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Integrated CO, capture and electrochemical
conversion: coupled effects of transport, kinetics
and thermodynamics in the direct reduction of
captured-CO, adductsf

Avishek Banerjee® and Carlos G. Morales-Guio 2 *

Upgrading anthropogenic CO, from concentrated point sources or directly from the atmosphere is a
valuable approach in closing the carbon cycle. Existing processes capture the CO,, concentrate it into
pure gas streams, transport it, and then convert it into fuels and chemicals in a separate process plant.
This sequential approach results in higher energy and operating costs which can be reduced by
integrating the capture and conversion steps to directly reduce the captured CO,-bound adduct to
value-added products. The direct reduction of the captured CO,-bound adduct is called the captured-
CO, reduction reaction (c-CO,RR). Understanding of c-CO,RR has been obscured by the higher
intrinsic complexity of the system. The CO, capture media is a complex space of several buffer
reactions that allow the co-existence of different carbon species in solution depending on CO, loading,
temperature, pressure, and pH. In order to design improved capture agents and catalysts for integrated
CO, capture and conversion, it is essential to identify the carbon source and the primary factors
influencing product formation on a c-CO,RR catalyst. This review delineates the strategies to determine
the active carbon species for integrated CO, capture and conversion systems. Furthermore, it
summarizes the fundamental applications of mass transport, thermodynamics, and kinetics across
various c-CO,RR scenarios.

Existing processes for CO, capture and conversion start by separating the CO, from the effluent of a point source or the atmosphere, and then this concentrated

CO, stream is used as the feedstock for a catalytic conversion step in a separate unit. The CO, capture step involves multiple thermal and pressure cycles that
result in energy losses and increased operating costs. Recently, a one-step process called reactive capture of CO, has been proposed in which CO, in its captured
form (c-CO,) is directly transformed into value-added products while circumventing the CO, release step. The research on the electrochemical ¢-CO, reduction
reaction (c-CO,RR) is just starting, but it is already evident that the complexity of the system pushes the limits of what is known in science and engineering.

Understanding individual phenomena of CO, capture and CO, conversion is not enough. When capture and conversion are integrated, new phenomena
emerge that are unique to the performance of the capture step in the presence of a catalyst, and to the performance of catalysis in the presence of the capture
agent. Thus, it is of critical urgency that all researchers entering this field learn the fundamentals of transport, thermodynamics, and kinetics that link CO,
capture and conversion. This review covers the latest developments in c-CO,RR research and our viewpoint on the challenges and future opportunities that exist

in this space as the field matures.

1 Introduction

reduction of CO, emissions and its direct capture from the
atmosphere is more urgent than ever before. Global emissions

CO, contributes to almost 79% of total greenhouse gas emis-
sions and is considered the major cause of global warming."
The development of technologies that contribute to the
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of CO, are estimated to be approximately 35 billion tons per
year, with approximately 2 billion tons per year attributed to
the chemical industry.>” Despite the increasing adoption of
electrification for heating in various chemical manufacturing
processes, burning of fossil fuels for heating is just a fraction of
the CO, emissions and there remains a pressing need to source
carbon atoms for chemicals from sources different from fossil
fuels. As the demand for chemicals continues to grow,
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technologies that can upgrade the anthropogenic CO, from
concentrated point sources and the atmosphere are needed to
close the carbon cycle. Although the use of renewable electricity
to capture and convert CO, into value-added chemicals offers a
pathway to decarbonization, significant challenges persist in
terms of energy intensity and cost compared to conventional
methods. Overcoming these hurdles is crucial to making these
processes industrially viable.*

