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Abstract

Capturing and electrochemically converting carbon dioxide (CO,) from industrial point sources, such as flue gas, is a promising approach to mitigate the
greenhouse effect and protect the environment. However, these processes are characterized by high energy consumption and low energy efficiency,
which need optimization. This prospective article provides a summary of the current strategies for capturing and electrochemically converting dilute
CO, into valuable products. We will summarize strategies for capture and electrochemical reduction of CO, in a dilute stream, compare the advantages
and disadvantages of using amines, membranes, alkaline solutions, and molten salts for CO, capture and conversion, and discuss the effects of CO,
concentrations and typical impurities in flue gas (NO,, SO,, and 0,) on the performance of electrochemical CO, conversion. We will also provide an

outlook on future opportunities for developing integrated processes for capturing and electrochemically converting CO, to valuable products.

Introduction
The increasing demand for energy has resulted in the emission
of CO, from point sources, such as flue gas, which contains
high levels of CO, that contribute to global warming and pose
a threat to the ecosystem.[?] Therefore, it is urgent to address
this environmental issue, which has provided an incentive
for researchers to develop less carbon-intensive technologies
and utilize alternative feedstocks. There has been significant
research progress on converting CO, to value-added products,
but these processes typically require pure CO,.1*! The purifica-
tion processes for obtaining concentrated and pure CO, involve
energy-intensive capture techniques.'! These carbon capture
methods are expensive, costing around 40 to 120 US dollars
per ton of CO,.5! As a result, there is a growing interest in direct
utilization of CO, from flue gas. This approach avoids the need
for traditional CO, purification processes, such as absorption
and stripping columns, which are commonly used in other CO,
capture methods.[! However, there are two primary challenges
in utilizing flue gas as the feed for CO, conversion: (1) The
average CO, concentration in flue gas streams is dilute,””*! rang-
ing from 5 to 15%.1°! (2) The flue gas stream contains impurities
that are detrimental to the catalysts for CO, conversion. Both
issues will be discussed in this Prospective article.

At present, extensive efforts have been devoted to the devel-
opment of carbon capture and conversion (CCC) technologies,
with thermochemical techniques being a typical example.

Yongjun Kwon and Binhong Wu have contributes equally to this
article.

Current commercial techniques utilize amines to capture CO,
and convert it into syngas (CO+H,) through thermocatalytic
reactions. However, the Carnot-like efficiency constrains ther-
mochemical carbon capture. This, in turn, results in additional
energy waste and substantial heating, which further contrib-
utes to energy expenditure.l'®!'! Electrochemical CCC ena-
bles the utilization of clean power derived from green energy
sources to capture and convert CO,, thereby reducing energy
costs.l'?) From the perspective of energy efficiency, the Carnot-
like energy penalty associated with the thermochemical CO,
capture process can potentially be circumvented, leading to an
improvement in energy efficiency.['®!!]

In this prospective, we summarize recent progress in com-
bining CO, capture with the electrochemical conversion of
CO, to valuable products, such as CO, formate, and solid
carbon. We first discuss the electrochemical conversion of a
dilute stream of CO,, as well as the effects of common impu-
rities in flue gas, such as NO,, SO,, and O,, on the elec-
trochemical performance. We then summarize and compare
the common CO, capture technologies and their advantages
in combining capture with conversion of CO,. We conclude
by providing an outlook on challenges and opportunities in
integrating CO, capture and its electrochemical conversion.
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Electrochemical CO, conversion

with diluted CO, streams

The electrochemical CO, reduction reaction (CO,RR) offers
a sustainable method for converting CO, into valuable chemi-
cals and fuels. Initial research and development efforts were
primarily focused on using pure CO, gas as the reactant,
with the goal of improving reaction conditions and catalyst
performance to achieve maximum efficiency and product
selectivity.’] Over the past decade, significant progress has
been made, leading to the identification of highly active and
selective catalystst'3] and a comprehensive understanding of
the underlying reaction mechanisms for CO,RR.['* With the
advancement of CO,RR processes, recent focus has turned
towards using more easily accessible and economically via-
ble sources of CO,, particularly diluted CO, streams. These
streams, which usually have CO, concentrations of 15% or
less, are commonly found in industrial flue gases.'>! The
transition to utilizing such diluted sources presents chal-
lenges for the current development of CO,RR technolo-
gies, mainly due to the reduced concentration of CO, and
the presence of various impurities, including O,, NO,, and
SO,. Therefore, it is imperative to develop innovative strate-
gies for the design of electrolyzers and the development of
efficient catalysts that maintain high levels of activity and
selectivity, even under suboptimal conditions.

