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The electrochemical reduction of CO, to produce fuels and value-added organic chemicals is of great
potential, providing a mechanism to convert and store renewable energy within a carbon-neutral energy
circle. Currently the majority of studies report C; products such as carbon monoxide and formate as the

major CO, reduction products. A particularly challenging goal within CO, electrochemical reduction is
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viable value chain. This review summaries recent development across electro-, photoelectro- and
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1. Introduction

The concentration of CO, in the atmosphere has hit its highest
level in history, reaching over 420 ppm in 2021." It is widely
accepted that the greenhouse effect caused by CO, accumula-
tion is the main reason for global warming and climate change,
which is threatening sustainable life on earth. Carbon Capture
and Utilization (CCU) is one way to deal with the ever-increasing
CO, concentration in the atmosphere. Electrochemical CO,
reduction (ECO,R), utilizing renewable energy resources is
potentially an efficient process to convert the waste CO,,
captured from the atmosphere and/or industrial processes.
ECO,R has an added advantage in its use as “energy storage”
technology, where intermittent renewable energy is utilized to
store electrons in high energy density chemical bonds.>™ At
present, ECO,R conversion to C; is well established, however,
there are several challenges for the ECO,R process to scale-up at
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industrial scale i.e. process energy efficiency, product selectivity
and inaccessibility to multi-carbon (C,,) products from the
reaction. Indeed, multi-carbon (C,,) products from ECO,R are
attractive from the industrial application point of view due to
their higher energy density, well-established chemistry and
available infrastructure for processing and transportation.>™*
The reduction of CO, to stable C,, species is extremely
challenging, for example, for C, compounds such as C,H, and
C,H;0H, 12-electrons need to be transferred to the reaction
centre, whilst for C; compounds such as C;H;OH 18 electrons
are transferred.>® To date two main strategies have been used to
achieve C,, products. Firstly, the discovery and design of
a single electrocatalyst able to convert CO, to C,, at a low
overpotential has been targeted. However, the large number of
proton and electron transfers required leads to complex,
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Fig.1 Product faradaic efficiency (FE) vs. potential at —5 mA cm™2 on

a Cu electrode in 0.1 M KHCOs. The vertical lines show the standard
thermodynamic potentials.** Reproduced from ref. 11 with permission
from Elsevier, copyright 2016.
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multiple reaction pathways being accessible and the similarity
of the equilibrium potentials for many products (e.g. C,Hy,,
C,H50H, and C3;H,OH are ~0.1 V vs. RHE, Fig. 1) makes the
generation of a wide product distribution likely in the absence
of a highly selective catalyst.”® The difficulty of generating
a single catalytic centre, or several centres within a single
material, which have optimized binding energies for the wide-
range of intermediates to be formed is clearly extremely chal-
lenging and to date this, coupled to the low aqueous solubility
of CO,, has typically led to low partial current densities and
selectivities for C,, production. An alternative strategy is to
separate the overall reduction of CO, to products into two
separate steps: (i) initial reduction of CO, electrochemically to
C; compounds (CO), and (ii) reduction of C; products into C,,
C; and higher carbon-containing liquid fuels.” By focusing on
the further reduction of C; compounds, the demands on the
catalyst can be reduced with a lower number of intermediates as
compared to the reduction of CO, as starting reactant.
Furthermore, CO is found to be an intermediate”™ in the
reduction of CO, to fuels and other useful chemicals, which
makes this method more attractive.

From a mechanistic point of view, it is well known that during
the ECO,R, once CO, is activated, CO is formed on the electrode
surface and the rate-determining step for the ECO,R is a reaction
involving adsorbed *CO."** Also, adsorbed intermediates such
as HCOO* (ref. 7 and 13) and COOH* (ref. 14 and 15) have been
identified experimentally and validated from theoretical calcu-
lations. Although computational simulations of electrochemical
systems are exceptionally challenging,' various types of model
approximations have been developed to theoretically investigate
the electrode-electrolyte interface: (i) the hydrogen electrode
model,"” and (ii) the water solvated and shuttling model."®

Among many of the metallic electrocatalysts tested, only Cu
based electrocatalysts are proven to show electrocatalytic activity
for either CO, or CO reduction to produce hydrocarbons at
reasonable FEs and oxygenates with a reasonable selectively
however at the cost of a high overpotential."*** This is a devel-
oping field with promising strategies revolving around Cu based
structures with low coordinated active sites generated by engi-
neered defects, tuned oxidation states and modified electronic
structures with the addition of binary/ternary metallic structures.

In this review, after only briefly summarizing the state-of-the-
art in the development of Cu based electrodes for the generation
of C,, products by ECO,R, we focus instead on strategies
beyond Cu electrode design. A summary of the current state of
the art of alternative approaches to metal electrodes; such as the
use molecular electrocatalysts and bio-electrochemical
approaches for the synthesis of hydrocarbons from ECO,R are
reported. We then present the recent developments, and critical
role, that electrochemical reactor design and electrolyte engi-
neering (e.g. through the use of novel ionic liquids) can have in
controlling activity towards C,, production formation. Finally,
the challenges and strategies of developing advanced catalysts,
mechanistic understanding and reactors design are proposed to
guide the future R&D of ECO,R.
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2. Electrocatalysts for C,, products
2.1 Metals/metal oxide electrocatalysts

2.1.1 Cu - the incomparable role in C-C coupling. There
are multiple recent review articles*** that focus on the design
and structuring of metallic, particularly Cu, electrodes for the
production of C,, hydrocarbons or oxygenates from ECO,R. The
important step for C,. products is the C-C coupling, which
dependences with the overpotential is still in debate but
certainly it is linked to the pH.**"** While experimental trends
and DFT results showed that C-C coupling takes place at lower
potentials than CHO* hydrogenations on Cu, the entire reaction
mechanisms are still under debate as experimental observa-
tions attributed the C-C formation to the Eley-Rideal mecha-
nism between two CO species.>**’

Cu with the specific electron configuration in d sub-shell is
able to activate CO, with more than two pairs of the proton-
electron transfer. Of the transition metals Cu is the only
elemental metal reported to catalyse ECO,R to multi-carbon
products. Research from Kuhl et al.*® observed 16 types of
carbonaceous products, i.e., 4 Cq, 6 C,, and 5 Cz, from ECO,R
catalysed by polycrystalline Cu in CO,-saturated 0.1 M KHCOs.
Among the C,, products, only C,H, and C,H;OH produced with
higher than 10% FE. Table 1 summarizes works that produce
C,. products from ECO,R using heterogeneous electrocatalysts
including metal (or metal-oxide) and carbon materials. Gener-
ally, C,H, and C,H;OH have been achieved with higher selec-
tivity than other C,; products. The highest FEs reported so far
are 87% (ref. 39) (C,H,) and 93.2% (ref. 40) (C,H5OH), indi-
cating the greatest potential for further development and
application. Thus, it appears promising to try to enhance the
selectivity of these two valuable C, products by modification of
Cu catalyst. This has been approached by the following four
ways.