Existing processes capture CO,, concentrate it in pure gas
streams, compress CO,, and then convert it into fuels and
chemicals, all in separate reaction units (top panel in Fig. 1).
This sequential multistep approach results in higher energy
and operating cost, arising from the inefficiency of the CO,
release and capture media regeneration step before CO, com-
pression. CO, release from direct air capture (DAC) processes
have an estimated energy cost between 3400 and 8810 KkJ per kg
CO, for solid and liquid sorbent, while the CO, compression
step along with the transport of gas requires an energy of 324-
432 kJ per kg of CO,.>*® Recently, a one-step route has been
proposed where CO, capture and conversion are integrated into
one process that circumvents the inefficient CO, release step,
by directly reducing the captured CO,-bound adduct to value-
added chemicals (bottom panel in Fig. 1). The elimination of
the inefficient temperature and pressure swing cycles during
CO, capture and conversion can potentially reduce 50% of the
total energy cost. The gains, however, must occur on both
processes: (1) the CO, capture, and (2) the electrochemical
captured-CO, reduction reaction (c-CO,RR) steps. This requires
that the yield and energy efficiency of the c-CO,RR electrolyzer
is comparable to current state of the art CO, electrolyzers.11 In
principle, integrated CO, capture and conversion has the
potential to be more efficient and less expensive than the
conventional approach relying on CO, electrolyzer technologies
for the CO, reduction reaction (CO,RR). However, a long road
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remains ahead to bring c-CO,RR electrolyzer technologies in
par with today’s CO,RR electrolyzers.

CO, capture technologies are much more mature than the
reduction step in c-CO,RR. Many studies have been conducted
on solvent-based capture technologies with amines or carbo-
nates. However, preliminary work suggest that amines might
not be appropriate for c-CO,RR due to their strong interactions
with the catalyst surfaces and the enhanced hydrogen evolution
reaction.”” Alternative capture agents like phenoxides,"
alkoxides,'* and amino acids'* could indeed result in renewed
interest in the development of capture agents specifically
designed for integration with ¢-CO,RR, beyond those being
commercialized today. Further optimization of the capture step
is guaranteed once we find promising catalysts for c-CO,RR and
as we start to extract capture agent design rules for integrated
carbon capture and conversion.

Integrated CO, capture and conversion systems are complex,
with several carbon species co-existing in the reactors. Identify-
ing the source of carbon while quantifying products, and
elucidating the key factors that affect the activity and selectivity
of a catalyst, is important. Although ¢-CO,RR has been studied
in the context of electrochemical," ™ thermal®**** and bio-
logical systems,***’ this review focuses solely on the electroche-
mical route. In recent years, researchers have reported evidence of
electrochemically reducing the captured CO,-bound adduct to
products.”® However, significant challenges still remain in under-
standing the transformation of the captured CO,-bound adduct.
In the electrolyte solution the vapor-liquid equilibrium, ion-
speciation, and reaction equilibriums dynamically varies as a
function of the temperature, pressure, and pH. These factors
are further governed by the fundamental principles of mass
transport, thermodynamics, and kinetics, which when not care-
fully investigated can convolute the way we interpret the data
collected from c-CO,RR.
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Illustration showing the conventional CO,RR pathway (shown by the green path) and the c-CO,RR pathway (shown by the orange path). The

CO3RR pathway is a multistep process comprising additional energy costs from the CO, release, compression, and transport steps before the CO,
reduction reaction can take place, whereas the integrated c-CO,RR is a one-step process that could potentially reduce energy and operating costs.
Furthermore, both the pathways are interrelated to the fundamental principles of thermodynamics, transport, and kinetics which influences the product

formation.

In the field of electrocatalysis, there is a consensus within
the scientific community regarding the importance of
transport, thermodynamics, and kinetics; however their full
integration into scientific studies remain somewhat limited.
Thermodynamics determines the feasibility of a process by
delineating the minimum energy requirements and equili-
brium conditions. It also links variations in local concen-
tration, temperature, pressure, and electric field of an
electrochemical system to changes in the electrochemical
potential. Thermodynamics further determine the direction of
mass and energy fluxes in and out of a control volume, which is
linked to spacial and temporal differences in local concen-
tration, temperature, and pressure. Transport properties deter-
mine the scalability of a process by giving insights into
technically feasible energy and mass fluxes, which in turn will
be linked to reactions in multidimensional space and time
coordinates. Transport phenomena are used to describe pro-
cesses of diffusion, convection, and migration of species in
electrochemical cells. Different reactors have different hydro-
dynamics, resulting in different transport properties. By and
large, the electrocatalysis community has failed to recognize
that we measure experimentally reactor kinetics and not