The type of electrolyzers, such as the H-cell, flow cell,
and membrane electrode assembly (MEA), plays a key role
in CO,RR, and their design has a significant impact on effi-
ciency and applicability.['® H-cell electrolyzers, which con-
sist of two half-cells separated by an ion-exchange mem-
brane, are essential for fundamental study. This setup not
only allows for precise control of the potential between
working and reference electrodes, but also facilitates in-depth
investigations when combined with in-situ spectroscopic
techniques, such as Fourier transform infrared spectroscopy
(FTIR)['! and X-ray absorption spectroscopy (XAS).['¥]
These techniques enable the direct observation and analysis
of the effects of applied potential on the structural evolu-
tion of catalysts, the formation of reaction intermediates,
and the related reaction pathway. However, the scalability of
the H-cell is typically limited by the solubility of CO, in an
aqueous electrolyte, restraining the current density to only a
few tens of mA cm 2. Flow-cell electrolyzers are designed to
optimize the introduction of gaseous CO, by utilizing a gas
diffusion electrode (GDE), which improves mass transport
and allows for higher current densities through continuous
operations.!'®) The focus of recent research is on integrating
these systems with in-situ FTIR and Raman spectroscopy
to understand the gas—liquid—solid interface.['® This setup,
while addressing the solubility issue, is sometimes chal-
lenged by high internal resistance and potential long-term
stability concerns. To overcome this limitation, MEA-cell
electrolyzers have been used.['® Unlike H-cell and flow-cell
electrolyzers, where the membrane acts merely as a separator,
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in MEA-cell electrolyzers, it functions as a solid electrolyte.
This minimizes the distance between the cathode and anode,
significantly lowers the Ohmic resistance, and enhances
energy efficiency, making MEA-cell electrolyzers promis-
ing for industrial applications.

When considering the utilization of diluted CO, sources
from industrial emissions for CO,RR, it is important to take
into consideration the effect of impurities on electrolyzers,
which cannot be overlooked. Although O, (4.3¥107° g g!
in water) is less soluble in water than CO, (1.7¥10° g g ! in
water),[') it is more readily reduced at the cathode, leading to
the oxygen reduction reaction (ORR) and consuming electrons
in the process. The ORR can compete with the desired CO,RR
in the cell, resulting in up to 99% of the current density being
lost to the byproduct of ORR.?") Van Daele et al. demonstrated
that using a Bi,0; catalyst did not impact the catalyst stabil-
ity, but the CO,RR Faradaic efficiency (FE) was affected by
the competing ORR at 100 mA cm 2.2!1 O, can also alter the
oxidation state of the catalyst and result in its corrosion. Davis
et al. demonstrated that the solubility of O, increased as the
concentration of KOH decreased under ambient conditions.!*?)
At higher O, solubility levels, catalysts such as the CuSn alloy
may corrode at O, concentration between 0 and 2 ppm.*3] As
a result, even small amounts of oxygen can potentially affect
the performance of CO,RR. To overcome these limitations, the
use of hydrophilic supports like TiO, can help metallic cata-
lysts, such as CuSn, maintain their oxidation state and CO,RR
selectivity.[”]

Another impurity, NO,, is present in relatively low con-
centrations (below 200 ppm), but it poses challenges due to
the solubility of NO, in water, resulting in the formation of
acidic byproducts such as HNO; and HNO,. These byproducts
can significantly lower the pH in the electrolyzer, as demon-
strated by Zhai et al.?*! In addition, NO, impacts the MEA
performance; NO, concentrations exceeding 1667 ppm begin
to poison the CuO catalyst, further compounded by the negative
effect of O, (2000 ppm), which drastically reduces the CO,RR
FE of Cu catalyst by 12.4%.124

Similar to NO,, the presence of SO, in the electrolyte leads
to the formation of H,SO;, inducing acidic conditions that can
reduce the pH to 4.0 or less. This induced acidity reduced both
the FE and the production of C,, products, primarily because
the selective reduction of SO, impedes the formation of these
C,, products on Cu electrocatalysts.””>] However, the interac-
tion of SO, with other catalyst materials, such as Sn and Ag,
does not appear to impact the FE adversely. This is attributed
to the thermodynamic instability of compounds like SnS, and
Ag,S during CO,RR, which suggests that the negative effects
of SO, are catalyst-dependent and can be mitigated through the
careful selection of catalyst materials.*]

Table I presents different catalyst types categorized into
transition metals and main group metals, which are capable
of utilizing diluted CO, directly for CO,RR. Transition met-
als are commonly used as electrocatalysts and can be further
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Table I. List of different catalyst systems.

Catalyst Catalyst sys-  CO, concentration percentage Major product made Selectivity Partial current ~ References
tem configura- density (mA
tion cm?)
Ni-N/C H-Cell 15%, 30% CcO ngo=91.6% 2.9 26
Pb H-cell 4%, 15%, 25%, 50%, 80%, and 100% Methyl formate NMethyl formate ~ 42% 20 27
Ag Flow cell 0, (0-20%) and small amounts of SO, CO ngo=92.35 100 21
and NO
Ag Flow cell 10-100% CO ngo=060% at20% 100 28
CO, concentra-
tion
Bi,O;  Flow cell 0, (0-20%) and small amounts of SO, Formate Niormate ~93.83% 100 21
and NO
SnO, Flow cell 10-100% Formate Normate ~82% 164 28
Ni-N/C MEA 10%, 25%, 50%, 100% CO ngo = 93% 113.6 29
Ag MEA 10%, 25%, 50%, 100% (60) nco = 69% 118.2 29