Altering the lattice/crystal structure of Cu. A facet-dependent
activity for CO, electroreduction toward C,. products has
been demonstrated.*>** Hori et al.** in 2002 used a series of
single-crystal Cu electrodes to investigate the effect of the crystal
structure of the Cu electrode on ECO,R performance. The
results demonstrated the dependence of product selectivity on
the Cu crystal structure: Cu(111) typically generates CH,4, while
Cu(100) gives preference to C,. products, often C,H,. These
experimental results can be rationalised by the relative stability
of CO on different Cu surfaces. CO dimerization is an important
route to C-C bond formation**** and it has been found that the
formation of absorbed CO dimer occurs more easily, and is
most stable, on the square arrangement of 4 surface atoms, i.e.,
the (100) crystal plane.*® In 2003 Hori et al.*’ tested a Cu elec-
trode with a mixed crystal surface, which was Cu[4(100) x (111)]
composed of 4 atomic rows of (100) terraces and one atomic
height of the (111) step. It was shown to be an effective material
for C,H, formation (the FE reached up to 50% with a C,H,/CH,
ratio around 13.5), indicating that the stepped surface mixed
with (100) and (111) is more favourable for ethylene formation.
Therefore, synthesis of Cu nanoparticles with high Cu(100)
exposure serves as a guideline for designing a catalyst towards

This journal is © The Royal Society of Chemistry 2021
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Applied C=, FEs (%)
potential Current
Catalyst/cathode (Vs density (mA Other
material RHE) cm™?) Electrolyte C,H, C,H;0H C,Hs CH;COOH C3H,OH C3;H;0H C,, Ref.
Altering the lattice/ Polycrystalline Cu  —1.0 5 0.1 M 30.1 6.9 N.G. N.G. 3.0 N.G. N.G. 51
crystal structure of KHCO;
Cu Polycrystalline Cu  —1.05 ~6.2 0.1 M 26.0 9.8 N.G. 0.3 2.3 1.1 0.28 38
KHCO, (C,H,0,)
0.33 (C,H,0)
0.12
(C,H60,)
0.08 (C;He0)
Cu(100) N.G. 5 0.1 M 40.7 12.8 N.G. 2.5 1.6 0.7 1.0 (C,H,0) 43
KHCO, 1.2 (C5Hg0)
Cu(111) N.G. 5 0.1 M 8.8 5.3 N.G. 1.1 <0.05 <0.05 2.6 (C,H,0) 43
KHCO;
Cu(S)4(100) x N.G. 5 01M 50.0 7.4 N.G. 0.9 4.6 2.2 1.2 (C,H,0) 47
(111)] KHCO, 5.2 (C3H4O)
Enhancing the Cu NPs surface -1.1 N.G. 0.1 M 35.5 N.G. <0.5 N.G N.G. N.G. N.G. 52
surface roughness KClO,
of Cu Electro-deposited  —1.3 N.G. 0.1 M 33.3 N.G. <0.5 N.G. N.G. N.G. N.G. 53
Cu KHCO;
Ex situ electro- -1.3 N.G. 0.1 M 11 N.G. 2.1 N.G. N.G. N.G. N.G. 54
deposited Cu KHCO;
Cu nanofoam -1.1 N.G. 0.1 M 1.4 N.G. 1.2 N.G. N.G. N.G. 0.13 (C3Hg) 55
KHCO;
15 nm Cu NPs -1.1 22 0.1 M 3 N.G. N.G. N.G. N.G. N.G. N.G. 56
KHCO;
Cu nano-flower -1.3 ~18 0.1 M 19 N.G. N.G. N.G. N.G. N.G. N.G. 57
KHCO;
44 nm Cu nano- -1.1 N.G. 0.1 M 41 4 N.G. N.G. 3 <0.1 2 (C,H,0) 58
cube KHCO;
Glycine treated Cu  —1.3 N.G. 0.1 M 12.7 N.G. 21.1 N.G. N.G N.G. 0.3 (C3Hs) 59
nano-wire KHCO;
Cu inverse opal-6 —0.81 ~15 0.1 M 29.2 9.32 N.G. 0.36 3.35 N.G. 1 (C,H,0,) 60
layers KHCO; 0.12
(C,H,0,)
0.13
(C,H;0,)
O, plasma-modified —0.9 ~30 0.1 M 29 12 N.G. N.G. N.G. N.G. N.G. 61
Cu dendrites KHCO;
Oxide-derived Cu [100] Cu,O film -1.1 N.G. 0.1 M 21.5 N.G. 1.5 N.G. N.G. N.G. N.G. 62
catalysts KHCO;
Oxygen-evacuated —1.2 N.G. 0.5M 25 N.G. N.G. N.G. N.G. N.G. N.G. 63
Cu,O KHCO,
0.9 pm Cu,O film  —0.99 25 0.1 M 40.3 8.66 0.04 N.G. N.G. N.G. N.G. 64
KHCO,
OH-mediated Cu —0.54 225 10 MKOH 66 11 N.G. 7 N.G. N.G. N.G. 65
NPs
OH-mediated Cu —0.79 ~300 0.5 M 45.6 17.4 N.G. 2.5 4.5 N.G. N.G. 66
NPs KHCO,
Alloying and Au NPs covered —-1.05 28.08 0.1 M 38.7 22.6 N.G. 0.85 6.83 N.G. 1.10 (C,H40) 67
compositing Cu Cu,O KHCO;
with other Phase-blended Ag- —1.20 ~2.5 0.1 M 9.5 34.15 0.1 N.G. N.G. N.G. 5.65 68
components Cu,O KHCO; (CH;COOH
+ C,H,0)
Ag-saturated -1.0 N.G. 0.05 M 42 12,5 N.G. 2 6 2.5 1(C,H,0) 69
Cu(100) + Ag surface Cs,CO; 2.5 (C3HgO)
alloy
CuSn alloy —-0.8 225 1M KOH 56.7 22.9 N.G. 4.7 0 N.G. N.G. 70
Bimetallic Ag/Cu —0.67 250 1MKOH 35 41 N.G. 6 N.G. N.G. N.G. 71
N-Doped graphene —1.2  N.G. 01M N.G. 63 N.G. N.G. N.G. NG. NG 72
supported Cu NPs KHCO;
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Table 1 (Contd.)
Applied C=, FEs (%)
potential Current

Catalyst/cathode (Vs density (mA Other

material RHE) cm?) Electrolyte C,H, C,H;OH C,Hs CH;COOH C3;H,OH C3;Hs0H C,, Ref.
Organics-modified Pyridinic-N rich —0.9 N.G. 0.5 M 19 N.G. <2 N.G. N.G. N.G. N.G. 73
Cu graphene supported KHCO;

Cu NPs (7 nm)

Cu-N-C —-1.2 16.2 0.1 M 0 43 N.G. N.G. N.G. N.G. N.G. 74

CsHCO;

Polycrystalline Cu  —1.1 1.02 0.1 M 40.5 30.6 N.G. N.G. 7.1 N.G. N.G. 75

with N-substituted KHCO;

pyridinium
Catalysts besides Cu N-Doped —1.0 ~6.5 0.5 M N.G. N.G. N.G. 77.6 N.G. N.G. N.G. 76

nanodiamond/Si NaHCO;

rod array

N-Doped —0.56 0.5 0.1 M N.G. 77 N.G. N.G. N.G. N.G. N.G. 77

mesoporous carbon KHCO;

Pd-multiwalled 4V (cell ~5.3 0.8 M N.G. N.G N.G. 38.7 N.G. N.G. N.G. 78

carbon nanotubes voltage) KHCO;
“ RHE, reversible hydrogen electrode; FEs, faradaic efficiencies; N.G., not given.

