm™?) than those achieved by two-compartment electro-
chemical cells (<100 mA-cm™). For instance, Yang et al.'”’
obtained FEs of 94% at current densities of 140 mA-cm™
using a three-compartment reactor with Sn-based catalysts.

Only a few approaches, mainly using aqueous-fed two-
compartment reactors with CEM and Sn-based cathode
catalysts, are located in the lower right section of Figure 13;
ie., they operate at high current densities >200 mA-cm™> but
achieve FEs <90%. In this sense, Sen et al.'*® obtained FEs of
72% at current densities of 385 mA-cm™2 Li and Oloman'"*
attained FEs of 63% at current densities of 310 mA-cm ™2,
However, Diaz-Sainz et al.'®" reached FEs of 74% at higher
current densities of 600 mA-cm™> by using a gaseous-fed two-
compartment reactor with AEM (Sustainion 37-50) and Bi-
based cathode catalysts, and Zelocualtecalt et al.*'* obtained
FEs of 69% at current densities up to 1936 mA-cm™2.

Finally, the lower left section of Figure 13 shows the studies
with FEs <90% at current densities <200 mA-cm™2 The
majority of the works described in this section employ
aqueous-fed two-compartment reactors. Moreover, Sn-based
cathode catalysts obtain a wide range of FEs values (27—76%)
at current densities <150 mA-cm 2. On the other hand, studies
that use Bi-based cathode catalysts achieve increasing current
densities above 160 mA-cm 2. Nevertheless, Bi-based catalysts
are mostly employed by three-compartment reactors with
humidified CO, streams at the cathode side. The studies with
the highest product concentrations (<1228.00 g-L™") reported
low FEs (<40%) at current densities of 200 mA-cm™ (blue
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triangle with a black outline).”**'*> However, these studies
also reported better FEs for HCOOH for different operating
conditions. For instance, by increasing the humidified N, flow
rate in the central compartment with a flow rate of 100 mL-
min~!, FEs of 80% were achieved at current densities of 200
mA-cm ™ at the expenses of reducing product concentration to
85.10 gL 7. Similar result was observed by Fan et al,'*” in
which by raising the humidified N, flow rate in the central
compartment from 20 to 100 mL-min~', product concen-
trations of 110.40 g-L™' were obtained with FEs of 72% at
current densities of 200 mA-cm™>.

2.3. Analysis of the Production Rate. Production rates
have been obtained for operating conditions with highest
product concentrations. Figure 14 shows the influence of the
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Figure 14. Production rate (r) versus total current density (j). The
abbreviations and symbols are detailed in Table 2. The vertical
black dashed line is the threshold from which the current densities
applied are commercially relevant (200 mA-cm™2).

production rate as a function of current density. The
production rate generally follows an expected almost linear
increasing trend with increasing current density (Figure 14).

In Figure 14, only 35% of the studies are located beyond the
threshold (black dashed line of Figure 14) of commercially
relevant current densities,75 operating at current densities >200
mA-cm™% All these studies have employed two-compartment
reactors with aqueous feed at the cathode, with the exception
of Lu et al."®® (undivided reactor), Wang et al,'®® and Diaz-
Sainz et al.'®" (both using a gaseous fed reactor). Aqueous-fed
two-compartment reactors separated by AEM have reported
the best results in terms of production rates. Zelocualtecalt et
al.”"” reached production rates of 69.88 mmol'm™s™" at the
highest current densities of up to almost 2 A-cm™ by using
aqueous-fed two compartment flow reactor equipped with
AEM. Similarly, Fan et al. and Grigioni et al. also used high
current densities of 1 A-cm™* and obtained relevant production
rates of up to 48.00 mmol-m~2s71."**'”" The use of alkaline
aqueous feed in both compartments improved the electro-
chemical performance of the AEM in these studies. Xing et
al.'*® decreased the current densities and used a CEM (Nafion
1110) that operated with alkaline aqueous feed in both
compartments. This configuration operated at current densities
of 816 mA-cm ™ and obtained production rates of 35.08 mmol-
m s
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Notably, while the reactors with CO, humidified input
stream achieved the highest product concentrations (Section
2.1), this configuration could not obtain production rates
higher than 22.9 mmol-m™>:s™". This could be attributed to the
fact that these studies did not operate at current densities
higher than 600 mA-cm™, mainly due to the low ionic
conductivity of gaseous media compared to the aqueous
one.'® In this context, Diaz-Sainz et al.'®" achieved the highest
production rates of 22.90 mmol'-m™>s™" at current densities of
600 mA-cm™* with a two—comé)artment cell with AEM
(Sustainion 37-50). Wang et al.'® obtained production rates
of 12.33 mmol-m™~*s™" at current densities of 258 mA-cm > by
using the same reactor configuration as Diaz-Sainz et al.'®" and
AEM (Sustainion 37-50).

