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The electrochemical CO, reduction reaction (eCO,RR) has been regarded as a promising means to store
renewable electricity in the form of value-added chemicals or fuels. However, most of the present
eCO,RR studies focus on the conversion of pure CO,. The CO, valorisation chain — from CO, capture
to the eCO,RR - requires significant energy and capital inputs in each of the capture, purification,
conversion, and product separation steps. The integration of upstream CO, capture and downstream
electrochemical conversion by direct electrolysis of capture media, such as amine and carbonate salts,
offers a potential solution to energy- and cost-efficient utilisation of CO,. In this perspective, we first
summarise the present advances in the direct eCO,RR from CO,-capture media. We then focus on
potential development directions of materials and systems that boost the process to a phase of high
selectivity towards valuable products (e.g., syngas, ethylene, and ethanol). We conclude by highlighting
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Introduction

The renewable energy-driven electrochemical CO, reduction
reaction (eCO,RR) towards value-added feedstocks and fuels is
a promising solution to develop carbon-neutral energy supply
and distribution systems. The considerable recent growth of
this field is not only driven by the continuously falling price of
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renewable electricity, but also the fact that the eCO,RR
processes are on the path towards commercially relevant levels."
However, most of the present eCO,RR studies are based on pure
CO, as a feedstock while little attention has been paid to the
entire CO, valorisation process.

In the context of CO, utilisation that is aimed at carbon
emission reduction, CO, has to be firstly captured using carbon-
capture technologies from various CO, sources, such as point
sources (e.g., flue gas from a coal-fired power plant), air and
> Commercially relevant amine-based carbon-
capture processes require heat to drive the regeneration of
CO, from the capture media, which is the most costly step in the
whole process chain: a typical amine scrubbing process costs
around US$50 to $150 per tonne of CO, captured, with over 60%
of the cost associated with the regeneration and compression
steps.”” Meanwhile, the heat for such capture solution regen-
eration usually comes from fossil fuels, inevitably bringing extra
carbon emissions, which is against the scheme of a carbon
neutral future.

Process intensification that integrates CO, capture and uti-
lisation has shown potential to reduce the costs associated with
separated carbon capture, storage and utilisation.® Value-added
chemical production, such as production of organic carbonates,
has been demonstrated in integrated CO, capture from power
stations, combustion or flue gas, followed directly by chemical
CO, conversion.”™ Electricity-driven electrochemical CO,
conversion enables the employment of electrical energy -
potentially from renewable sources - instead of thermal energy
to regenerate and subsequently convert CO, from capture
media. This also allows the captured CO, to be converted in situ

oceanwater.

J. Mater. Chem. A, 2021, 9, 18785-18792 | 18785


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ta02751d&domain=pdf&date_stamp=2021-09-11
http://orcid.org/0000-0003-3079-6225
http://orcid.org/0000-0003-1531-2966
https://doi.org/10.1039/d1ta02751d
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA009035

Published on 20 1400. Downloaded on 10/03/1403 05:36:28 ..

Journal of Materials Chemistry A

to value-added products (e.g., syngas). This reaction pathway
offers a promising solution to simplify the entire CO, valor-
isation chain and reduce the overall energy requirements and
costs of the CO, utilisation process.'”

To date, CO, capture and electrochemical conversion are
mostly studied independently with only a few attempts at
integrated CO, capture and conversion. This perspective
summarises recent key studies regarding the integration of CO,
capture and eCO,RR, and, on this basis, proposes a series of
potential design principles and strategies for future develop-
ment of such integrated CO, utilisation techniques. The
perspective further discusses several techno-economic concepts
that could serve as guidelines for future scale-up and concludes
with major challenges and opportunities in this emerging field
of research.

Materials and systems for CO,-
capture-medium reduction
CO, capture
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Perspective

polymer membranes to organic and inorganic liquid adsor-
bents,* and the mostly widely used ones are amine-based and
alkaline absorption solvents, the focus of this perspective.