C,.+ products.*® Cu cubes dominated by Cu(100) catalysed CO,-
to-C,H, with a FE of 57% at a moderate potential of —0.65 V
versus RHE. By contrast, Cu octahedrons with Cu(111) terraces
reached a selectivity for CH,.** Sargent et al. developed Cu(100)-
rich Cu nanoparticles which showed a strong adsorption
capability to intermediates, such an electrode achieved nearly
90% FE for C, products.*” A recent calculation work demon-
strated that increasing CO coverage on the Cu(111) surface
decreased the C-C coupling energy, favouring to C, products,
especially ethanol.*

Enhancing the surface roughness of Cu. Roughened Cu elec-
trodes have a high density of exposed surface grain boundaries,
such as steps, edges, and defects. These grain boundaries are
commonly considered as the active sites for ECO,R.”*®** Wang
et al. utilized a facile molten salt decomposition method to
prepare a nanostructured Cu@Cu,(OH);NO; electrode. Cuy(-
OH);NO; is converted into metallic Cu during CO, electro-
reduction, leaving abundant defects on the dendritic rough
surface. Benefiting from the highly rough surface, this electrode
achieved a high selectivity for C,H, production with a FE of
31.80%.** The concave octahedral Cu,O catalyst with the
abundant active sites derived from the in situ-generated crystal
defects/grain boundaries were suggested to account for the
improved C-C coupling during the ECO,R.**

Different shapes or textures of the micro- or nano-sized Cu
catalysts present different types of grain boundaries. A leaf-like
CuO nanosheet fabricated on nitrogen doped graphene dis-
played a high-curvature structure and multiple distinguished
grain boundaries to enhance the selectivity to C,H, with a high
FE of 30%.% Porous copper nanospheres with higher specific
surface area and richer pores were designed. Such a porous
structure greatly improved the C-C coupling process by
enriching *CO intermediates in the pore structure. As a result,

5896 | Sustainable Energy Fuels, 2021, 5, 5893-5914

a high C, selectivity with a FE of 57.22% was achieved, about
2.5-fold than the compact Cu.**

The plasma treated Cu foil was efficient to create a rough
surface with numerous undercoordinated sites that bound CO
preferentially.®® Roughened surfaces also contained square sites
with neighbouring step sites, which adsorbed the precursor
*OC-COH for C,, products. As a result, the FE for C, products
(C,H4 and C,H;O0H) increased from ~30% to 55%. More
importantly, the increased roughening of the Cu surface
increased the ratio of current densities for C,. to C; products up
to a maximum value of ~9 for a surface roughness factor of ~3.

Oxide-derived Cu catalysts. In reality, Cu electrodes prepared
by electrodeposition in aqueous solution always have an
oxidized outer layer which was reported to reduce the over-
potential for the formation of carbonaceous products. There-
fore, there has been intense interests in the role that oxide-
derived (OD) Cu may have had in achieving enhanced ECO,R
performance.®*®> Similar to the metallic Cu electrode, OD-Cu
generally show a wide C;-C; product distribution from
ECO,R, but seem to be more preferable in the production of C,,
products.®?>*® Cuprous oxide (Cu,O) is widely proposed to be
a more efficient OD-Cu for CH3;0H production, due to its
moderate binding energy to methoxy (CH;O0*) adsorbates (key
intermediates for CH3;OH formation).®> Theoretical studies
showed that the intermediate CH;0* can transform to CH, or
CH3;0H depending on whether the interacting surface is
metallic Cu or oxidized Cu.” Chang et al®* proposed that the
key factor was the availability of surface oxygen vacancies,
particularly those formed by the reduction of Cu,O; surface,
which could stabilize the CO dimer. However it is important to
note that Cu oxides can be fully reduced to metallic Cu at less-
negative potential than ECO,R.*#**** This has led some to state
that the active phase for ECO,R is metallic Cu.**°*®” For

This journal is © The Royal Society of Chemistry 2021
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instance, Cu oxides were fully reduced to metallic Cu during
ECO,R, which showed even better C,, selectivity compared to
the untreated counterparts, suggesting the C,, selectivities did
not link to the specific oxidation states of Cu.® However, this
has been disputed as some studies demonstrated the existence
of subsurface oxygen of OD-Cu during ECO,R, confirmed by 30
isotope labelling,” in situ surface-enhanced Raman spectros-
copy,® and in situ ambient pressure X-ray photoelectron spec-
troscopy.’® The residual subsurface oxygen was proposed to
enhance the binding energy and coverage of *CO'™ and thus
raise the possibility of CO dimerization.'”* Also, a higher local
pH offering a substantial amount of OH groups was assumed to
facilitate the stabilization of the residual oxygen.*'**

Alloying and compositing Cu with other components. Alloying
Cu with other metals is a widely studied approach to reduce the
reaction overpotential and adjust the product distribution.
Alloying modifies the surface lattice strain that affects the
intermediates adsorption energies.***'** In addition, the second
metal generates high abundance of CO which is subsequently
spilled over to Cu sites that are active for the C-C coupling.'*>%¢
To date, reports increasingly see alloy catalysts to show better
selectivity of C,, from ECO,R than Cu alone, and these all use
Cu-rich alloys (or metallic composites) containing another CO-
selective metal, such as Au,'”"'* Ag,>1051061127114 gnd Zn 571
Alloying Cu with a CO producing metal is considered to deliver
synergetic effects derived by the availability of C-C coupling
sites (Cu) to CO-producing atoms (e.g. Au, Ag, and Zn)."*°
Compared to the ~55% FE with Cu,O electrode, C,-C; with up
to 65% FE were produced by using a Ag-Cu,O bimetallic elec-
trode, with the greatest selectivity towards C,H,."** The mech-
anism of improved C, activity was proposed to be due to the
expanded Cu-Ag distances compared to metallic Cu-Cu
distances, which changed the binding energies of adsorbates
and intermediates, thus favouring the formation of C,, prod-
ucts. A controlled selectivity of C,HsOH production from ECO,R
was achieved by varying the elemental arrangement of Ag and
Cu in a Ag-Cu,O composite.”® More specifically, the FE of
C,H;O0H increased from 20% to 35% with the enhanced surface
atomic composition of Ag from 0.12 to 0.22. A CO-insertion
mechanism was hypothesised, which is briefly CO reacting
with *CH, species on the Ag-Cu biphasic boundary. Phase-
segregated Ag/Cu composites obtained an enhancement in
the FE for C,HsOH by 2.3-fold and in the partial current density
for CO, reduction by 5-fold compared with the pure Cu coun-
terpart.’® Results also indicated C,HsOH production scaled
with the amount of CO evolved from Ag sites and the abundance
of Cu-Ag boundaries.