From the nature of the employed cathode electrocatalysts, it
can be concluded that Bi- and Sn-based catalysts achieve the
best performances in terms of production rates, with the
exception of Grigioni et al,"”" who used In-based catalysts, and
Lu et al,'® who used Pb-based catalysts. Bi- and Sn-based
catalysts have been widely studied under broad ranges of
current densities in the development of continuous CO,
electrochemical reduction to HCOO~™ or HCOOH, which
has resulted in a wide range of production rates.

2.4. Analysis of the Energy Consumption (EC) per
kmol of Product. Figure 15 depicts the analysis of the
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Figure 1S5. Energy consumption (EC per kmol of HCOO™ or
HCOOH) versus Faradaic efficiency (FE for HCOO~ or
HCOOH). The abbreviations and symbols are detailed in Table
2. The vertical black dashed line is the value of FE of 90%.

performance in terms of a combination of EC per kmol of
HCOO™/HCOOH and FE for these products. Several studies
have not reported the EC per kmol of HCOO™ or HCOOH,;
hence, the amount of data for analysis in this section is lower
than in previous ones. Less than 15% of the studies have
explicitly reported EC and, another 23% have reported enough
information to allow estimating the EC.

The most favorable scenario would be as close as possible to
the lower right corner in Figure 15 (i.e., highest FE combined
with lowest EC). Only a few approaches can be found in this
lower right area of Figure 15 and they are mainly based on
aqueous-fed two-compartment electrochemical reactors. Spe-
cifically, the approaches that use this reactor setup with Bi-
based cathode catalysts achieve low ECs (<164 kWh-kmol™")
at high FEs toward the target product (>92%). In this context,
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Wu et al.'"* achieved the lowest EC (90 kWh-kmol™') at 92%
FE among the studies analyzed in this review, employing an
AEM-separated two-compartment reactor with Bi-based
catalyst at the cathode. The co-production of HCOO™ in
both electrodes and the implementation of an AEM were
responsible for such low EC.

Other approaches with humidified CO, streams at the
cathode have also r%ported ECs <200 kWh-kmol™' at FEs
>90%. Wang et al.'*® used an AEM-separated two-compart-
ment reactor with In-based cathode catalysts to obtain a low
EC of 157 kWh-kmol ™" at 92% FE. Employing CEM-separated
two-compartment reactor with Bi-based cathode catalysts,
Diaz-Sainz et al."* obtained a low EC of 180 kWh-kmol™" at
high FE of almost 90%. On the other side, the three-
compartment reactor with Sn-based catalysts implemented by
Yang et al.'”” slightly increased the EC to 200 kWh-kmol ™" at
94% FE.

Two studies with CEM-separated two-compartment reactors
with Sn-based cathode catalysts have reported ECs 200 kWh-
kmol™" with FEs <90%, which are located in the lower left
section of Figure 15. On the one hand, Lee et al.'*® achieved
an EC of only 152 kWh-kmol ™ at FEs of 78% for the product,
operating with an humidified CO, stream at the cathode side.
On the other hand, Sen et al."'® obtained ECs of 163 and 182
kWhkmol™' at FEs of 74 and 72%, respectively, by using
different Sn-based cathode catalysts in an aqueous-fed
electrochemical cell.

Represented in the upper right part of Figure 15 (very good
FEs >90% and EC >200 kWh-kmol "), gaseous-fed reactors
with metal alloys and Bi-based cathode catalysts obtain lower
ECs with FE values similar to those obtained in other
approaches with aqueous-fed two-compartment electrochem-
ical cells. Specifically, Zheng et al.'”' employed a three-
compartment reactor with cathode catalysts of Cu and Pb
alloys, achieving an EC of 214 kWh-kmol ™' at 94% FE. Jiang
and co-workers”*” obtained an interesting EC of 207 kWh-
kmol™" at a FE of 90% with a MEA-flow reactor.