© 2025 The Author(s). Published by the Royal Society of Chemistry

reaction kinetics, slowing the progress of the field. Thus,
understanding of mass, heat, and charge transport is necessary
to decouple reaction kinetics from reactor kinetics, and this is
also true for c¢-CO,RR systems. Thermodynamics, transport,
and kinetics cannot be disentangled because of their inter-
dependence. In order to overcome the challenges of success-
fully scaling-up electrochemical systems, it is necessary to
measure, model and control the coupling of thermodynamics,
transport, and kinetics even when studying the most basic
electrochemical system at a bench scale (Fig. 1).

Most reviews and perspectives focuses on the different
amine capture agents and discusses scalability challenges that
could arise from c-CO,RR, while comparing the value proposi-
tion of c-CO,RR with traditional CO,RR.**** In contrast, our
review is meant to serve as an introduction to the field of
¢-CO,RR for chemists, material scientists, and engineers who
although might have learned the various concepts of transport,
thermodynamics, and kinetics separately, have not seen how
these three concepts come together at different length and time
scales in c-CO,RR. This review will further aim to lay out some
guidelines on the processes and factors that influence product
selectivity and that should be considered while studying and
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reporting data for c-CO,RR systems. It also includes the latest
breakthrough results and the wider implications for the scien-
tific community, and provides the tools necessary for under-
standing the fundamentals of electrochemical c-CO,RR.

2 Understanding vapor-liquid
equilibrium and ion speciation under
c-CO,RR conditions

The different species present in a solution filled with a CO,-bound
capture agent can be probed by understanding the vapor-liquid
equilibrium of the system. When a capture agent is dissolved in a
solution, and then it is put in contact with a gas phase containing
CO,, free and dissolved CO, will always be present in solution due
to the equilibrium reactions between the gas and liquid phases.
The amount of dissolved CO, is furthermore a function of CO,
loading, pH, temperature and pressure of the system. Industrially,
amines are currently the leading CO, sorbents, and an entire field
of science and engineering has been developed around the opti-
mization of CO, absorption capacities of different amines.*>° This
section dives deeper into CO, capture with amines used primarily
in post-combustion processes along with insights into other groups
of capture agents, including hydroxyls used for direct air capture
(DAC),"*** and the untapped group of alkoxides and phenoxides
that is recently gaining interest."**’

2.1 Chemical reaction processes

The CO, absorption process into different capture solutions is
governed by different equilibrium reactions, allowing different
species to coexist in the system.

For amine capture solutions, it is known that the species
present are RNH,, RNH;', RNHCOO~, H;0", OH , HCO;,
CO0;>7, CO,, and H,O. R represents an alkyl/alkanol group and
can belong to a primary, secondary or tertiary family of amines.
Primary and secondary amines have a higher basicity than water,
and thus CO, being the Lewis acid attacks the amine to undergo
a zwitterion mechanism to form carbamates. Initially, two
amines are consumed for each CO, molecule absorbed, generat-
ing an ammonium carbamate. However, if the CO, loading is
increased and the amine is almost depleted, then the ammo-
nium carbamate decomposition reaction starts occurring to
form ammonium bicarbonate and carbonate species.*® Similarly
in the presence of more sterically hindered amines, like tertiary
amines, water comparatively becomes a stronger Lewis base and
can directly assist in the formation of ammonium bicarbonate
with the amines.”” The following chemical reactions describe the
formation of different species.?”**

Water ionization:

K
2H,0 == H;0" + OH" )
CO, reaction with water:

K
CO, + 2H,0 = HCO;™ + H;0* (2)
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dissociation of bicarbonate ion:
N 2— +
HCO;- == CO;3 + H3;0 (3)
zwitterion formation from RNH, and CO, reaction:

4
s
S

CO, + RNH;, RNH,"COO~ (4)

carbamate formation by deprotonation of zwitterion:

K.