classified into noble metals and non-noble metals. As shown
in Fig. 1(a), Van Daele et al. utilized an Ag solution that was
spray-coated onto a gas diffusion layer to investigate the selec-
tivity for CO in a flow cell without a CO, capture step.”?!! To
assess the catalyst stability, a CO, stream containing different
impurities (NO,, SO,, and O,) was introduced and the cell was
operated for 20 h. The high FE of CO production (92.3%) was
maintained, and the morphology and composition of the Ag
catalyst remained unchanged, as evidenced by scanning elec-
tron microscopy (SEM) and energy dispersive spectroscopy
(EDS) analyses, indicating the minimal impact of NO, and
SO,. Van Daele et al. also introduced different concentrations
of O, (ranging from 0 to 20%) into the CO, stream to examine
its effects on the Ag catalyst. Although O, had a negligible
impact on the catalyst stability, the FE of CO significantly
decreased from 95 to 13% as the O, concentration increased
from 0 to 1% due to the competing ORR. In another experi-
ment, Van Daele et al. used a flow cell setup with commercial-
ized Ag nanoparticles tested in a CO, stream diluted from 80 to
10%.1%8] The FE of CO decreased while the hydrogen evolution
reaction (HER) and the formation of HCO; increased as the
CO, composition dropped below 40%. Kim et al. compared a
commercial noble metal nanoparticle, Ag, with a non-noble
catalyst of Ni-N/C in an MEA cell [Fig. 1(b)].1*”) The Ag cata-
lyst exhibited a decrease in FE of CO from 94 to 40% as the
CO, partial pressure decreased, whereas the Ni-N/C catalyst
showed an increase in HER. However, the use of expensive
noble metals like Ag has led to an increased demand for non-
noble metals. An extensive study was conducted on the non-
noble metal Ni-N-C, initiated by Jiao et al., who synthesized
Ni—N/C single atom catalysts through pyrolysis of multivariate
metal-organic frameworks (MTV-MOF) and embedded them
into N-doped carbon as shown in Fig. 1(c).?®! The Ni-N/C
catalyst was tested in an H-cell, demonstrating an FE of 96.8%
for CO with pure CO,. Subsequently, diluted CO, streams of
15% and 30% were introduced into the H-cell with Ni-N-C,
resulting in an FE of 83.2% and 91.6% for CO, respectively.

A density functional theory (DFT) calculation was performed
on the Ni-N—C catalyst to identify the formation of *COOH
intermediate toward CO production. Kim et al. replicated the
non-noble metal catalyst (Ni-N—C) and tested it in an MEA
cell, where it maintained a high FE of CO even with declining
CO, concentrations due to the low HER activity of Ni-N-C
compared to the commercial Ag catalyst.[>]

Main group metals have also been explored for their poten-
tial to produce other valuable products from CO,RR, such as
formate. In Fig. 1(d), Gautam et al. used a commercial Pb foil
in an H-cell with a methanol catholyte and flue gas.*”) Hofsom-
mer et al. discovered the reaction mechanism to produce methyl
formate over Pb foil, which proceeds as follows: the absorbed
CO, reacts with 2 H" to form H,CO,; subsequently, H,CO,
reacts with CH;OH to synthesize methyl formate.*”) While
methanol reacts with CO, to form methyl formate (MF), the
presence of SO, and NO had negligible effects on the FE of MF
using Pb as the working electrode, which demonstrated excel-
lent catalyst stability for 4 h. This is attributed to the resistance
of Pb to the formation of surface sulfides. The presence of O,
in the flue gas also increased the current density for MF produc-
tion by promoting Pb oxide formation on the foil and suppress-
ing the HER. However, Pb is a toxic element that can pose risks
to human health, highlighting the need for safer materials. Van
Dacle et al. compared the CO,RR performance between com-
mercial SnO, and Ag in a flow cell.”®! They found that SnO,
catalysts showed high FE for formate production, while Ag
catalysts were more efficient for CO production. Salvini et al.
showed that SnO, absorbs CO,, which then produces *OCHO
by reacting *CO,” with H".*' This reaction results in the syn-
thesis of formate on SnO,. Interestingly, as CO, concentra-
tions decreased, SnO, maintained its selectivity for the formate,
whereas Ag selectivity for CO decreased. This can be attributed
to SnO, being less sensitive to lower CO, concentrations, a
result of the different pH changes induced by CO and formate
generated. Specifically, for CO production, it generates two
OH™ ions, which subsequently react with CO, to form HCO;".
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Figure 1. (a) Flow cell setup for Ag or Bi,O,. Reused from Van Daele et al.?"! (b) Reaction mechanism from Ni-N-C in an H-cell. Reused
from Jiao et al.”® (c) MEA-electrolyzer used for Ni-N-C and Ag. Reused from Kim et al.”% (d) Reaction pathway involving Pb electrode in
an H-cell. Reused from Gautam et al.?”]
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In contrast, the production of HCOO™ generates only one OH™,
which leads to less CO, neutralization. Van Daele et al. also
used commercial Bi,O; and Ag to test their stability under 20
h of electrolysis and observe their high FE for formate and CO
in pure CO,, respectively.!*! Feng et al. demonstrated the for-
mation of key reaction intermediate *OCOH for the formation
of formate on the Bi,O; catalyst.*?! After the stability test in
pure CO,, they introduced different contaminants to simulate
flue gas. It was found that SO, and NO had a negligible effect
on the catalyst performance. However, the FE of formate for
Bi,0; decreased from 95 to 13%, and the FE of CO for Ag
decreased from 91 to 5.7% due to the catalyst preference for
ORR when 1% of oxygen contaminants were introduced into
the feed stream.