Finally, looking at Figure 15, it is important to note that
most of the studies that report EC are situated in the upper left
section; i.e,, they have high EC with low FE. Nearly half of the
papers with EC >200 kWh-kmol™ and FEs <90% have been
reported by aqueous-fed CEM-separated two-compartment
reactors with Sn-based catalysts (white circle with red outline
of the top left area in Figure 15). For instance, Merino-Garcia
et al."* reported high EC of 752 kWh-kmol™" at FEs of 45%
for HCOO™, and high current density of 300 mA cm™> up to
10 h. This high EC was also partly attributed to electrical losses
converted in heat due to Joule effect observed in the reactor
during the electroreduction.

2.5. Long-Term Operation Performance. Long-term
stability will play a key role for the future practical
implementation of CO, electroreduction processes. To assess
the stability of continuous approaches for the electrochemical
reduction of CO, to HCOO™ or HCOOH, long-term studies,
with operating times in the order of hundreds or thousands of
hours, are needed. However, barely a third of the 124 studies
analyzed in this work have carried out some type of
experiments with times of operation higher than 10 h, and
only nine of them have operating times higher than 100
1,,109,136,142,146,165,170,188,191,190 rpp Z 5 S et
have included some tests at times in order of thousands of
hours is reduced to just two.'**'%
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A few studies that operate for 100 h or more, achieving
excellent figures of merit, should be highlighted. For example,
Zhang et al.'® successfully operated a two-compartment
reactor separated by a AEM at a high current density of 350
mA-cm™?, obtaining FEs >90% for 110 h. Li et al.'®® used a
humidified CO, feeding in a two-compartment reactor
reaching HCOO™ concentrations of 153 g-L ™' during 100 h
of operation. In this same work, with a liquid feed in the
cathode, FEs >90% were obtained at current densities of 100
mA-cm™ for 2400 h. Yang et al.'” employed a three-
compartment reactor with Sn-based catalysts achieving
promising HCOOH concentrations above 15 wt% at cell
potentials of 3.3—3.4 V for 550 h. Park et al."”” obtained great
results by being able to work at modest current densities of S0
mA-cm ™ for long periods of time of more than 900 h. Finally,
the 1000 h of operation of the three-compartment reactor with
Bi-based catalysts of Yang et al."** which allowed obtaining
HCOOH concentrations above 10% by weight at commer-
cially relevant current densities of 200 mA-cm™2, can be
emphasized.

To achieve efficient, long-term per-
formance of reactors for CO, electro-
reduction to HCOOH or HCOO™, sol-
utions to mitigate salt formation will
need to be developed and improved in
future research. However, these solu-
tions may negatively impact other
figures of merit, and trade-offs will
need to be made.

Salt formation can be an significant issue in maintaining the
long-term performance of the reactors for CO, electrochemical
reduction, particularly when operated at high current densities.
At high reaction rates, electrochemical reactions on the
cathode can generate large amounts of hydroxide ions that
can interact with CO,, leading to the formation of considerable
quantities of (bi)carbonate anions. The solubility limits of
these species are met in the presence of enough electrolyte
cations, leading to “salting out” conditions in cathode
compartments.”” The precipitation of salts in porous cathode
structures can progressively reduce CO, mass transport,
thereby reducing the CO, conversion efficiency, and limitin
the selective and long-term operation of CO, electrolyzers.”®

Several studies for the continuous electroreduction of CO,
to HCOO™ or HCOOH analyzed in this work have reported
the problem of detrimental carbonate salt formation after
several hours of operation (e.g, refs 122, 144, 217, 222, 223,
226). A few works have reported strategies for tackling this
problem, essentially based on periodically refreshing the
electrolytes (e.g., refs 188, 219) or increasing water
availability.''® For example, Li et al.'® changed the electrolytes
every 48 h during the 2400 h continuous operation to reduce
the carbonate precipitates. In their 25 h stability tests, De Mot
et al. avoided salt precipitation by increasing the water
availability through direct water injection, although at the
expense of diluting the concentration of HCOO™ in the
product stream.''®