RNH,*COO~ + RNH, == RNH;" + RNHCOO~ (5)
Ks

RNH,"COO~ + H,0 == H;O0* + RNHCOO~  (6)
K

RNH,"COO~ + OH~ == H,0 + RNHCOO~  (7)

carbamate hydrolysis:
K;
RNHCOO™ + H,0 == RNH, + HCOs~  (8)

carbamate consumption:

K
RNHCOO™ + H;0" === RNH;" + HCO;" (9)
de-protonation of amine:
Rl\IH3Jr =—— RNH, +H3O+ (10)

bicarbonate formation:

CO, + OH- — HCO;s (11)

The equilibrium constants of these reaction, K;-K;;, can
subsequently be used to understand the speciation as a func-
tion of pH, temperature and CO, loading. In the case of primary
and secondary amines, carbamate is the main species formed
when the CO, is bound to the amine, while tertiary amines
follow a base-catalyzed hydration mechanism producing only
bicarbonate ions and no carbamate, which would essentially
mean that reactions (4)-(9) would not occur in the presence of
tertiary amines.

Similarly, hydroxyls commonly used for DAC, form bicarbo-
nate and carbonate species in the solution. The different
species that are known to co-exist are H;O', OH~, HCO;,
CO,*>7, CO,, and H,O0, ie., reactions (1)-(3), and (11) would
only occur in such systems, and it reduces the number of buffer
reactions compared to amine capture agents. In CO,RR, we are
largely concerned only with the equilibrium reactions between
CO, and bicarbonates. It should thus be evident for researchers
working with CO,RR that c-CO,RR represents a step-up in
complexity when amines and other capture agents are involved.

Other capture agents belonging to the alkoxide family have
also been recently investigated for c-CO,RR. Kowalski et al.,
recently investigated potassium methoxide as a CO, capture
agent, and observed that the methoxide ions require alcohols
(other non-aqueous medium) as the solvent medium to capture
CO, and form methyl carbonate. In an aqueous medium, the
OH™ present in the reaction primarily behave as the capture

© 2025 The Author(s). Published by the Royal Society of Chemistry
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agent forming HCO;~ and CO;*", limiting the methylcarbonate
production pathway. In the presence of alkoxide ions,
similar reactions were described to understand the capture
mechanism.*?

Alcohol ionization:

K
ROH —= RO~ +H* (12)

CO, reaction with alkoxides:

CO, + RO~ =2 ROCOO- (13)

In the alkali metal alkoxide systems, the speciation looks
fairly simple with only species being the ROH, RO™, ROCOO ™,
CO,, and H' in addition to the alkali metal cation. The R
could represent a primary, secondary, tertiary or an aromatic
alcohol group.

The equilibrium equations shown here only describe the
vapor-liquid equilibrium, while a full description of the system
needs to add the solid components and all the reactions that
lead to precipitation of species as well as dissolution of the solids
in equilibrium. For simplicity, solid phases will be not discussed
here but these need to be considered for any practical system.

2.2 CO, loading effect on speciation

The concentration distribution in the bulk of the solution is a
function of the CO, loading when the temperature and pressure
is constant. From the different equilibrium constants of the
reactions shown in Section 2.1, vapor-liquid equilibrium
models have been developed to predict the CO, absorption in
different amines. Fig. 2 shows a typical chemical speciation
distribution at different CO, loadings in amines. The CO,
loading (mol mol ") is defined as the ratio of mol of CO,
present (dissolved + captured) to the mol of capture agent
present in the solution. The concentration of CO;>~ does not
vary significantly, especially for primary and secondary amines,
when the CO, loading is varied between 0-1 mol mol . At low
CO, loadings, it is typically observed that all the CO, dissolved in