Current strategies to integrate CO,
capture with electrochemical CO,RR
The utilization of diluted CO, streams in electrochemical
CO,RR lacks the CO, capture step to preconcentrate CO,
from these diluted sources, resulting in lower efficiency for
the utilization. To improve it, several innovative strategies have
been developed. These methods are designed to integrate CO,
capture directly with the electrochemical conversion process,
enhancing the overall system capability to process diluted CO,
streams effectively. Among these strategies, the use of amine-
based solutions is noted for its ability to selectively bind CO,,
thus allowing its subsequent electrochemical conversion. Simi-
larly, solutions containing OH™ and HCO; ™ have been explored
for their dual role in capturing CO, and serving as a medium
for its electrochemical conversion. Furthermore, molten salts
act as a high-temperature capture medium suitable for integra-
tion with high-temperature electrolyzers such as molten salt
CO, capture and electrochemical transformation (MSCC-ET),
expanding the range of CO,RR applications. In the following
sections, we will discuss these methods in detail.

Using an amine-based solution

as capture media

Amine-based CO, capture method relies on the chemical
affinity of amines for CO, to selectively absorb CO, from

CO, + 2MEA = [MEAH]|
+ [MEACOO)

(@ (b)

gas streams via the formation of carbamate (Eq. 1). This pro-
cess is reversible, enabling the captured CO, to be released
for further utilization through heating or an electric field.!*¥)
Previous research mainly focused on the separate processes of
CO, capture and utilization, involving the concentration and
transportation of CO, to conversion facilities in an energy-
extensive way. However, some studies have demonstrated
that directly using an amine solution for both the capture and
electrochemical CO,RR can significantly enhance energy effi-
ciency. Chen et al. successfully converted CO, into CO and
formate by using CO,-saturated (30% wt.) amine solution as
electrolyte [Fig. 2(a)] and In plate as electrode under —0.8 V
vs. RHE, resulting in an FE of 4.8% and 2.4% for CO and
formate, respectively.[**! However, the performance of the inte-
grated process suffers from low FE because of the competition
between HER and CO,RR. To improve the FE of CO, cationic
surfactant was explored in amine solutions to suppress HER,
since the electrode surface with positive charge is not favora-
ble to absorb H* for HER. For example, Chen et al. added
0.1 wt% cetyltrimethylammonium bromide (CTAB) into a
CO,-saturated amine solution, which improved the FE of CO
from 4.8 to 17.0%, and the FE of formate from 2.4 to 45.4% at
—0.8 V vs. RHE.’¥ Beside cationic surfactant, electrode mate-
rials and structures also play key roles in determining the selec-
tivity. Kim et al. used zeolitic imidazolate framework (ZIF)-8
with replaced Zn by Ni, achieving a boosted FE of 36% for CO
in 1 M monoethanolamine at —0.8 V vs. RHE [Fig. 2(b)], while
the Ag cathode only obtains 10% FE for CO. ) Hossain et al.
synthesized nano dendrites-based Ag electrode as a cathode
for reducing CO, in 0.05 M ethanolamine, which yielded an
FE of 36% for CO, compared to that of 6.74% for a smooth Ag
cathode [Fig. 2(c)].¢!

2RNH, + CO, <> RNHCO; + RNH;" (1)

The reaction pressure is another factor that impacts the
selectivity and conversion rate. According to Diaz et al., both
the FE and CO, conversion rate were improved when the pres-
sure was increased from 0 to 40 psig with 0.2 M K,SO, dis-
solved in 1-cyclohexylpiperidine-H,CO, (CHP-H,CO;) solu-
tion as the capture-conversion electrolyte, from which the FE
of CO increased from 16 to 32% at the current density of 104

Metal nanodendrites

. n N 5l
coinage + 520 = Mcoinage + 520

(c)

Figure 2. lllustrative diagram of amine solutions for CO, capture and electroreduction. (a) Directly using CO,-saturated MEA solution to
simulate the capture mediate for CO, electroreduction. Reused from Chen et al.® (b) (ZIF)-8 with Ni atoms and Ag cathodes for CO,RR in
MEA capture-conversion mediate. Reused from Kim et al.® (c) Metal dendrites as a cathode in EA capture-conversion mediate. Reused

from Hossain et al.[*8l
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mA cm 2 and the conversion rate was improved from 28 to
72%.57 Furthermore, the reaction temperature also influences
the electrochemical performance during the reaction, due to the
effect on kinetics and mass transport.38! Pérez-Gallent et al.
increased the reaction rate by a factor of 10 toward formate for-
mation in 0.7 M tetrabutylammonium chloride containing 1 M
2-amino-2-methyl-1-propano preloaded with CO, in propylene
carbonate solution at —2.5 V vs. Ag/AgCl on Pb cathode when
the temperature was increased from 20 to 75°C 1)

However, combining CO, capture with electrochemical
CO,RR also introduces complexity because CO, must be
released at the anode and reduced at the cathode simultane-
ously. This integration is further impeded by the concentration
of amines in the electrolyte, which can cause corrosion of metal
catalysts and reduce electrode stability.***' To overcome these
issues, novel approaches must be developed that not only opti-
mize pressure and temperature conditions, but also reduce the
corrosive effects of amine-based capture media, resulting in
a more effective and stable electrochemical CO, reduction
process.