Zn is also known for its high selectivity to CO, therefore CO
intermediates could first be generated at its Zn sites, which
would then be transferred to adjacent Cu sites for further
reduction into hydrocarbon products. B-doped Cu-Zn gas
diffusion electrodes exhibited excellent selectivity for C,. (C,H,,
C,H;OH, C3H,OH) with a FE value of 70% at —0.54 V vs. RHE."*®
The close proximity of Cu and Zn atoms on the surface of the
catalyst was found to facilitate both stabilization of the CO*
intermediate and its transfer from Zn atoms to their neigh-
boured Cu for further dimerization and protonation.'*

This journal is © The Royal Society of Chemistry 2021
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Similarly, hierarchically porous Cu/Zn alloy catalysts also
showed a higher selectivity towards C, products. The FE of
C,H;0H reached 46.6% and the total FE of liquid C, products
closed to 60% at —0.8 V vs. RHE. The Cu/Zn catalysts promoted
the adsorption of CO, and simultaneously suppressed adsorp-
tion of protons. The tendency of C-C coupling could be
controlled by the Zn content in Cu/Zn alloys.*"”

Non-metals as components in Cu composites also have
shown an ability to promote C-C coupling from ECO,R.
Sulphur, an alternative chalcogen to oxygen, has been reported
to be an efficient promoter for C,H;OH formation by a Cu,S-Cu
core-shell catalyst containing high levels of Cu vacancies.*** The
synergy between subsurface sulphur atoms and copper vacancy
defects shifts the product preference to C,HsOH with sup-
pressed C,H, production. Boron-doped CuO nanobundles
designed for CO, reduction have abundant oxygen vacancies,
the increased exposure of accessible active sites and the CO,
adsorption capacity facilitated to the C,H, production with the
FE of 58.4%."*

2.1.2 Other metal electrocatalysts besides Cu. Producing
C,. from ECO,R by other metals besides Cu has been reported
to exhibit excellent multi-carbon product selectivity. Significant
progress has also been achieved recently for CO, reduction to
multi-carbon products on Ag, Cr, Mo, Mn, Fe, In and Co-based
electrodes.** Anchoring Ag nanoparticles onto 3D graphene-
wrapped nitrogen-doped carbon foam was reported to effi-
ciently and preferentially convert CO, to C,H;OH with FE of
82.1-85.2% at —0.6 to —0.7 V vs. RHE."* Such a high selectivity
could be attributed to the synergistic effect between the
pyridinic N, which exhibited a higher bonding ability toward
CO* intermediates, and the Ag nanoparticles that converted the
CO* to the *OC-COH intermediate of C,H;OH. AgCo surface
alloy electrocatalysts also show a high activity for C,HsOH
production. This high intrinsic activity is attributed to the
reduced energy barrier for *CO,°~ formation as a result of the
introduction of Co atoms; leading to the increased coverage of
CO* and C-C coupling to form *OC-CO* on Ag atoms."** A 3D
FeP nanoarray on Ti mesh electrode acted as an efficient catalyst
electrode for the CO, reduction reaction to convert CO, into
alcohols.”® Although FE for C,HsOH was only 14.1%, it
provided a new direction to design non-Cu catalysts for C,.
products. Cs products were first produced by palladium-gold,**”
albeit at low FE's, with a hypothesized mechanism of *CH,
polymerization. This seems to open a potential way to produce
long carbon-chain products from ECO,R, but the lack of
detailed mechanistic studies is a significant barrier preventing
further development of the approach.

2.2 Molecular catalysts

Small molecular electrocatalysts provide well defined active
sites that can be synthetically tuned, offering a pathway to
control the mechanisms of inner-sphere electron transfer
between the catalyst and substrate that occur following initial
reduction(s) of the catalyst at the electrode surface. Therefore,
molecular electrocatalysts may provide access to lower over-
potentials and improved selectivity towards the desired
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products.’® Indeed, turn-over frequencies in excess 10° per
catalyst at overpotentials as low as 0.2 V have now been re-
ported™® for the reduction of CO, to CO in aprotic solvents and
the field continues to develop rapidly. However, it is striking
that the vast majority of studies using molecular electrocatalysts
only report the formation of the simplest C; products (CO,
HCOOH), formed by the 2-electron, 2-proton-reduction of CO,
and progress towards these products is covered in multiple
recent reviews."”®*%13! This can be readily understood as the
majority of molecular electrocatalysts for CO, reduction contain
a single metal site, with limited coordination flexibility, pre-
venting either accumulation or stabilization of initially reduced
C; species to enable subsequent C-C bond formation. Despite
these challenges there are examples of catalysts that achieve
C-C coupling. Two recent comprehensive reviews include
molecular catalysis towards >2e~ products and have extensive
coverage on many of the advances to date.”®>'** The highest
performing of these are covered in this section. The relatively
small number of C, producing molecular catalysts can be
broadly classed into 3 categories, each of which has a distinct
approach to enabling C-C bond formation; (i) those that
produce oxalate, typically via the use of catalysts with multiple
CO, binding sites, (ii) Ru based catalysts that stabilize reduced
carbon intermediates and (iii) heterogenized molecular
electrocatalysts.

Oxalate (C,0,°7) is arguably the simplest C, product and its
formation during the reduction of CO, has been reported to
occur with high FEs on relatively inert metal electrodes such as
Hg and Pb in aprotic solvents at very negative potentials.'*®
There, the direct 1-electron reduction of CO, leads to the
formation of CO,’~ which dimerizes. Several molecular cata-
lysts have now been reported to facilitate oxalate formation at
greatly reduced overpotentials. In early works, Tanaka and
colleagues described the production of oxalate using an Ir
catalyst containing three metal centres in acetonitrile.**
Infrared spectroscopy was used to follow the mechanism
allowing the authors to show that in contrast to the behaviour of
CO, on metal electrodes, free CO,"~ was not formed. Instead
coupling of two reduced, bound CO, molecules within the
catalyst was proposed to occur. A common feature of many
oxalate producing catalysts***** is that they consist of multiple
metal centres which may be envisaged to provide an advanta-
geous mechanism for C-C bond formation. However, intrigu-
ingly experiments on both bi- and monometallic Ru complexes
demonstrated that in the absence of water both could produce
C,0,.1?9131134136 Degpite only having a single metal centre,
mechanistic studies clearly demonstrated again that free CO,"™
was not formed and instead it was proposed that reversible
ligand loss could occur to enable binding of a second CO,
molecule to the same metal atom. Of particular note is a more
recent report of binuclear Cu complex that was shown to
produced oxalate at very low overpotentials with >96% selec-
tivity, which remarkably could even reduce CO, at the concen-
trations found in air, as shown in Fig. 2.%%°

A series of papers from Tanaka and colleagues used Ru based
polypridyl electrocatalysts for the production of a wide range of
complex multicarbon products.”®”** Early studies on the
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Fig. 2 Multimetallic Cu complexes have been shown to enable C-C
bond formation through the coupling of multiple bound CO, ™
species within the cluster giving rise to very low overpotentials and
high selectivity to oxalate formation even with air as the CO, source.**
Reproduced from ref. 135 with permission from American Association
for the Advancement of Science, copyright 2010.

chemical, and electrochemical reduction of
[Ru(bpy)(trpy)(CO),J** in the presence of CO, showed marked
temperature dependencies. At low temperature (—20 °C) in
C,H;0H/H,0 mixes CO, electrolysis led to the formation of
a range of products including formate, glycolic acid (HOCH,-
CO,H) and 3-oxopropanoic acid with isotopic labelling
demonstrating that both carbons were derived from CO,."*” In
contrast, at room temperature CO and formate were the domi-
nant products. The ability of the catalyst to generate C-C bonds
at low temperature was proposed to be due to the stability of
a [Ru(bpy)(trpy)COJ** intermediate, allowing for further reduc-
tion and the formation of [Ru(bpy)(trpy)(CHO)]’, which could
then be reduced and interact with a CO, molecule bound at the
vacant site on the Ru centre. On the other hand, at room
temperature CO loss could compete preventing the formation of
the key formyl intermediate.®®'** However, it was noted that
even at low temperature formate production dominated as the
strong hydride donating ability of the formyl complex led to the
direct reaction of CO, and loss of formate. Further studies by
the team using naphthyridine ligands that can stabilize Ru-CO
intermediates to reductive CO loss have since achieved C-C
formation with high yields and selectivity even at room
temperature, however, in these cases only one carbon is shown
to come from CO, with the 2™ proposed to come from the
supporting tetramethyl ammonium cation of the electrolyte via
a methylation reaction."*'** Nonetheless, the approach clearly
demonstrates that through careful ligand design it is possible to
stabilize the initial C; products at a molecular catalyst to allow
for C-C bond formation.