In the literature, various strategies and operational
approaches have been proposed to prevent or reverse salt
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precipitation and keep long-term CO, electroreduction to
different products other than HCOOH or HCOO™. All these
strategies aim to avoid the solubility limits of carbonate salts,
by tar§eting the concentration of either the cation, anion, or
water.”"" Some of these approaches are based on the effect of
modifying the electrolyte concentration and composition, i.e.,
decreasing the concentration of cations in the electrolyte or
eliminating them entirely from the system (see, e.g., ref 47), or
changing the nature of the cation of the electrolyte (see, e.g.,
Cofell et al,*" who reported that the rate of carbonate
deposition was slowed by switching the electrolyte from KOH
to CsOH in long-term tests for CO, electroreduction to CO).
Other approaches for dealing with salt precipitation are based
on operating the reactor using a pulsed electrolysis mode with
a periodic regeneration voltage that aims to redistribute the
cations and carbonate anions and therefore keep their
concentration within levels that prevent precipitation.****%*
An excellent example is the work of Xu et al,”*” where they
avoided salt formation by alternating the applied cell voltage
between an operational voltage and a lower regeneration
voltage, enabling the electrolyzer to operate for 157 h at high
current densities up to 250 mA cm > and keeping FEs to C2
products of 80%. The performance of CO, electroreduction in
acidic media has also been suggested as an avenue to reduce
carbonate formation to near zero.”” Alkaline and neutral
environments have typically been considered because, under
acidic conditions, the HER is kinetically more favorable and
outcompetes the reduction of CO, However, the use of acidic
conditions should be carefully considered for future studies,
encouraged by excellent results like those by Huang et al,*
who reported a cation augmenting strategy to accelerate CO,
activation kinetics and achieved eflicient CO, electroreduction
to multicarbon products (ethylene, ethanol, and 1-propanol) at
12 A cm™? in strong acid. Finally, the use of bipolar
membranes (BPMs) instead of a monopolar membrane, to
reconvert any formed (bi)carbonates back into CO, by
providing protons to the cathodic compartment, has also
been suggested as an option to reduce salt formation.”*'
However, using a BPM can also involve issues, such as a
greater charge ohmic resistance, resulting in higher cell
potentials, than a thinner monopolar membrane. In this
sense, it is important to highlight that the different strategies
mentioned for preventing or reversing salt formation can
increase stability and operation time of the electrochemical
reactor, but at the expense of decreasing other figures of merit;
e.g, as mentioned, increasing water injection reduces the
product concentration; or strategies like using a BPM,
decreasing electrolyte concentration or eliminating it, imply
higher cell potentials and thus higher EC. Therefore, to achieve
an efficient long-term performance of reactors for CO,
electroreduction to HCOOH or HCOOT, solutions to avoid
the problem of salt formation will need to be deployed and
improved in future research, while also considering that they
may likely negatively impact other figures of merit, and that
trade-offs will have to be made.

3. CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

This Focus Review presents a quantitative assessment of the
performance of the approaches of the continuous electro-
chemical reduction of CO, to HCOO™/HCOOH, comparing
relevant figures of merit typically used to measure the
performance. Graphic representations were carefully designed
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to facilitate the analysis and comparison of the figures of merit.
The comparative assessment concluded that the different
electrochemical approaches developed for a continuous
production of HCOOH/HCOO™ from CO, have achieved
excellent results in some figures of merit, but the simultaneous
optimization of all the different figures of merit is still a great
challenge. The highest product concentrations have been
obtained with humidified CO, input streams feeding three-
compartment reactors and modest FE, working at a maximum
current density of ~200 mA-cm™> and higher EC than the
other approaches. Moreover, less than 40% of studied
manuscripts in this review operated at >200 mA-cm™2, which
has been considered as the minimum value of commercially
relevant current densities for practical CO, electroreduction
processes.”” However, no studies were observed that combined
obtaining concentrations above 85 wt%, the most common
concentration in the market, with operation at high current
densities above 200 mA-cm™> Although not reported and
neglected in some studies, the product concentration could be
a crucial factor for the practical implementation of the process.
Apart from the high economic penalty that the purification of
diluted solutions would imply, analyses of the environmental
sustainability of formate production by continuous electro-
reduction of CO, alert that the energy requirements for
conventional purification of the final formic acid/formate
products cancel the expected benefits of the CO, electro-
valorization in terms of global warming footprint.****** In
this sense, recent efforts are being developed in the practical
application of pervaporation processes for the separation of
mixtures made up of water/HCOOH, producing solutions of
HCOOH products of higher concentration economically and
with a lower capital cost.”’®> A few approaches have been
reported at current densities up to almost 2 A-cm™* with
liquid-fed two-compartments reactors separated by an AEM,
which also achieved the highest production rates (50—70
mmol m™ s7'), but at the expense of low product
concentrations (<6 g-L™"). Although it was not conducted in
a cell with continuous operation and, due to this, it has not
been included in the set of works analyzed in this review, the
study by Lowe et al.”’ should be highlighted, with FEs for
HCOO™ of 70% obtained at ultra-high current densities of 1.8
A cm ™2 Only three studies, using humidified CO, streams to
feed Bi-GDEs cathodes, obtained concentrations above the
threshold of 21 wt% that has been identified as the minimum
product concentration that makes the process environmentally
sustainable.” The EC of the continuous approaches lies in the
range of 150—750 kWh per kmol of HCOOH/HCOO™.
Barely 20% of the studies managed to restrict EC below 200
kWh-kmol™' while keeping FE above 90%. Despite its
importance due to economic implications, most reviewed
studies did not explicitly report the EC, and few did not even
offer enough information to calculate it. Therefore, future
research should pay more attention to the evaluation of EC.
This review showed that significant progress has been made
in the continuous CO, electroreduction to HCOOH or
HCOO7, with promising results for its practical implementa-
tion. This review highlights that continuous electrochemical
processes will be prevalent in the future owing to the improved
process control and the ability for an easy scale-up.”
According to the reviewed data, it could be stated that
currently (as of S Jan 2023) the development of continuous
electrochemical conversion of CO, to HCOOH/HCOQ™ is at
Technology Readiness Level 4—5. A pilot plant project of
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The different electrochemical ap-
proaches developed for a continuous
production of HCOOH or HCOO™ from
CO, have achieved excellent results in
some figures of merit, but the simulta-
neous optimization of all the different
figures of merit is still a great challenge.