Using HCO3;/OH™ containing solution

as capture media

Alkaline solutions, including HCO;, CO32_, and OH™, show
possibilities of practical applications for integrated CO, cap-
ture and electrochemical reduction processes. Through reac-
tions with OH™ ions, these solutions transform absorbed CO,
into CO5*” or HCO4~, with HCO, ™ being a common electrolyte
in electrochemical CO,RR. For example, KHCO; solution is
widely used as the electrolyte in many CO,RR studies, empha-
sizing its effectiveness in this dual role.[*>*¥) In HCO," elec-
trolyte, the CO, reduced on the cathode either originates from
the dissolved CO, or HCO;, and the latter is identified as the
predominant source of the CO reduction product by selectively
labeling initial carbon sources ('*CO, and H'*CO;").[**! The
specific mechanisms behind the CO,RR, whether originating
from dissolved CO, molecules or HCO;™ anions, remain a topic
of ongoing debate,[*” which is not discussed in the current
Prospective. A significant challenge when using solutions con-
taining HCO;~ directly for capture and electrolysis is the low
current density due to the low CO, solubility. For example, Liu
et al. applied a CO,-saturated 0.1 M KHCO; solution as elec-
trolyte with Ag nanocubes (NCs) as the cathode in an H-cell to
produce CO with nearly 100% FE at —0.90V vs. RHE, but the
current density was only 3.3 mA cm 2,*?) suggesting that low
solubility of CO, limit its current density.

Therefore, the KOH solution is investigated to improve the
current density, since it can capture more CO, to enhance its
solubility. As depicted in Fig. 3(a), Ning et al. used a flow cell
reactor filled with 1 M KOH as electrolyte and SnO,/CuO NCs
as the cathode, which presented a partial current density of
formate of 310 mA cm™2 at —0.63V vs. RHE with correspond-
ing FE exceeding 80%.1*) However, the carbon loss is signifi-
cant during the conversion process due to the formation and
crossover of carbonate, where the formed carbonate is carried
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away with the electrolyte, resulting in 72% of the energy input
being wasted.[**>" Researchers also applied bipolar membrane
(BPM) in the electrolyzer to reduce carbon loss, in which H,O
is able to split into H" and OH™ and diffuse to the cathode
and anode chamber, respectively. The H is able to react with
CO0,% (Eq. 2) and in-situ generate CO, on the cathode.>! For
instance, Li et al. used a BPM as a separator [Fig. 3(b)],Agasa
cathode, and 1 M K,CO; as a catholyte to simulate the capture-
conversion electrolyte.l*! The study achieved 35% of full cell
energy efficiency at 150 mA cm 2, including 25% of FE for CO.
Lee et al. utilized a cation-exchange membrane (CEM) coupled
with the mixed cellulose ester (MCE) membrane, Cu/carbon
paper as the cathode and 1 M K,COj as catholyte in a flow cell,
in which the capture-and-electrolysis system sustains over 20
h at the current density of 200 mA cm 2, with the C,, FE in
the range of 36-42%.4”! Although BPM is able to reduce the
carbon loss, it decomposes in an alkaline solution. Designing
a unique electrolyzer is another way to tackle this challenge.
Figure 3(c) presents a multi-cell packed bed membrane-less
electrolyzer (PBME) without membrane, in which Ag/CP was
used as the cathode, 3 M KHCO; with 10 sccm was as the elec-
trolyte and H, with 2.6 sccm was fed to each anode to generate
H" to react with HCO;~ forming CO,, achieving up to 62% FE
for CO with partial current density of 14 mA cm 2 and increas-
ing CO, utilization from 12.9 to 20.5%.!%]

CO;™ +2H" — COy + H,0 )

Even though BPM and PBME can mitigate the carbon loss
to some extent, new issues arise such as dynamic changes in the
pH value when H* flows through the BPM to the catholyte that
might cause BPM decomposition, as well as inner impedance
increasing from increased cell units. To overcome the difficulties
mentioned above, future work should not only augment the solu-
bility of CO, and suppress carbon loss, but also pay more atten-
tion to controlling the pH value to suppress HER, apply durable
membranes, and design multiple-cell systems with lower inner
impedance to optimize the capture-conversion electrolyte.

Using molten salt for CO, capture

and electrochemical conversion

Molten salts have been recognized as promising materials for
CO, capture, attributed to their distinctive properties such as
high thermal stability, excellent ionic conductivity, and capabil-
ity to dissolve various gas species including CO,.>>%* Molten
salts are also utilized in molten salt CO, capture and electro-
chemical transformation (MSCC-ET). MSCC-ET, which is a
specific form of electrolysis cells with molten salts as the elec-
trolyte, enables their operation at high temperatures, typically
ranging from 450 to 900°C. This high-temperature environment
can electrochemically convert CO, into valuable chemicals and
fuels, such as CO and synthetic carbon nanostructures. Thus,
the use of molten salts facilitates the integration of CO, capture
with electrochemical CO,RR, making it a practical solution for

converting captured CO, into useful products. The most com-
mon carbonate-based salts, such as Li,CO;, K,CO;, and BaCOj,
are used as electrolytes due to their excellent solubility for CO,
and high CO, capture efficiency.’* Licht et al. used a Li,CO;
molten salts reactor at 750°C to generate solid carbon.>!

The roles of molten salts include: effectively capturing CO,
by the electrolyte by converting CO, into CO,*", facilitating the
transfer of ions, maintaining temperature in the cell by being
chemically stable under high temperature, and the separation
of products by synthesizing them into different phases.[>*%3)
Wang et al. discovered the mechanism of capturing and con-
verting CO, using these molten carbonate salts at temperatures
of 800°C.15! They determined that Li,CO; decomposes and
becomes Li,0, solid carbon, and O, (Eq. 3), due to the cathodic
reaction described in Eq. 4. The O is transferred to the anode,
where the oxidation of O?~ to O, occurs.> As shown in Eq. 5,
at high temperatures, Li,O can further react with CO, in the
atmosphere to become Li,CO;. The combination of the two
reactions is represented in Eq. 6, where the carbon is depos-
ited on the cathode and O, is formed at the anode. When the
temperature exceeds 800°C, Meskine et al. discovered that CO
formation occurs through reactions Eqgs. 7 and 8, with Eq. 7
involving the use of dissolved CO, as the reactant, while Eq. 8
involving the reduction of CO,*".15¢!