Amine-based CO, capture is the most mature and commonly
used capture means for industrial CO, sources.® It usually
consists of two steps (Fig. 1): the amine first reacts chemically
with CO, to form carbamate via reaction (1); in the subsequent
stage, the carbamate is regenerated by heating at approximately
100-120 °C.*

2RNHy(,q) + COsy — RNHCOO(q + RNHaug™ (1)

For a typical chemical absorption based direct air capture
process, CO, in the atmosphere is captured by a hydroxide
solution to form carbonate and/or bicarbonate via reactions (2)
and (3), and then regenerated from CaCO; through the high-
temperature calcination step (>900 °C).*** This pathway
requires carbonate salt palletisation, calcination, and
compression to produce pressurised CO, (Fig. 1).

The use of CO, capture solvents as electrolytes, as high as COs) + 2KOHag) = K2CO30q) + H2Oq) (2)
several molar in concentration, circumvents the mass transfer
. . . COy(g) + KyCO3,q) + HO 2KHCOg, 3
limit of CO, that would otherwise be encountered in aqueous 22 23 o = 3aq) 3)
electrolytes where the CO, solubility is typically around
30 mM." There are various choices of CO, capture media, from
N Gaa
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Fig.1 Simplified process flow diagrams for direct capture media electrolysis and gaseous conventional CO, electrolysis pathway. The blue line
indicates the integration utilisation pathway; the orange line indicates the traditional CO, utilisation pathway.
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Amine based CO, conversion

In 2017, Chen et al. reported electrochemical CO, conversion
using a range of electrodeposited metallic electrodes (e.g., Pb,
Cu, In; Fig. 2a—c) in a CO, saturated 30% (w/w) monoethanol-
amine (MEA) aqueous solution.’® Compared with the smooth
counterpart, the porous electrode showed improved CO,RR
selectivity, which the authors attributed to an increase of local
pH and thus suppression of the competing hydrogen evolution
reaction (HER) caused by the consumption of protons inside the
pores. The authors further found a drastic improvement of
CO,RR selectivity when a surfactant, cetyltrimethylammonium
bromide (CTAB), was added into the reaction medium (Fig. 2d),
and ascribed this enhancement to the adsorption of CTAB to
inhibit the HER.

In this work, the authors argued - based on the control
experiments where using MEA aqueous solution without free
molecular CO, resulted in H, as the dominant product - that
the CO and formate came from dissolved CO, in MEA solution
instead of carbamate.

Very recently, Goetheer et al. studied an integration platform
of CO, capture media electrolysis system using a mixture of 2-
amino-2-methyl-1-propanol (AMP) and propylene carbonate
(PC) solution as the electrolyte.”” The direct electrolysis of
captured CO, in this mixed medium produced various prod-
ucts, such as formate, glycolate, oxalate, and CO, with a formate
faradaic efficiency (FE) up to 50%. Increasing the temperature
from 20 to 75 °C steered selectivity to CO with an FE up to 45%.
The authors believed that carbamate/bicarbonate species were
not themselves directly reduced; instead, with increasing
temperature, it was the desorbed CO, from the carbamate
species that underwent electrochemical reduction.

View Article Online

Journal of Materials Chemistry A

Kratz et al. evaluated several commercially available amine
compounds including MEA, ethylenediamine (EDA), and
decylamine (DCA) on glassy carbon and Cu electrodes, and
found that EDA, owing to its dual capturing sites, showed the
best efficiency compared with the others. The authors discov-
ered that the carbamate electrolysis towards CO was signifi-
cantly improved when using Cu as the catalyst material, with
a FE of 58% in EDA. In comparison, the CO FE was 2.3% on
glassy carbon. Cu also significantly improved the current
density up to 18.4 mA cm > (vs. 0.63 mA cm > on glassy carbon)
at —0.76 V vs. the reversible hydrogen electrode (RHE)."®

One challenge for direct carbamate reduction is that the
electrostatic repulsion between the negatively charged carba-
mate and negative potential imposed on the cathode makes it
difficult for the carbamate to approach the electrode for the
reduction to take place. To address this, Sargent and co-workers
tailored the electrochemical double layer so that the chem-
isorbed CO, in the form of carbamate can be directly reduced.
With the aid of an alkali cation and accelerated mass transport
by further system design (temperature and concentration), they
demonstrated a direct carbamate conversion to CO with an FE
of 72% at 50 mA cm ™ >.*