Mantra Venture Group to produce 35 t/yr of HCOOH has
been reported.”®® DNV GL has also developed continuous
processes at semi-pilot scale,*”’"**’ and lab-scale electrolyzers
have been recently made commercially available (Dioxide
Materials). However, the possibility of HCOOH/HCOO~
production using continuous CO, electroreduction at indus-
trial scale has not yet been implemented. It is necessary to
continue research efforts to overcome the current limitations of
these processes and explore their scaling. Improvements are
still needed to simultaneously combine high FE and high
production rates of concentrated HCOOH/HCOO™ product
with low EC to ensure its commercial viability. More research
focused on the advanced electrocatalytic materials, innovative
electrode configuration, and improved electrochemical reactors
will result in significant advances toward commercialization.
However, apart from this, demonstration projects are also
required. These projects bridge the gap between the ideal lab
conditions (i.e., studies carried out with pure CO, streams)
and the real industrial environment, in which the performance
of these processes, considering the influence of impurities in
CO, streams from real combustion processes, could be
investigated. Such projects are also related to durability of
these systems, which is another issue that has been scarcely
investigated. The performance of more long-term studies
(more than a few hours; in the order of hundreds or
thousands) will be required to assess the stability of high-
performing electrodes. Analyses by Rumayor et al,* for a
baseline scenario in which an aqueous-fed flow filter-press cell
equipped with Sn-GDE, DSA-O,, and commercial Nafion 117
is considered, have demonstrated that cathode lifetimes over
210 h would be enough to neglect the influence of the cathode
fabrication from an environmental perspective. Moreover,
other results also indicate that cathode lifetime over 4.45 yr
(close to 40000 h) would keep the influence of the
consumable cost in the total cost of production below
10%."* The development of “accelerated” durability tests can
be suggested as a way to timely assess the process lifetimes.””’
In general, most of the studies reported in the Table 1 do
not provide direct information about full-cell energy efficiency
(FEE) or the CO, conversion per pass (CO,CPP). On the one
hand, very few studies have explicitly reported the
FEE,'*®18820% with values ranging from 19 to 31%. In
particular, Nguyen et al.”>* achieved FEE of 19.2% at current
densities of 500 mA-cm ™2, with associated cell voltages of 6.4
V. Li and co-workers'®® reported FEEs of 27%, with a cell
voltage of 4.2 V at a current density of 60 mA-cm™ Yang et
al."*® obtained an interesting FEE value of 30.8% using a three-
compartment reactor, with a cell voltage of 3.52 V at a current
density of 200 mA-cm 2. Although most other studies analyzed
did not report the full-cell voltages (necessary for the FEE
calculation), an estimation of the FEE for some referen-
es' 07139190161 that have reported the best trade-offs among
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the figures of merit analyzed in Section 2 of this paper, and that
have included enough data to allow estimating them, reveals
that the highest values of FEE obtained still barely exceed 50%.
In this way, full-cell voltages of 2.5 and 3.0 V resulted in FEEs
of almost 52 and 42% in the works of Wang et al."®” and Diaz-
Sainz et al,'*’ respectively, with FEE values of 38% in ref 109
and of only 22% in ref 161. Future studies should include FEEs
in the figures of merit or at least report actual full-cell voltages
to allow their assessment. On the other hand, the vast majority
of the studies analyzed in Table 1 carried out the continuous
electroreduction to HCOOH of HCOO™ under conditions of
great excess of CO,, without considering the CO, conversion
per pass (CO,CPP). Only a few approaches'' !> 1#219,220222
have reported the CO,CPP, with ranges between 9 and 75%.
In particular, continuous pure CO, flow rates lower than 10
mL, CO,'min~' make it possible to obtain interesting
CO,CPPs ranging from 33 to 449%.'21%5222 n  contrast,
CO,CPPs of 12 and 75% were obtained, respectively, by Van
Daele et al.”** and Li and Oloman''* at higher CO, flow rates
than 150 mL, CO,-min~". Choi et al.”"” operated the flow cell
with a diluted gas inlet stream (with a CO, partial pressure of
0.15 atm, equivalent to a pure CO, flow rate of 4.5 mL, CO,
min~') and obtained a CO,CPP of approximately of 9%.
Furthermore, an estimation of the CO,CPP of other seven
additional references that have reported the best trade-offs in
the figures of merit of section 2 have been also
calculated,'3¢!39 142 1441601701210 11 thig sense, the CO,CPP
values obtained range from 1.5% (in the works of Diaz-Sainz et
al. and Wang et al."*”"'*°) to 25% in the study of Zelocualtecatl
et al;*'"® CO,CPP values of 13% in the works by Fan et al. and
Grigioni et al,,"**'”! 11% CO,CPP in the study by Xia et al,,'*
and 2.6% in the study by Fan et al.'"** were also obtained.
Therefore, in future stages of research, especially at larger
scales, more attention should also be paid to this figure of
merit.