The studies of molecular catalysts described so far either use
aprotic or organic/water mixes at low temperature to control the
stability of key intermediates or, in the case of oxalate forma-
tion, dry solvents. However, it is widely recognised that for
electrocatalytic CO, reduction to become viable at the scale it
will need to be coupled to water oxidation, making the discovery
of catalysts that can operate in aqueous conditions highly
desirable.™® Of particular interest 1is the reported

This journal is © The Royal Society of Chemistry 2021
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electrocatalytic reduction of CO, to form C, and C; products in
aqueous electrolytes. Early studies using metal porphyrin and
phthalocyanine (e.g M-5,10,15,20-tetrakis-(4-methoxyphenyl)
porphyrinato Co(u) and Cu(w))*** complexes immobilised in
a polymer matrix on electrode surfaces primarily yielded C,;
products but traces of C, products***** including C,Hs and
C,H,, however as will be discussed below in the following
section more careful in situ analysis is required to confirm
whether the transition metal complex is the true catalytic
centre. Work by Ogura and colleagues also explored the use of
polymer-coated electrodes with multiple potential catalytic
centers and CO, binding sites for C,-C; formation in water.
Initial experiments with films containing both iron cyanide
complexes and a cobalt co-catalyst in polyaniline (PANI)
demonstrated the formation of CO, reduction products
including C,HsOH and C3;HgO;3, although FEs were very low
(<2% for each).**® Further studies showed that by replacing the
cobalt catalyst with a 2™ iron(u) complex FEs in excess of 10%
could be achieved for CO, reduction to C;H¢O; at a pH of 3.**”
Subsequent mechanistic studies highlighted the important role
of the PANI in CO, accumulation close to the catalyst centres
thus enabling C-C bond formation.*****® It is therefore inter-
esting to note that the majority of studies now use PTFE based
polymers, which cannot facilitate such an interaction with CO,
to aid catalyst adhesion to the electroactive support. We
propose that a promising, simple avenue that should be
explored by the community is the potentially beneficial role of
the use of a “non-innocent” supporting polymer such as PANI.

Immobilisation of molecular catalysts onto electrodes
continues to be a common factor in studies where the electro-
catalytic reduction of CO, to C, occurs, however careful atten-
tion must be paid to the true nature of the active site. One study
used a copper-porphyrin complex with pendant hydroxyl groups
(PorCu) heterogenized on a carbon paper electrode, Fig. 3, to
produce ethylene at a high partial current density (8.4 mA cm ™2,
~18% FE) in addition to CH,, CO and H, at —0.976 Vvs. RHE in
KHCO; electrolyte.'*® The catalytic current and activity towards
C,H, production increased with experiment time, so a series of
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Fig.3 Electrocatalytic activity of a copper-porphyrin complex (PorCu)
with pendant hydroxyl pendant hydroxyl groups heterogenized on
a carbon paper electrode: (A) CV curves, (B) total curent densities, (C)
FE, and (D) partial curent densities of gaseous products at various
potentials.**® Reproduced from ref. 150 with permission from Amer-
ican Chemistry Society, copyright 2016. The catalyst was later found to
reversibly reconstruct into Cu nanoparticles, which provide the active
site for ethylene formation.**
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ex situ control experiments (absorption/fluorescence spectros-
copy, mass spectroscopy, TEM, XPS) were performed to test the
nature of the active catalyst. Whilst these found no evidence for
degradation ex situ, a follow-up study by the same group™*
utilised in situ and operando X-ray adsorption spectroscopy
(XAS) to investigate three copper based molecular catalysts for
ECO,R and noted that at —1.06 V vs. RHE the Cu(0) state was
dominant. Extended X-ray adsorption fine structure (EXAFS)
demonstrated the appearance of a bond peak at 2.2 A, consis-
tent with Cu-Cu bonds in metallic copper under reducing
conditions. Interestingly the initial Cu(u) state was regenerated
upon switching back to the open circuit potential, demon-
strating reversible metal nanoparticle formation from the
molecular Cu complex. As reversible nanoparticle formation
has now been confirmed to occur under reducing conditions for
a range of catalysts including PorCu, it seems likely that similar
behavior was also occurring in the early studies where trace C,
products were formed using Cu based molecular catalysts in
polymer supports*** and also these more recent studies. Indeed
a dinuclear copper tris(2-benzimidazolylmethyl)amine
(Cu,(NTB)) complex which shows amongst the highest FE for
C,H, (42% at —1.28 V vs. RHE) has also been recently reported
whilst also showing similar reversible Cu nanoparticle forma-
tion, with the metallic nanoparticle the likely active catalyst.>*

There is evidence that both reversible and irreversible metal
nanoparticle formation also occurs also with some Cu based
covalent frameworks' and metal-organic frameworks"*'>> and
even with Cu doped carbon structures. For example, one study
investigated a copper/nitrogen doped carbon network (Cu,sNC)
and found it to be particularly active for C,HsOH formation,
yielding 55% in 0.1 M CsHCO; at —1.2 V vs. RHE.*® XANES and
EXAFS were again employed to examine the catalytically active
species throughout electrochemical reduction. The operando
XANES analysis showed a change in oxidation state from Cu(u) to
Cu(0) whilst the EXAFS data showed the appearance of Cu-Cu
bonds, consistent with the formation of copper nanoparticles. The
activity of this catalyst is highly comparable to an engineered
copper nanoparticle/N-doped graphene catalyst, which also
produced ethanol at 63% FE at —1.2 Vvs. RHE," providing further
evidence that the active species in the catalyst is metallic copper.

However some catalysts, such as a self-assembled cuprous
coordination polymer (Cu-SCP), are reported to be stable towards
the formation of metallic Cu(0) nanostructures.*** The persistence
of the Cu(i) oxidation state throughout catalysis is proposed to be
responsible for superior C, production, which reached
a maximum of 33.5% for C,H;OH and 19.7% for C,H,. The
hydrophobicity of the ligand was increased by adding phenyl
groups, which was proposed as a strategy for suppressing the HER
whilst increasing the production of the crucial *CO intermediate.
XAS measurements pre and post electrolysis show no change in
state of the copper, however a lack of operando measurements
makes it difficult to confirm that metal nanoparticle formation
isn't occurring reversibly under catalytic conditions.