(Bi)carbonate-based CO, conversion

The direct utilisation of bicarbonate (HCO; ) or carbonate
(CO3>7) as a source of carbon is compelling as they are the
major carbon species in commonly used neutral and weak basic
solutions with a saturated concentration (e.g., 3.3 M for KHCO3)
an order of magnitude higher than that of dissolved CO,,
offering a much higher achievable reduction current. Ocean-
water, which accounts for absorption of ~40% of anthropogenic

= | 0

Smooth In Smooth In +CTAB Porous In Porous In + CTAB

Fig. 2 (a—c) Scanning electron microscopy (SEM) images of the porous structure Pb, Cu, and In electrodes. (d) Faradaic efficiency of CO and
formate on In electrodes. Reprinted from ref. 16 with permission. Copyright 2017 Wiley-VCH.
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CO, since the industrial revolution, can potentially be the tank
of such carbon sources as the current oceanwater CO, capture
relies on the CO,/bicarbonate equilibrium.?*>

Direct bicarbonate electroreduction dates back to 1983 when
Hori reported an H-cell architecture with a Hg electrode that
produced formate from the reduction of a 1.0 M NaHCO;
solution without a CO, feed but at a small partial current
density (<1 mA cm™?).>* In 2015, Kanan and co-workers reported
that a Pd catalyst in an H-cell was able to reduce 2.8 M KHCO;
into formate at a current density of 3.2 mA cm™2.%° These early
studies showed the feasibility of direct electrochemical reduc-
tion of bicarbonate, but they are limited by low current density
and product selectivity (only formate reported).

In 2019, Berlinguette and colleagues introduced a flow cell
system that converted a model carbon-capture solution (3 M
KHCO;) into CO. Using a bipolar membrane (BPM) as the ion-
exchange membrane, a high H' flux is transported from the
anode side to the cathode side, where HCO;™ reacts with these
protons to generate local high-concentration CO, at the catalyst/
electrolyte interface. The product observed other than formate
was CO, with FEs of 81% at 25 mA cm ™~ and 37% at 100 mA
ecm 2. This product selectivity is reasonable as Ag, which
favours production of CO in the eCO,RR, was used as the
electrode material and the species that was reduced on the
electrode was essentially CO, instead of bicarbonate anions.

The same group further used a free-standing porous Ag
electrode to improve the selectivity and stability of the conver-
sion.?® The FE of CO reached 78% at 100 mA cm 2, and the
performance loss after 80 hours of operation was less than 3%.
These performances obtained in bicarbonate electrolysis were
comparable to the CO,-fed CO,RR in gas-diffusion-based flow
cells. It was believed that the performance improvement came
from innovations in electrode materials. First, the addition of
Ag nanowires significantly increased the electrochemical
surface area (ECSA) of the Ag electrode and increased the
abundance of exposed corner and edge active sites that promote
chemisorption of both reactants and key intermediates. Addi-
tionally, the high length-to-diameter ratio, afforded by nanowire
decoration, provided excess pores and channels for the trans-
port of CO, and electrolyte that resulted in a faster reaction rate.
In the same year, they reported that a similar flow cell system
with a bismuth-coated carbon (Bi/C) cathode produced formate
with a FE of 64% at a current density of 100 mA cm ™2, which was
also comparable with CO,-fed electrolysers.*

To reduce device voltage and thereby energy input, the
hydrogen oxidation reaction was used to replace the oxygen
evolution reaction (OER) at the anode.”” As a result, the elec-
trolysis of bicarbonate to CO reached a commercially relevant
current density of 500 mA cm > at a full-cell voltage of 2.2 V. In
comparison, the full-cell voltage of a similar cell configuration
that operates the OER and bicarbonate reduction was 4.4 V to
maintain a current density of 100 mA cm ™2,

It is worth noting that, in a typical alkaline CO, absorption
system, CO, is converted to carbonate. A further reaction step is
required to convert it to bicarbonate, requiring additional
energy.”® Thus, it is more valuable for direct carbonate elec-
trolysis. On this front, the Sargent group reported a similar BPM
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strategy to locally generate CO, from carbonate for the
production of syngas.?® Syngas (3 : 1 H, : CO ratio) was gener-
ated at a current density of 150 mA cm™~? with an energy effi-
ciency of 35%, achieving 100% carbon utilisation across the
system. The carbonate-to-syngas system operated stably for
145 h.