View Article Online
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the solution gets converted to carbamate as denoted by reactions
(5)~(7). CO, loadings of 0.5 mol mol" usually give the highest
carbamate concentration, which could be also rationalized from
the stoichiometry of the reaction where 2 amine molecules are
required to capture 1 CO, molecule. Through the predicted
equilibrium concentration of different species as a function of
CO, loading, it has been shown that the carbamate consumption,
as denoted by reaction (8), and CO, hydrolysis starts to simulta-
neously oceur at around 0.3 mol mol~". When a CO, loading of
1 mol mol " is reached the speciation is mostly dominated by
bicarbonate and free CO, present in the system, with little to no
carbamate. Thus for electrochemical ¢-CO,RR, it is necessary to
probe the loading of the systems to understand the speciation and
also it is beneficial to be at a loading <0.5 mol mol " if the
intention is to reduce the carbamate species within the system.
However in case of higher loadings, if small amounts of carba-
mate present near the active site of the catalyst is reduced, it is
possible that the bicarbonate can equilibrate back to carbamate.
The speed of this equilibration will vary and would depend on the
pK, and the equilibrium constants of the different amines. For
comparison, CO, loadings cycle typically between 0.3 and 0.7
during the thermal regeneration of amine capture solutions,
where the low loadings belong to the CO,-lean capture solution
that is fed to the absorber unit and the high loading belong to the
CO,-rich amine streams that leave the bottom of the absorber.>®*®

Although most studies just look at speciation considering all
amines behave similarly, but there lies differences in how these
vary between primary, secondary and tertiary amines. As can be
seen from Fig. 2, the VLE models of a primary, secondary and
tertiary amine shows that the equilibrium concentration of the
different species are different as a function of loading when the
sterics of the amines change. Also, even between the same
group of amines, the speciation curves could be different,
which mainly arises from the different equilibrium constants
of carbamate consumption and amine deprotonation in
aqueous systems, Ko and Kj,. For instance, between monoetha-
nolamine (MEA) and diethanolamine (DEA), at 0.5 mol mol "
of loading the carbamate concentration is slightly higher in MEA

(@) 55 (b) 25 (c),5 1 ,
=== MEACOO === MEAH' === MEA === HCO; == CO, DEACOQ====DEAH’ ====DEA === HCO === (0, = €0, == HCO, === CO,> === MDEA == MDEAH
® MEAH" MEACOO" @ HCO, ® MEA ® DEAH' DEACOO. ® HCO, ® DEA L4 MDEAH: ® Hco, @ MDEA
- 20+ SRINER _ 2.0 21 DEA — 2.0} | O MDEAH' O HCO; O MDEA - -
2 301K =3 301K = 2MMDEA  © -
L L L 298K
s1s s 15 ’ S 15 o @V/
% : S P % ° A
2101 o =10t 21 210 o<
5] Y g ‘\/' ] L
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CO, loading (mol/mol)

CO, loading (mol/mol)

CO, loading (mol/mol)

Fig. 2 VLE models showing equilibrium concentration of different species in liquid-phase as a function of loading in (a) 2 M MEA at 301 K which is a
primary amine (lines represent model and dots represent experimental data points from Liu etal)*® (b) 2 M DEA at 301 K which is a secondary amine (lines
represent model and dots represent experimental data points from Liu et al.)*® (c) 2 M MDEA at 298 K which is a tertiary amine (lines represent model and
dots and hollow dots represent experimental data points from Derks et al. and Jakobsen et al. respectively)m51 Reproduced with permission from ref. 48,

copyright 2024 American Institute of Chemical Engineers.
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Fig. 3 Comparison of mass change from CO, loading in (a) mass change
during CO; absorption in 100 mL of pure methanol. The net mass change is
approx. 0.7 g of CO, after subtracting the CHzOH evaporation amount
measured under the flow of Ar and the mass change observed during CO,
flowing into the methanol solvent. (b) Mass change during capture of CO, in
100 mL of 5 wt% CHsOK in CHzOH. CO, forms CHzOCOO™ when reacted
with the methoxide ions and the mass change for this process is about 3.5 g.
This measurement is also an experimental verification of the fact that the
solubility of CO, is different in water and in methanol. The CO, loading,
defined as the ratio of mol CO, captured and dissolved to the mol CHzOK
present, was calculated to be 1.09 mol mol™* from (b).}? Reproduced with
permission from ref. 12, copyright 2024 American Chemical Society.