Overall, the number of studies of transition metal complexes
that act either as catalysts or pre-catalysts for ECO,R to C,,
products is relatively low when compared to the level of research
on metallic Cu electrodes. However, there is a large number of
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transition metal complexes known to be able to reduce CO, to
CO and a recently reported new approach to C,, production is to
immobilize these on Cu surface.*® The aim is to produce CO,
a crucial intermediate for C,. products, at high turnover
frequency and selectivity using the molecular catalyst, prior to
CO reduction on Cu. This tandem approach is analogous to that
described in Section 2.1.1 that explores the combining of copper
with CO producing metals. The only example of a tandem
system using a molecular catalyst is reported by Sargent et al.,>®
in which a copper surface is functionalized with 5,10,15,20-
tetraphenyl-21H,23H-porphine iron(m) chloride (FeTPP[Cl]),
a well-established CO, to CO molecular catalyst.® A peak FE for
C,H;0H of 41% was reached at —0.82 V vs. RHE, significantly
out-performing bare Cu at 29% FE. The partial current density
was 124 mA cm >, In situ XAS showed the FeTPP to be stable
against metallic Fe nanocluster formation under electro-
chemical conditions.

More widely, surface modifications of Cu electrodes with
molecular species have shown success in promoting C,, selec-
tivity. Glycine has demonstrated impressive enhancement of
C,H, and C,H¢ production on copper nanowires (Cu NW) across
the entire studied potential range (—0.65 to —1.25 V vs. RHE),
doubling their FE at —1.25 V to 35%.*® A noteworthy limitation
of the catalyst is the stability of the adsorbed glycine, which will
detach at potentials more negative than the studied range. A
range of morphologies was investigated with all showing an
enhancement in the presence of the glycine adsorbates. DFT
calculations reveal stabilization of the *CHO intermediate, key
to the formation of hydrocarbons, by glycine's -NH;". N,N'-
Ethylene-phenanthrolinium dibromide has been utilized to
synthesize and stabilize nanostructured copper from planar
polycrystalline foil, shifting the selectivity to C,, products
including C,H, (FE = 45%) and C,H;OH (FE = 15%) at
moderate potential (—1.05 V vs. RHE)."”® The additive first
corrodes the surface of the foil to form the nanostructure and
then dimerises under applied potential to form a film which
was shown to stabilize the structure for over 40 hours. Altering
the C, pathway to preferentially form C,HsOH over C,H, has
been explored using a nitrogen-doped carbon layer coated onto
copper.’® DFT studies give evidence towards to simultaneous
improvement in C-C coupling and suppression of deoxygen-
ation of the fork-in-the-road HOCCH* intermediate which is
a necessary step for the formation of C,H,. C,HsOH is selec-
tively produced at 52% FE at, crucially, an industrially relevant
partial current density of 156 mA cm™> at —0.68 V vs. RHE.

2.3 Photoelectrodes and photocatalysts

Indirect solar CO, reduction, where a photovoltaic is used to
enable dark electrocatalysis with metal electrodes, is increas-
ingly reported, but is not discussed here as the achieved product
distribution invariably aligns with that achieved with the elec-
trode material used conventionally. Instead, we briefly examine
the reduction of CO, to C,, products using either semi-
conductor photocatalysts or photoelectrodes that generate
suitably reducing photoelectrons to enable CO, reduction at
a catalytic site.
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Perhaps surprisingly, given the need to accumulate very large
numbers of photoelectrons at a catalytic site (e.g. the production
of ethane from CO, is a 14-electrons process), and the typically
low quantum yields of most photocatalysts coupled to the
available solar flux, examples of materials that convert CO, to
C,. products do exist. These are included within a comprehen-
sive recent review on CO, photoelectrodes and photo-
catalysts,'***** where it is noted that when metal co-catalysts are
deposited on the light absorbing semiconductor the achieved
selectivity often matches that expected for the material with Cu
co-catalysts often giving rise to a distribution of products
including ethane and other C, molecules. Highlights of Cu
catalyzed systems include reports of p-Si nanowires with Cu
deposited on the surface for the production a range of C,-C,
products,*®” PbS sensitized TiO, particles with Cu co-catalysts*®®
that could produce C,Hg in the presence of CO, and bimetallic
alloys of Pt/Cu on TiO, for the production of C,H¢ and C,H,.**

Cu containing photoelectrodes have also been reported to
produce complex carbon products without the need for an
additional co-catalyst, likely due to the availability of active Cu
sites on the electrode surface.'”®'” Selected examples include
one-dimensional Cu,0@Cu metal-semiconductor hetero-
structured nanorods that produced C,H,."”> The reduction of
CO, to acetic on CuO photoelectrodes where the formation of
thin surface films of Cu-In that inhibited H, evolution and
promoted C,H;OH production.'* Also a study where very high
selectivity's towards C,Hs;OH was reported using a CuO/Cu,O
photocathode with a micro-flow reactor which appeared to have
an essential role in controlling pH and local CO,
concentration.'”®

Several studies do exist where non-Cu based co-catalysts
have been used.”**”® In two reports***** Pd-TiO, was shown
to produce ethane under CO, and in the presence of water,
particularly at low temperature.*®*® Plasmonic Au nanoparticles
are also proposed to be able to act as both the light absorbing
and catalyst centre for C,Hs production from CO,,"* and
although not containing a C-C bond, methyl formate produc-
tion via the photoelectrochemical reduction of CO, at InP
electrodes can occur.'®

Although both electro- and photocatalytic CO, reduction
offer efficient techniques for C, products conversion, the
reduction of CO, to C,, products, such as C; are rarely re-
ported.'® Moreover, the long-term stability of the widely used
transition metal-based catalysts is still under investigation.'®*
Biological CO, conversion as a cost-effective approach brings
new opportunity to generate more complex chemical
compounds than purely electrochemical methods. The excel-
lent stability of bio-catalysts and the high coulombic efficiency
of CO, conversion make it a potentially scalable technology for
CO, utilization in the circular bioeconomy and high-value bio-
fuel generation (Table 2).'5>%¢

2.4 Biological catalysts

2.4.1 Biocatalysts involved in microbial electro-synthesis
(MES): pure cultures vs. mixed communities. The conversion
of CO, in MES systems can be driven by two major types of

This journal is © The Royal Society of Chemistry 2021
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Table 2 CO; electroreduction by microorganisms in MES compared to electrocatalysts for C,, products

Potential
v Current Operation
vs. Ag/ density Production rate (g m~? time
Product Catalyst AgCl) (mAem™?) h™ FE (%) (h) Ref.
Acetate Mixed microbial -1.3 20 55.4 99 1680 187
consortium
Mog@Cu ~—1.85 110 N.G. 48.7 3 188
Ethanol Clostridium ljungdahlii —-0.78 0.19 0.25 66.1 168 189
ERI-2
B, N-codoped nano ~—1.65 N.G. 7.2 x 107° 93.2 3 40
diamond
Mixed Mixed microbial -1.0 ~1.0 0.15 “49.5: ethanol, butanol and organic 2160 190
alcohols consortium acid
Mesoporous metallic Cu ~—1.65 18.5 N.G. 35: ethanol and propanol 1 21

“ Coulombic efficiency.