LizCO3 + 4e~ — C + LiO + Oz 3)
COF™ +4e™ — C+30* 4)
LirO + CO; — LirCOs )
COy+4e¢~ — C+ Oy (6)

COy +2¢~ — CO + COF~ (7
CO}™ +2¢ — CO+0* (8)

Table II summarizes research efforts focusing on three pri-
mary objectives: synthesizing specific carbon nanomaterials
using both flue gas and pure CO, streams;*’ ¢!l expanding the
synthesis of other chemicals, such as CO, in molten salt CO,
electrochemical reactions; *?! and enhancing the performance
by increasing the temperature of the electrolyzer.[%3-64]

The demand for solid carbon has increased, due to the wide
range of usage with carbon powder in batteries, thermocatal-
ysis, and other applications.[®>%¢! Molten salts can use CO,
to increase the production of carbon powders. Chen et al.
employed a Li,CO;—Na,CO;—K,CO; solution, a commercial
Ni sheet as the cathode, and a commercial SnO, electrode as
the anode in a molten salt reactor, successfully converting flue
gas containing SO, and CO, into sulfur-doped carbon.l*’! The
CO, is captured by Li,O, which reduces it to elemental carbon.
SO, is also captured by Li,O, forming Li,SO, and effectively
reducing SO, emissions. Under cathodic polarization, Li,SO,
undergoes electrochemical reactions to synthesize sulfur or
sulfide, promoting the synthesis of sulfur-doped carbon on the
cathode electrode.
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Table Il. Studies of molten salt electrolysis using CO, to convert into other carbon products.

Cathode Anode Electrolyte Temperature (°C) Major product made Current density (mA cm™2)  References
Ni SnO, Li,CO3Na,CO;—K,COs— 475 S-doped carbon 281.25 57

Li,SO,
Ni SnO, Li,CO;—Na,CO;—K,CO;—  475-825 Graphite 1500 63

Li,SO,
Galvanized steel Ni Li,CO5—Na,CO5-K,CO; 770 Carbon nanotubes 200 64
Ni Pt-Ti Li,CO5—Na,CO5—K,CO; 450 Electrolytic carbon 100 58
NiO—-Co50, Ni;(Cu,,Fe Li,CO;—Na,CO5;—K,CO; 650 NiCo@g-C powder 10 59
Glassy carbon ~ Ni Li,CO5—Na,CO5-K,CO; 450 Carbon powder Not specified at —2.4 Vvs. 60

CO,-0,
Au wire Carbonrod LiF-NaF-Na,CO, 670 Carbon powder 0.316to 1.121 61
Ti Graphite ~ Li,CO; 900 (6[0) 1000 62
o,
S:é;(i} l Power supply !
- o

ig

T d
O
002

(a)D Li,CO;-Na,CO;-K,CO; |l EC

Oo OOO
%8

Cathode
Molten Li/Na/KCO;,

Anode

(b) Furnace

Figure 4. lllustrative diagram of molten salt reactors for CO, capture and electroreduction: (a) Molten salt reactor using a Ni cathode
electrode with EC products and PtTi anode. Reused from Yang et al.®® (b) Molten salt reactor with NiO-Co,0, cathode and Ni;,Cu4;Fe

anode. Reused from Yu et al.’%

Although Chen et al. used simulated flue gas, many cata-
lyst systems in Table II use pure or diluted CO, as their feed
stream. Figure 4 illustrates diagrams for molten salt reactor
systems with pure CO,. In Fig. 4(a), Yang et al. synthesized
electrolytic carbon from CO, using Ni sheets and Pt/Ti plates
in a Li,CO;, Na,CO;, and K,CO; molten salt reactor, using
a pure CO, feed stream.[°®! The FE of electrolytic carbon for
this system is unclear. The nickel alloy catalysts have also been
explored. Yu et al. synthesized a core—shell structure catalyst
of NiO—C0,0,,1°%! demonstrating the conversion of captured
CO, from pure CO, streams into graphite on the cathode sur-
face. This is illustrated in Fig. 4(b). Due to the inherent poor
stability of transition metals at high temperatures, research-
ers have explored alternative electrodes, such as carbon and
Au, in molten salts. Groult et al. synthesized carbon powder
using a glassy carbon as the cathode, Ni as the anode, and
Li,CO;-Na,CO,-K,CO; as the electrolytes.l”) The carbon
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powder was utilized in a Li-ion battery, which had a reversible
capacity of 1080 mAh g~'. Massot et al. used an Au electrode to
observe activity in alkaline fluoride media at temperatures rang-
ing from 670 to 750°C, achieving the production of 1.8 wt% of
carbon on the Au electrode at 720°C.1°!)