Future directions and considerations
Catalytic materials design

One of the greatest challenges in carbamate electrolysis is to
break the C-N bond in carbamate to achieve a high local CO,
concentration or to facilitate the direct carbamate electrolysis.
Ongoing experiences in catalyst design and mechanistic studies
aimed at lowering the regeneration energy based on the current
thermal regeneration mode can be borrowed into the carbamate
electrolysis. For example, solid acid catalysts (e.g., ZrO, and
Ag,0/Ag,CO3) have been intensively investigated, which
potentially reduce the CO,-amine regeneration energy require-
ment, as the acidic site facilitates weakening of the C-N bond.
The metal atom (Lewis acid) and protons (Brensted acid) can
attach to the carbamate to grab its lone pair of electrons,
subsequently changing the configuration of N atoms from sp”
to sp® and weakening the C-N bond by stretching. As the C-N
bond in carbamate is weakened, it could be broken with less
energy and CO, can be released more easily.>>*!

Presently, direct capture media electrolysis products are
limited to C; products (i.e., CO and formate; Table 1). Progress
on the transformation of CO, into multicarbon (C,.) products
has been sought after. However, the challenges are obvious: the
formation of C,, products from the eCO,RR relies on the
formation of the C-C bond.*> Cu provides excellent C-C
coupling ability and produces C,, chemicals in gas-fed eCO,RR
systems.** However, there is currently no report with appre-
ciable selectivity towards C,. products from direct electrolysis of
carbamate or (bi)carbonate. On the other side, even in the gas-
fed eCO,RR, the long-term stability of Cu electrodes faces
considerable challenges. This presents a conundrum in the
presence of corrosive amines in carbamate electrolysis. The
strategies to suppress the corrosion of electrocatalysts could be
potential solutions to achieve activity and stability of the Cu
electrode.’**

Recently, supported organometallics, metal-organic frame-
works (MOFs), and single-atom catalysts are starting to show
promising rates in the eCO,RR.*® Also, high FE towards C,.
products at high current density (>200 mA cm™?) was reported
in neutral electrolytes through molecular tuning on heteroge-
neous electrocatalysts.?” These novel catalyst design means may
be a promising solution to achieve C,, product formation in the
capture medium reduction systems.

Mechanisms underpinning the capture medium electrolysis
are still unclear, and the lack of such mechanistic guidelines
retards the development of effective catalyst materials. An in-
depth understanding of the dynamic environment (catalyti-
cally active site, diffusion and adsorption of reactants, identity
of intermediates, and desorption of products) at the catalyst
surface by in situ studies are desirable. In situ/operando

This journal is © The Royal Society of Chemistry 2021
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Table 1 Summary of progress of direct eCO,RR from CO, capture media

J

Materials Reaction media Applied potential Products FE (%) (mA cm™?) Ref.
Porous In 30% (w/w) MEA aqueous solution —0.8 Vvs. RHE Cco 22.8 n.a. 16

containing 0.1% (w/w) of CTAB HCOO™ 54.5
Porous Bi HCOO™ 36
Porous Pb HCOO™ 60.8
Porous Ag co 38.2
Pb coil 2 M 2-amino-2-methyl-1-propanol and —2.5 Vvs. Ag/AgCl HCOO™ 50 25 17

0.7 M tetraethylammonium chloride in

propylene carbonate solution
Au foil 1 M 2-amino-2-methyl-1-propanol and —1.6 Vvs. Ag/AgCl Cco 45 10