The possibility of HCOOH or HCOO~
production using continuous CO, elec-
troreduction at industrial scale has not
yet been implemented. It is necessary
to continue research efforts to over-
come the current limitations of these
processes and explore their scaling.

We believe that ample opportunities exist for the improve-
ment in the anode. This review clearly showed that the
majority of the studies for continuous CO, electroreduction to
HCOOH/HCOO™ have focused on the cathode, leaving the
anode for oxygen evolution (i.e. oxidation of water to give
molecular oxygen). Few studies have successfully investigated
the coupling of oxidation reactions of interest in the anodic
compartment, such as the degradation of organic pollutants or
the oxidation of methanol. Recent studies also support a
thorough investigation of the more relevant alternative
oxidative electrochemical reactions to the OER,*’"*”* which
could co-valorize CO, to HCOOH/HCOO™ in the cathode
together with other value-added products, lowering the global
cell potential of the process. In this regard, glycerol is an
important byproduct of biodiesel production and is produced
in high amounts, resulting in a high surplus flooding the
market over the last decades. Selective oxidation of glycerol is

2015

considered as a promising pathway to produce fine chemicals;
even though the electrocatalytic pathway has not been widely
investigated, there are already some studies reporting
interesting results for C3 oxidation compounds, including
high-value-added products, such as dihydroxyacetone
(DHA),””*™*”° which is currently produced mainly via a
complex, time-consuming microbial fermentation process.
Therefore, development of continuous electrochemical pro-
cesses for co-valorization of CO, and glycerol is required in the
future. Recent analyses have shown that anodic DHA
concentrations of just 1.5 wt% are enough to achieve positive
decarbonization when the integrated production of DHA and
HCOO™ is compared with the traditional route, which
encourages further work in this direction.”’® Finally, it is
important to note that, apart from the technical considerations,
other aspects of the CO, electroreduction processes must also
be analyzed holistically. This means that the development of
continuous electrochemical processes for converting CO, into
HCOOH/HCOO™ will require a favorable economic balance
and a positive environmental profile, based on a lifecycle
assessment approach, together with social acceptance of these
processes; thus, these processes need to be rigorously assessed
for their sustainability and cost-effectiveness.
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