To gain a better understanding of the effects of flue gas in
molten salts, it is necessary to conduct studies at high tem-
peratures. Lubomirsky et al. used a Ti cathode and graphite
anode with Li,COj electrolyte, achieving 100% FE for CO at
900°C.1%21 2 mol% of SO, was added into the CO, feed stream,
which produced CO and S on the cathode. However, the FE
for CO decreased to 54% when adding SO, to the CO, feed.

The optimization of reactor design, such as temperature
control and electrolyte mixture, can influence the distribution
of products. Even though SO, limited the FE for CO produc-
tion, Chen et al. observed that SO, could lower the tempera-
ture of graphitization, which typically occurs at 827°C in a
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pure CO, stream.!°* Therefore, the temperature of the reactor
is optimized to enhance the yield of this carbon product.[®*]
Chen et al. used a similar method to produce S-doped car-
bon.57%3 They used a simulated flue gas and examined the
yield of graphite between 425 and 825°C. The temperature
was optimized at 775°C, as this temperature yielded the high-
est amount of graphite. Temperatures below 775°C caused a
decrease in the graphite thickness of the formed S-doped car-
bon. Wu et al. also optimized their system by modifying the
temperature and composition of the electrolyte mixture,!®%!
using a Li,CO;—Na,CO;-K,CO; electrolyte with a galvanized
steel cathode and Ni anode, operating at temperatures rang-
ing from 577 to 770°C. This setup led to the synthesis of car-
bon nanotubes (CNT). At 770°C, the reactor yielded less than
15% of CNT. To enhance CNT production, Wu et al. tested
three different electrolyte compositions at 770°C: Li,COs,
Li,CO;+Na,COs;, and Li,CO;+BaCO;. It was observed that
the CNT content significantly increased in pure Li,COj;, reach-
ing over 85%. However, despite the increase in CNT produc-
tion, the current efficiency was low (55%) due to CO produc-
tion and other electrochemical reactions at high temperatures.
In the Li,CO;—Na,CO;-K,CO; system at 577°C, a current
efficiency of 82% was achieved, but the yield was not specified.

Although the molten salt system synthesizes valuable car-
bon products, there are some challenges with MSCC-ET. This
includes: the impurities from flue gas and the OER electrodes
being unstable at high temperatures. While Lubomirsky et al.
demonstrated that a flow of SO, can reduce the CO FE, there
is a lack of data regarding other impurities, such as NO,, in
molten salt reactors.[®”! Even in the absence of impurities, the
materials used in the electrodes have not yet demonstrated sta-
bility under the harsh conditions of molten salts, which include
extreme values of pH and high temperature, over extended peri-
ods. As a result, the presence of impurities could accelerate
the deactivation rate and compromise catalyst stability. These
challenging conditions pose scalability and corrosion issues
for the equipment.

Another challenge is the synthesis of a stable and affordable
anodic material. The anodic material in MSCC-ET is required
for the OER to produce oxygen in molten salts. Ni-based cata-
lysts have been widely used for this purpose. However, these
anodes are unstable as Ni-based electrodes (Ni wire, Ni alloy)
can be easily damaged by the electrolyte at high tempera-
tures.>*%+7] One solution is to use SnO, or Pt as the electrode,
which should be inert to these harsh conditions.

Besides anode stability, mechanistic studies have been lim-
ited due to challenges in identifying the rate-determining step
and reaction pathways in molten salts.>*%%] One way to deter-
mine the rate-determining step is to quantify the mass transfer
of the oxygen ion during the reaction. To understand the reac-
tion intermediates and mechanisms, operando characterizations
(infrared or Raman spectroscopy) could provide useful infor-
mation. DFT calculations can also provide insights into how
the electric field affects the CO;>~ capture and conversion.>*!

Conclusions and outlook

As illustrated in the examples above, integrated CO, capture
and conversion processes show promise in the effective upgrad-
ing of CO, from dilute streams such as flue gas. In particular,
the selection of the capture materials is critical in achieving the
purification of CO, for the subsequent electrochemical conver-
sion. The amine-based solutions, HCO; /OH™ containing solu-
tion, and molten salt electrolytes have been explored as effec-
tive materials for CO, capture. The following capture materials
should be explored to further optimize the effectiveness of the
combined capture and electrochemical conversion strategies.
Figure 5 illustrates the mechanism of these capture methods.

Using COF/MOFs as capture media
Covalent organic frameworks (COFs) are porous crystalline
polymers with light-weight elements linked by strong cova-
lent bonds, which lead to high porosity!’?! and make them as
promising sorption materials for CO, capture and conversion.
For CO, capture, it requires designing COFs with high spe-
cific areas and more covalent bonds to interact with CO,. For
instance, Patel et al. synthesized N-rich COFs with a specific
area up to 729 m? g !, achieving selectivity for capturing CO,
72 times higher than N, under ambient conditions.[’*! As for
electrocatalysts, COFs decorated with transition metal atoms
are able to achieve high FE for CO, which contribute to the
low-coordination structure of the COF support, leading to
intermediate species stabilized on the metal atoms, such as
COFs decorated Ni atoms with FE of 90% for CO at —0.8 V
vs. RHE.[®] Figure 5(a) depicts the ability of COFs to cap-
ture and electrochemically reduce CO,, demonstrating that
COFs are potential materials for integrated CO, capture and
electroreduction.