microbial catalysts: mixed cultures and pure cultures. From
a general point of view, chemolithoautotrophic bacteria are of
interest for MES because of their ability to fix CO, using
hydrogen in addition to their electroactivity towards CO,
reduction.”>** When it comes to pure cultures and the
production of C, to Cs compounds from CO, reduction, ace-
togens are the most studied microorganisms because of the
acetate as a natural product from the Wood-Ljungdahl (W-L)
pathway. In addition, the W-L pathway is the most energetically
efficient known pathway for CO, as more than 95% of carbon
and electron flow is diverted to the production of extracellular
end-products, rather than to the microbial growth and biomass
production.”® A wide range of acetogens are able to accept
electrons from a cathode and use CO, as a terminal electron
acceptor, such as Sporomusa, Clostridium, Acetobacterium,
Desulfovibrio, Sulfurospirillum, and Moorella thermoacetica.*****
The exact mechanisms for the electron transfer (i.e., direct or
indirect/mediated) are, however, still hypothetical and highly
depend on operating conditions. In order to specifically target
compounds with a higher value than acetate, genetic engi-
neering of acetogens can also be considered."* " This can, for
example, be achieved by eliminating genes responsible for the
production of acetate and ethanol and by introducing or over-
expressing genes essential for the production of the targeted
commodity in Clostridium sp. in order to favor a specific
pathway.™®

In order to develop a robust process at a larger scale, mixed
microbial communities will be preferred as they are more
robust and versatile, but also easier to handle. Besides, mixed
microbial communities can be directly enriched from environ-
mental samples such as activated or digested sludge, anaerobic
digester effluents or river sediments."*>* In a controlled envi-
ronment such as in Bio-Electrochemical Systems (BES) and the
presence of methane inhibitor, the enrichment of acetogenic
bacteria from environmental inocula was very often reported,
which is consistent with the production of Volatile Fatty Acids
(VFAs) and alcohols. For example, it was reported in several
studies that organisms belonging to the genus Clostridium and
Acetobacter dominated both the biofilm and the planktonic

This journal is © The Royal Society of Chemistry 2021

microbial communities of a BES producing VFAs and alcohols
from CO, conversion."®?**** The presence of Desulfovibrio
species was also reported.”**>* This could be explained by their
implication in biological hydrogen production in biocathodes
and would thus support the thesis of a hydrogen-mediated
mechanism.”*?" In our latest study, the activated sludge
from a wastewater treatment plant was used as inoculum for
MES which was poised potential of —1.0 V vs. Ag/AgCl and
provided only gaseous CO,. A dense biofilm dominated by
Acetobacterium (ca. 50% of biofilm) was gradually formed to
produce a higher yield of acetate (106.9 &+ 10.5 mM). The sharp
drop of charge transfer resistance within the biofilm high-
lighted the advantage of mixed communities. In addition, the
biofilm maintained a highly active performance during long-
term operation even with the stress associated with the low
pH as a result of accumulation of acidic products.*** Changing
the operation from batch to continuous mode (hydraulic
retention time of 3 days) further promoted the acetate produc-
tion as it provided better control of pH and constant medium
refreshment.**

2.4.2 Main challenges and bottlenecks of BES. Over the
past 10 years, the scientific community has gained increasing
knowledge about microbial electrosynthesis and the production
of chemicals from CO, reduction.'®**** All the studies reported
have been carried out at a laboratory scale. There is still a long
way to go in order to develop a viable technology at a larger scale
and there are some challenges to be tackled. Firstly, the exact
mechanisms of electron transfer and bacterial interaction with
solid-state electrodes are still to be elucidated. In most of the
studies reported in the literature, the potentials applied to drive
the bioelectrochemical reduction of CO, are lower than the
theoretical H, evolution potential (—0.414 V vs. SHE).>** More-
over, understanding the exact role of the biofilm growing at the
electrode is also of major importance, as it is likely that the
biofilm catalyses H, evolution rather than the reduction of CO,
directly. The development of a robust and selective biocatalyst
to target a specific product with high productivity is another
challenge in MES. First of all, in the case of the production of
VFAs, there is a competition with methanogens that needs to be
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prevented. In addition, the enrichment of a community with
desired characteristics for MES, such as facultative, autotro-
phic, electro-active and biofilm forming'® is a long process
(usually between 50 and 100 days). Efforts should be pursued
towards the production of compounds of higher value via MES.
Most recent studies have highlighted the production of VFAs
and alcohols up to Ce. Increasing titers, productivity and purity
will be the keys to the development of an attractive and
economically viable technology. Finally, to date, no study has
been carried out at the pilot scale which shows that MES is still
far from being a mature technology.

2.4.3 Integration of MES with other technologies: the case
of bioplastics production. With acetate and butyrate as meta-
bolic precursors, compounds even more complex than C,. VFAs
and alcohols can be targeted, especially if MES is combined
with other technologies. It is, for example, the case of poly-
hydroxyalkanoates (PHAs), which are bioplastics that have
attracted increasing interest because they are biodegradable
and mainly produced from renewable sources such as organic
acids or wastes.****'* Indeed, it was shown that MES can be
involved in a three-step process for the production poly-
hydroxybutyrate (PHB) from CO,.*** In this process, MES was
used as a first step to accumulate 43.7 and 103 mmol of acetate
and butyrate, respectively. In a second step, acetate and butyrate
were extracted and concentrated by membrane extraction with
a concentration of 400 mM (of which 65% butyrate). Finally,
during the last step, PHB was accumulated in an aerated
bioreactor operated in fed-batch and using inoculum previously
enriched in a sequencing batch reactor (SBR). A maximum of
74.4 g PHB per 100 g volatile suspended solids (VSS) was
produced, for an equivalent carbon conversion of 0.41 kg of
PHB obtained for 1 kg of carbon as CO, inlet to the entire
system.””* Combining MES with other technologies for extrac-
tion and elongation like fermentation makes sense as the
production of complex compounds such as bioplastics does not
seem realistic via MES only.>*>** However, the combination of
MES with fermentation should be clearly distinguished from
electrofermentation (EF) in which the role of the electrode (and
electrons) is very different. Indeed, EF is a spontaneous
fermentation process influenced electrochemically whereas
MES relies on the reducing power provided to drive a non-
spontaneous reaction.””® It was, for example, reported in
a study focusing on butanol production that only 0.2% of the
cathodic electrons were used for the production of butanol
whereas 99.8% originated from the glucose substrate.***

2.4.4 Bio-electrochemical systems for longer chain
production. BES is based on the capacity of specific strains of
bacteria to electrochemically interact with solid-state elec-
trodes. More specifically, during MES, electrophilic microor-
ganisms can accept electrons from a polarized electrode
(directly or indirectly) for their own growth and maintenance
but also reduce CO,.?>***” It should be understood that MES
relies on the external power applied at the cathode to drive the
non-spontaneous CO, reduction. Unlike in fermentation or EF
processes, there is initially no other electron donor than the
cathode in MES. During the last few years, research studies have
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demonstrated the potential of MES for the conversion of CO,
into C, to C¢ VFAs and alcohols.?28-232

2.4.5 Production of C,-C¢ compounds via microbial elec-
trosynthesis. Besides the production of methane (CH,), which is
considered as a competitive reaction when it comes to the
production of VFAs or alcohols via MES, acetate (C,Hz0,") is
the main C,-product from CO, conversion in BES. Indeed, when
BES reactors are inoculated with environmental samples such
as activated sludge or sediments, the bacterial community
growing in the medium and in the biofilm, if there is one, will
quickly be dominated by methanogens and acetogens.'® As the
production of methane must be avoided in order to favor VFAs
and alcohols, inhibition methods are often used at least at the
beginning of the process. They include chemical inhibitors
such as sodium 2-bromoethanesulfonate, inoculum heat pre-
treatment or pH control. In the W-L pathway, acetogens
reduce CO, to conserve energy and for the synthesis of cell
carbon, but also to synthetize acetyl-CoA and then acetate.”*?
Acetate is the natural product from acetogenesis and has
therefore been the focal point of numerous studies.?** Under
standard conditions, CO, may be reduced bioelectrochemically
to acetate at a potential (E°) of —280 mV vs. SHE (eqn (1)), but no
electroacetogenesis was reported with a biocathode poised at
such potential.