than in DEA (Fig. 2a and b). From the equilibrium constant values,
it was determined that the carbamate consumption (reaction (9)) is
slightly faster for DEA compared to MEA which is responsible
for the difference. Also, at loading of 1 mol mol " slightly lower
concentrations of RNH;" and HCO; ™~ was observed compared to
MEA. The pK, of DEA is lower than MEA and so it acts as a
weaker Lewis base leading to weak binding of CO, to the amine.
This leads to faster deprotonation of DEA allowing the carba-
mate consumption reaction to accelerate (reaction (9)). For
tertiary amines like methyldiethanolamine (MDEA), the domi-
nant species that forms is bicarbonate and thus the CO,
loading is equivalent to bicarbonate formation with small
amounts of CO,>". This small amount of CO,>" arises from
the high pK, of MDEA that accelerates the deprotonation of the
bicarbonate (Fig. 2c).

When hydroxyls are used as capture agents, the main species
present in the system is HCO;~, CO;>~ and dissolved CO.. It is
understood that at the beginning of CO, loading the main
reaction is the formation of HCO;~ with CO;>~ forming at low
CO, loadings, when the pH of the solution is highly alkaline.*®
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Similarly alkoxide capture agents can be modeled to under-
stand the speciation at different CO, loadings. Considering the
stoichiometry of alkoxides, it requires 1 molecule of alkoxide to
capture 1 molecule of CO,, which means the highest concen-
tration of alkylcarbonate will form at CO, loading of
1 mol mol™". Also, the bonding characteristics of CO, on
alkoxides is similar to a deprotonated amino group. Recently,
Kowalski et al. studied the loading of CO, in a methoxide
capture agent in methanol solvent. Experimentally the mass
change was measured while flowing pure CO, in 5 wt%
methoxide and they observed that the change in mass was
higher in the presence of methoxide in the methanol solvent
compared to when no methoxide was present in the methanol.
They further experimentally calculated the CO, loading to be
1.09 mol mol " which is similar to the expected stoichiometric
loading (Fig. 3)."

2.3 pH effects on chemical speciation

The pH of the solution affects the equilibrium species distribution
in the capture solution. As CO, is an acidic gas, its capture is
favored in more alkaline conditions. The concentration of the
different species when plotted as a function of pH shows that at
very low pH the species concentration is dominated by free CO,
and HCO; , at intermediate pH the species concentration is
dominated by the carbamate, and at very high pH the dominant
species is the amine capture agent in its initial form. In MEA the
highest carbamate concentration is achieved at a pH of 9.3 whereas
for DEA it is at a pH of 8.85, which also corresponds closely to the
pK, of these amines which are 9.45 and 8.88 at 298 K respectively.’>
The faster rates of carbamate consumption and CO, hydrolysis in
DEA can also be realized from Fig. 4a and b, where it can be seen
that the HCO; ™ and free CO, shoots up slightly quicker at lower pH
compared to MEA. The pH is also a function of the CO, loading,
and typically it decreases as more CO, is captured within the
system, giving rise to the different speciation at lower pH. Also,
the partial pressure of CO, in equilibrium with the solution is
higher at higher temperatures. This translates into a higher release
rate at higher temperatures resulting in a more alkaline solution,
indicating temperature as an important parameter in regulating
the pH. Also, the partial pressure of CO, increases by several orders
of magnitude at a low pH, which is attributed to the presence of a
high concentration of free CO, in the bulk of the solution. Thus in
general it can be concluded that for aqueous systems a more
alkaline pH is favorable for CO, capture, while a more acidic pH
favors the release of CO, from the CO, captured adduct. Conse-
quently, pH-swing for release of CO, from the captured adduct is
currently being explored as an alternative to temperature-swing or
pressure-swing cycles.”>® Similar conclusions can be drawn for
alkaline CO, capture systems where hydroxyls are used as the
capture agent. In such systems, a low pH is accompanied by the
formation of carbonic acid H,CO3, a neutral pH consists of HCO; ™,
while a high pH forms CO;>~ in the system.*”