Similarly, MOFs, which consist of metal ions or clusters
interconnected by organic ligands, have also shown potential
in this integrated approach. For instance, Liang et al. reported
a Cu(Il) MOF achieved a high volumetric capacity of 171 cm®
cm 3 for CO, at 25°C, which is illustrated in Fig. 5(b).""! In
addition to CO, capture, MOFs have also been explored as
electrocatalysts for CO,, as reported that Cu rubeanate MOF
is able to convert CO, to HCOOH with FE of 98% at —1.2V
vs. SHE."* Other MOFs, such as Zn-MOFs, are capable of
reducing CO, to CH,.l%! The abilities of MOFs to capture and
electrochemical convert CO, make them promising candidates
for integrated dual functions. However, challenges such as low
current density and poor stability still need to be addressed.

Using ionic liquids as capture media

Tonic liquids (ILs) have been widely investigated for their
individual roles in CO, capture and CO, reduction processes.
ILs can be classified into four groups: conventional IL, amino-
functionalized IL, non-amino functionalized IL, and supported
IL.I7®1 Conventional ILs consist of imidazolium anions and
cations.””) The CO, capture mechanism for these ILs involves
physical dissolution, where CO, is attracted to imidazolium, but

MRS COMMUNICATIONS - VOLUME XX - ISSUE xx - www.mrs.org/mrc B 9



Mns‘fCommunicaiions
S

i

Mi-cavalent triazine frameworks Ni4etraphenylparphyrin

(Mi-CTF)

[Ni-TPP)
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Figure 5. Mechanism schemes for: (a) Covalent triazine framework (COF) converting CO, to CO. Reused from Su et al.®® (b) Cu(ll)-MOF
(FJI-H14) capturing CO,. Reused from Liang et al.l’” (c) Hydrophobic imidazolium-IL to capture CO,. Reused from Parada et al.l’"

the absorption capacity for CO, is low. To address this, Bates
et al. utilized amino-functionalized ILs, where CO, is absorbed
and desorbed on the NH, group, leading to an increases in the
CO, absorption capacity.l”®) However, the viscosity of the
liquid increases due to hydrogen bonding on the NH, group,
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which reduces the CO, mass transfer rate. One solution to
overcome this challenge is the use of non-amino functional
groups, utilizing N or O atoms in heterocyclic chemicals to
avoid hydrogen bonding.!””! Another approach is the incorpo-
ration of supporting materials into amino-functionalized ILs,
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forming supported ILs. Xue et al. introduced MCM-41 into a
tetrabutylphosphonium 2-hydroxypyridine IL, resulting in an
increased CO, absorption rate." This enhancement is attrib-
uted to the porous support, which enhances gas—liquid contact
and provides uniform IL dispersion. These IL compounds can
be integrated with the electrochemical conversion of flue gas
as they can mitigate competing electrochemical reactions, such
as HER.

ILs can also enhance electrochemical CO,RR efficiency by
serving as electrolytes that reduce activation energy for CO,
conversion, acting as electrolyte additives to enhance electrode
catalytic activity, and modifying electrodes by optimizing the
reaction microenvironment. Rosen et al. used an IL (1-ethyl-
3-methylimidazolium tetrafluoroborate) that reduced the over-
potential for the Ag electrode, which increased the FE of CO
to 96% at 2.5 V vs. Ag/AgCL[B! Neubauer et al. used an IL
(1-ethyl-3-methylimidazolium trifluoromethane sulfonate) as
an additive in the electrolyte, which had an FE for CO at 95.6%
at 1.20 V vs. RHE.®¥ In Fig. 5(c), Parada et al. used ILs based
on hydrophobic imidazolium cations with an Ag foam, which
increased CO FE from 65 to 85%.!!! Future studies to use ILs
to integrate CO, capture and conversion should be explored.

Using quinone as capture media
Quinone-based materials are prominent for CO, capture. Li
et al. detailed the capture mechanism using quinoline (QX) as
an example.!®¥ The initial step involves the reduction of qui-
none at its reduction potential for CO, absorption on QX.184
CO, then binds to the N atoms of quinone. To release the CO,
from QX, the chemical undergoes an electrochemical oxida-
tion cycle. Li et al. also discovered the potential of bifunc-
tional azopyrinde-based quinones for carbon capture via an
electrochemical method, achieving over 85% efficiency in a
feed stream with 15% CO, and 5% O,.*3! Besides capture,
quinones, such as 2,5-ditert-butyl-1,4-benzoquinone (DBBQ),
9,10-anthraquinone (AQ), and 9,10-phenanthrenequinone, have
been used by Wei et al.[**] as mediators in Li-CO, batteries in
MeCN electrolyte to decrease the overpotential for CO, reduc-
tion. Among the quinones tested, DBBQ exhibited the lowest
overpotential, as para-quinones demonstrated a stronger inter-
action with CO, compared to orthoquinone. Results from these
studies demonstrate the potential to use quinone as a capture
material, followed by its release to a catalyst electrode for CO,
conversion.

Catalyst development and reactor
optimization

In parallel with the exploration of CO, capture media, it is
important to explore active, selective, and stable electrocata-
lysts for converting the captured CO, to valuable products,
such as CO, formate, multi-carbon hydrocarbons, and solid
carbons. It is also important to optimize the reactor configu-
ration and the structural arrangement between the capture
materials and electrocatalysts. The preferred capture-catalyst

systems should be tolerant to dilute CO, concentrations and,
to some extent, to impurities in the CO, stream. The effects of
the operating temperature and pressure should also be investi-
gated to identify process conditions that are optimal for using
different CO, streams and for achieving specific conversion
products.
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