0.7 M tetraethylammonium chloride in

propylene carbonate solution
Glassy carbon Pure EDA —0.76 V vs. RHE Cco 2.3 0.63 18
Cu Pure EDA —0.76 Vvs. RHE CcOo 58 18.4
Ag nanoparticle 30 wt% MEA and 2 M KCl ~—0.75 Vvs. RHE Cco 72 50 19
Hg 1 M NaHCO, n.a. HCOO™ n.a. <1t 24
Pd 2.8 M KHCO,3 —0.35 Vvs. RHE HCOO™ 88 3.45” 25
Ag 3 M KHCO; -3.5 V¢ CcO 37 100 12
Porous Ag 3 M KHCO; —3.5+0.1V* co 78 100 26
Bi on carbon 3 M KHCO; -4 V¢ HCOO™ 64 100 15
Ag foam 3 M KHCO; —-2.2 V¢ cO 15 500 27
Ag 1 M K,CO; —3 V¢ Cco 28 100 29

“ Full-cell potential. * Partial current density.

spectroscopies (e.g., operando X-ray absorption spectroscopy
and operando Raman spectroscopy) coupled with computa-
tional modelling may provide powerful toolkits. Such efforts of
fundamental mechanistic studies would guide the design of
novel catalysts and optimise reaction conditions.

Electrode structure design

The direct capture medium electrolysis system is different from
the gas-fed electrolysers. In the gas-fed system, the formation of
a three-phase interface (CO,/catalyst/electrolyte) at the gas-
diffusion electrode (GDE) is critical to achieve high reactivity

catalyst layer

microporous layer

ionically conductive 3§

and stability. However, in the capture medium electrolysis, CO,
comes from the liquid phase rather than the gas phase and thus
a gas-diffusion layer (GDL) that facilitates CO, transport is not
a necessity. Therefore, optimisation for gas-fed flow cell systems
may not be transferrable to the design of electrode structures
for capture medium electrolysis.

Berlinguette and colleagues found that the hydrophobic GDL
components (Fig. 3) decreased in situ CO, generation from
bicarbonate and thus reduced the formation of CO.** This
observation suggests that GDL used in liquid-fed electrolysers is
expected to efficiently transport the liquid-phase streams,
which is opposite to the hydrophobic requirement in gas-fed

membrane

ionomer =>4

hydrophobic
Ag —>
electrocatalyst
- <«— macroporous layer
macroporous layer 3 conductive
CO + 20H:- g
CO,+H,0 ;

microporous layer (MPL)

calafystiayer hydrophobic & conductive

Fig. 3 Cross-sectional SEM micrograph and schematic diagram of a GDE. Reprinted from ref. 38 with permission. Copyright 2020 American

Chemical Society.
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CO, electrolysers to prevent excessive accumulation of liquid (so
called ‘flooding’). New strategies in tailoring electrocatalyst
distribution, hydrophobicity, and ion transport characteristics
of the GDEs are desired to achieve a long stability and efficient
conversion for the direct capture medium electrolysis.

Considerations in the reaction environment

There is a large family of CO,-capture media, especially the
amine-based ones.** Amine design or using a mixed amine
system as the electrolyte could be another solution to accelerate
breaking the C-N bond. Several factors should be taken into
account along this research path. An increase in the number
and bulkiness of the substituent in amines tends to lower
regeneration energy as the C-N bond becomes weaker, but this
comes at the expense of lower absorption rate.** Meanwhile,
different from aqueous electrolytes, amines normally have
a high viscosity. Using amines with high concentration or high
viscosity as electrolytes for direct electrolysis may lead to
a decrease in reaction rate and efficiency due to mass transfer
limitations.*

Trace impurities, such as SO, and NO,, are common in point
source emissions.** The influence of these impurities should be
considered carefully. Jiao et al. studied the impact of SO, and
various NO, (including NO, NO,, and N,O) on CO, electrolysis
with various catalysts in gas-fed flow cells.**** Their results
indicated that the presence of SO, and NO, reduces the effi-
ciency of CO, electrolysis due to the preferential reduction of
these impurities. In the case of Ag and Sn, the effect of the SO,
impurity is reversible. In contrast, a selectivity shift to formate
was observed on the Cu catalyst with the suppression of C,.
products, indicating that Cu is highly sensitive to SO, impuri-
ties. The impact of NO, impurities is reversible. It is expected
that the challenges of these impurities, especially SO,, are
present in the direct electrolysis of carbon capture media and
thus a pre-electrolysis purification is possibly a necessity. The
CO, obtained from direct air capture technology may be more
suitable as the CO, sources are cleaner than fossil sources.****

As discussed in the preceding section, it is challenging for
the negatively charged carbamate and (bi)carbonate to
approach the cathode due to electrostatic repulsion. Tuning ion
species in the electrical double layer" or using alternative
amines hold promise to overcome this fundamental challenge.