Although the vapor-liquid equilibrium models can be lever-
aged to predict the speciation as a function of pH in the
aqueous systems, for alkoxide/phenoxide capture agents, the
solvent medium is primarily non-aqueous. Thus, it becomes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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difficult to define pH under such conditions and find equiva-
lent speciation plots. However, Zhang et al. reported that the
CO, binding strength to different alkoxides followed a linear
scaling relation (LSR), and more interestingly it lied on the
same LSR as the amines, which suggests that the binding of
CO, is solely a function of the pK, of the capture agents (Fig. 5).
Furthermore, the findings of their investigation can be
extended to conclude that the equilibrium constants which
vary between different amines for developing the VLE models
are mainly a characteristic of the changing pK, of the amines."?

2.4 Temperature effects on equilibrium concentrations

The equilibrium species concentration of capture solutions as a
function of temperature can be probed to investigate its influ-
ence on c-CO,RR. The equilibrium constants of all the reac-
tions stated in Section 2.1 are a function of the enthalpy (AH)
and temperature (7) by eqn (14).

OlnK AH
T ~ RT?

(14)

For amine capture solutions, at low CO, loading the

RNHCOO™ concentration increases with temperature, and
° m  alkoxide
o © phenoxide
01 LI 5] A amine-p pKay
a . v amine-s pKaz
—101 o]
) hlI‘E."I
O
Y
S 20
-301 A"y
—40 , , ‘ , 4
10 15 20 25

PKa

Fig. 5 DFT calculated values of CO, binding constant (pKco,) as a
function of pK, for different amines and alkoxides. The orange dashed
line and the blue dotted line represent the data points of phenoxide and
methoxide, respectively.®* Reproduced with permission from ref. 13, copy-
right 2022 National Academy of Sciences.
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reaches a maximum value at 0.5 mol mol~" loading. As the
loading is increased more, it has been observed that the
RNHCOO™ concentration declines. This decline accelerates at
higher temperatures which could be explained by Le Chatelier’s
principle, where higher temperatures shift the equilibrium to
the left, which in amine capture solutions shift the equilibrium
for reactions (5)—(7) towards the formation of the zwitterionic
intermediate to ultimately form dissolved CO, and RNH,, as
shown in reaction (4). Furthermore, carbamate consumption
reaction becomes more dominant at loadings > 0.5 mol mol %,
as Ky is negatively related to temperature denoting the process
is exothermic. In addition, the temperature was shown to have
an effect on the concentration of dissolved CO,. As the loading
increased, the concentration of dissolved CO, was increased,
and it increased further at higher temperatures. At higher
loadings, it is rationalized that the amine capture agent is
completely consumed and then the CO, undergoes hydrolysis
to form bicarbonates in the system. Also, as CO, hydrolysis is
an exothermic reaction, it facilitates the release of more CO, at
higher temperatures. Consequently, when the partial pressures
of CO, is compared to the CO, loading with the use of the
temperature dependent Henry’s constant, it is observed that
higher temperature results in a higher partial pressure of CO,,
implying lower solubility in the solution (Fig. 6). When compar-
ing primary and secondary amines, DEA shows a lower partial
pressure of CO, compared to MEA, which again arises because
of the faster carbamate consumption and CO, hydrolysis in
secondary amines. Also for MDEA which is a tertiary amine, the
effect of temperature on partial pressure of CO, had little effect
compared to MEA and DEA (Fig. 6¢).