Considerations in techno-economics

A techno-economic assessment is useful to establish perfor-
mance targets and offers guidance for future technology
development. Compared with the existing, separated process of
CO, capture and electrochemical conversion means, direct
electrolysis has considerable advantages. Besides bypassing the
costly capture media regeneration and gas compression steps,
another significant advantage of the direct electrolysis in
improving economic viability is that it reduces capital and
maintenance costs of the overall CO, capture and utilisation
process. Taking the typical amine absorption process as an
example, the current process (Fig. 1) requires a two-section
process including an amine absorption and a stripping tower

18790 | J Mater. Chem. A, 2021, 9, 18785-18792
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while the direct electrolysis does not require the stripping
process. This has potential to reduce the capital and equipment
maintenance costs associated with the stripping process. Jens
et al. reported an assessment of cost-saving by integrating CO,
capture with utilisation and concluded that, with a feed
upstream containing >30 mol% CO,, 46% savings in energy
demand can be achieved compared to a process without inte-
gration.*® Gao et al. found that, although the higher operating
voltages of the integrated electrolysis system cause higher
energy and operating expenses than those for the gas-fed
alternative, it reduces significantly the capital costs since
several units, such as the stripper, are no longer required.*®

The eCO,RR generates a number of possible products;
aiming at the most economically viable products would bring
advantage to improve the market competitiveness. A techno-
economic assessment showed that, under the current gas-fed
eCO,RR conditions, CO and formic acid are the most
economically viable products with the net present values (NPVs)
of US$13.5 million and US$39.4 million, respectively.*” Both
products have been reported by the current direct capture
medium process. Among the products, syngas (a mixture of CO
and H,), as a valuable intermediate used for manufacture of
chemicals and fuels with a considerable global market size,
should be highlighted as one of the most feasible targets for the
direct capture medium electrolysis.”* One advantage of the
direct capture medium electrolysis over the gas-fed eCO,RR
process is that the single-pass conversion efficiency could be
much higher (if not 100% due to the small amount of unreacted
CO, locally generated) as the gaseous product would not be
otherwise diluted by the large amount of unreacted CO,.

A complete energy and economic analysis are favoured to
look at the entire CO, capture and valorisation chain. This may
start from different sources of CO,, each step in the valorisation
process, and the end product applications, market size, and
energy supply systems involved.

Conclusion and outlook

The attempts of direct electrolysis of carbon capture media have
made some considerable progress. Industrial-level current
densities (=100 mA cm ?) have been achieved through
advances in materials and system design (Table 1). Besides, the
direct (bi)carbonate electrolysis offers a promising way to solve
the ‘carbonate formation’ issue which troubles the low-
temperature gaseous CO, electrolysis in neutral and alkaline
electrolytes.*

Despite these recent advances, the direct electrolysis of both
carbamate and (bi)carbonate is limited by low CO, availability
at the interface of electrode/electrolyte. Further advances
towards one-step reduction require strategies to ease the
cleavage of the C-N bond and to increase the accessibility of
negatively charged carbon-containing species. Physical chem-
istry characterisation of bond formation and cleavage and the
adsorption and desorption on the electrode surface may shed
light on mechanisms underpinning new materials design
strategies. Additionally, the corrosive nature of amines to
metals, the most widely used electrode materials for

This journal is © The Royal Society of Chemistry 2021
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electrocatalysis, presents a potential challenge in maintaining
electrolyser lifetime and catalyst stability. The evaluation of the
impact of such corrosion on the durability and robustness of
systems should be taken into consideration.

To summarise, previous studies have proven the feasibility of
direct electrolysis and show considerable economic benefits
relative to a separated CO, valorisation system. Further
advances in targeted strategies for catalyst materials, electro-
lyser and system designs, and mechanistic understanding, are
warranted.
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