For hydroxyl capture agents, the partial pressure of CO, as a
function of loading is only governed by CO, hydrolysis and HCO; ™~
formation, reactions (1)-(3). The partial pressures at similar condi-
tions of pressure and temperature are usually higher for such
systems implying more free dissolved CO, present in the solution.

For alkoxide capture agents, the partial pressure of CO, is
one order of magnitude lower than amine/hydroxyl capture
agents. This difference arises mainly because of the higher
Henry’s constant when using methanol as solvent and also a
higher solubility of CO, in methanol.

EES Catal., 2025, 3,205-234 | 21
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Temperature has a significant effect on the chemical specia-
tion of the system and can be captured in the vapor-liquid
equilibrium model used while studying c-CO,RR systems. At
high temperature conditions, the CO,-bound adduct can
release free CO, and regenerate the capture agent. This is
known as temperature-swing capture agent regeneration. In
conventional carbon capture and utilization processes, the
capture step is followed by a high-temperature capture agent
regeneration process while simultaneously releasing a concen-
trated stream of CO, for further storage or upgrading. Similarly,
in c-CO,RR, the captured CO,-adduct will decompose at higher
temperatures leading to low c-CO,RR performance, however,
consequently higher temperatures will release more free CO, in
the system that can compete for the active sites of the catalyst
for further reduction. Banerjee et al., in their study showed that
by increasing the temperature of the capture solution during
electrolysis, they can achieve a higher partial current density of
CO using silver catalyst. They concluded that this behavior is
mainly due to the release of free CO, in the system as they
increase the temperature from 20 °C to 40 °C.*® In such cases,
at higher temperatures the performance of ¢c-CO,RR can appear
to be improved, but this is not to be confused with the direct
reduction of the CO,-bound adduct. Therefore, understanding
the vapor-liquid equilibrium effects discussed throughout
Section 2 will be important in identifying the active carbon
species getting reduced as the field of c-CO,RR evolves.

3 ldentifying the source of carbon in
c-CO3RR

The VLE models can provide a clear understanding of the
speciation and its variation with the pH, temperature and
CO, loading. Leverick et al. quantified the speciation of amines
with different pK, through NMR analysis to verify the speciation
with the VLE-models and identify the source of carbon. There
have been three main approaches that have been undertaken to
identify the active carbon species which are by leveraging
characterization techniques to correlate with the VLE-models
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of different amines, continuum modeling, and correlating the
two-film theory with reaction transport model. The last method
provides a robust way for quick screening of different capture
agents, especially if VLE models are not easily accessible. This
section goes through each method in detail.

3.1 Characterization techniques coupled with VLE-models

Recently, the most detailed study to identify the source of
carbon in c-CO,RR systems with the VLE-models have been
performed by Leverick et al. using amine capture agents. Using
a H-cell reactor with an Ag catalyst, they investigated the
faradaic efficiency (F.E.) of CO in the presence of amines with
varying pK, and different propensity to form carbamates. They
reported that at pH > 10 the F.E. CO is <0.1% and the F.E. CO
increases to >20% when the pH is decreased, and it is
ubiquitous to all the amines tested (Fig. 7c). To rationalize this
behaviour they correlated the experimental data to the VLE-
models, and explained that the carbamate concentration
decreases at lower pH but the concentration of HCO;™ and
dissolved CO, increases, which also increases the CO, partial
pressure (Fig. 7a and b). The changes in carbamate concen-
tration were further tracked with "*C NMR along with the
different species present in the solution. Furthermore, they
showed that the partial current density of CO (jco) had a first-
order dependence with the partial pressure of CO, verifying
that the source of carbon is the dissolved CO, in the solution
and not the carbamate itself. In cases, where they did not see a
linear increase of joo with decreasing pH, they discussed the
possibility of the different amines having different activity
towar