CO, + TH* + 8¢~ —
CH;CO0™ + 2H,0; E° = —280 mV vs. SHE (1)

It is well understood that potential losses occur in BES.
These losses are related to mass transport and kinetics limita-
tions between the medium, the electrode and within the biofilm
(when applicable), but also to ohmic voltage losses associated
with the electrolytes, the membrane, the electrodes and
connections. Therefore, it has been postulated that in order to
overcome potential losses due to the components of BES,
microbial acetogenesis requires potentials of —400 mV or much
more negative,?**?3>2%

In order for the technology to be viable, reaching high
productivity and selectivity is crucial. Therefore, different
strategies have been investigated to increase the acetate
production rate, ultimately limited by the applied current. For
example, the continuous production and extraction of acetate
were achieved in a 3-compartment microbial electrolysis cell
(applied current of —50 mA) reaching an accumulated acetate
concentration of 13.5 g L™" (225 mM).2*® In this design, the
middle chamber was used for the continuous extraction of
acetate which led to the high titer achieved. Electrode materials
have also been subject to investigation with the utilization of
reticulated vitreous carbon (RVC) modified with multi-walled
carbon nanotubes (MWCN) by electrophoretic deposition
(EPD).>*® In this reactor polarized at —0.85 V vs. SHE, a high
acetate production rate of 685 + 30 g m~> day ' was achieved
(product titer of 11 g L"), which is according to the authors
comparable to productivity levels of industrial fermentation
processes.**® However, this experiment was carried out at a very
small scale (electrode projected surface area of 1.36 cm?), and
extrapolating such results is not straightforward despite the
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high productivity obtained. In addition, the viability of such
electrode materials at a larger/industrial scale should be eval-
uated by economic and life cycle assessment analysis.

Although, as an end-product, it does not have a high market
value (ca. 500€ per t),*** acetate and more specifically acetyl-CoA
are excellent building blocks for the production of more valu-
able chemicals through the W-L pathway.****°**> Therefore,
under specific conditions of pH and hydraulic retention time
and following mechanisms derived from the W-L pathway,
butyrate, ethanol, or butanol can be all produced from acetyl-
CoA as a precursor (see Fig. 4a). Ethanol is an important bio-
fuel and can be used as an additive to diesel. Butanol is an
important industrial bulk as well as a promising biofuel as it
can be used without modifications of car engines.>******** In the
W-L pathway, acetate is the prerequisite for any other VFA or
alcohol, following which butyrate can be produced either via
a linear extension of the acetyl-CoA to butyril-CoA, or via reverse
B-oxidation which is also called microbial chain elongation
(Fig. 4b).>**

As acetate and butyrate concentrations increase in the
medium, pH will naturally drop creating harmful conditions for
microorganisms. As a defensive mechanism, a switch of
mechanism from acidogenesis (production of fatty acids) to
solventogenesis (production of solvents, typically alcohols) can
occur, leading to the production of butanol and ethanol.**®
Concomitant of the production of butanol and ethanol, acetone
can also be produced via acetone-butanol-ethanol (ABE)
fermentation, which can be further reduced to iso-propanol via
isopropanol-butanol-ethanol (IBE) fermentation.>*® This
mechanism, however, has rarely been reported in bio-
electrochemical systems. During MES, operating parameters
such as applied potential, pH or hydraulic retention time (HRT)
have a crucial impact on the bioproduction. In a continuous
reactor operated at —50 mA (cathode potential of —1.0 + 0.6 V
vs. SHE), it was shown that the bioproduction could be driven
either towards acetate or towards product diversification by
controlling the HRT and thus the pH.>” At HRT of 3.3 days,
a production rate of 21 g Mcathode > d~* could be achieved for
acetate with very low product diversification. Higher HRT of 5
days enhanced the production of butyrate and isopropanol as

a)

b
Propanol S o4
Ethanol / | s -
Methane Propionate N e
2 Acetyl-CoA
Formate = Acetyl Co-A [ l \\
Acetate Butanol d l y

Butyryl-CoA
"y >

Butyrate
\ Caproate

Hexanol

CO;

.
Butanol

Fig. 4 (a) Possible metabolic pathways for microbial electrochemical
CO;, reduction that leads to the generation of a variety of high value
organic compounds beyond acetic acid and CH,4.22* Reproduced from
ref. 224 with permission from Elsevier, copyright 2019. (b) Schematic
diagram of the suggested metabolic pathways for the production of
acetate, ethanol, acetone, isopropanol, butyrate and butanol from
acetyl-CoA. In dashed lines are the pathways for solventogenesis after
the production of acetate and butyrate.?** Reproduced from ref. 245
with permission from Elsevier, copyright 2012.
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the pH would drop to 5, with maximum concentrations of 0.67
and 0.82 g L™, respectively. In another semi-batch reactor
operated for 450 days at an applied cathode potential of —0.80 V
vs. SHE and with controlled pH ca. 5, the accumulation of
acetate up to 4.9 g L " also led to the production of ethanol (up
to 1.3 g L™ 1).2 As observed in other studies, the presence of
both acetate and ethanol led to both solventogenesis and chain
elongation. Therefore, high butyrate and isobutyrate titers of
3.1 and 1.6 g L™ were measured. Caproic acid was also detec-
ted, reaching a maximum concentration of 1.2 g L™" after 450
days of operation. Equivalent alcohols were produced: in addi-
tion to ethanol, butanol, isobutanol and hexanol were
measured as high as 0.4, 0.2 and 0.2 g L™, respectively.>*® More
recently, the system was adapted to a 3-chamber MES rector
equipped with a dual biocathode arrangement for sequential
acetogenesis/carbon chain elongation and solventogenesis, as
presented in Fig. 5.°°° In this study, the pH of both biocathode
chambers were controlled without the addition of any chem-
icals but CO, sparging and by controlling the applied potential
and the abiotic reactions occurring at each cathode. In the first
chamber (pH 6.9), acetate could be produced at a maximum
concentration of 9.5 ¢ L™ (0.46 g L™ day ). As acetate would
migrate to the second chamber (pH 4.9), solventogenesis would
occur and ethanol would be produced. Very interestingly, after
a connection was made between the headspaces of both
cathodic chambers, a transfer of ethanol from the second
chamber to the first chamber via gas stripping promoted chain
elongation in the first chamber. C,. products were then detec-
ted with levels up to 1.33 g L™ " isobutyrate, 1.49 g L' butyrate
and 0.27 g L' caproate. Acidic conditions in the second
chamber resulted in the biosynthesis of C,—C¢ alcohols, with
levels up to 0.33 g L™ " isobutanol, 0.82 g L™ " butanol and 0.11 g
L' hexanol.?’

It is assumed that additional electron donors than a polar-
ized cathode was required to steer the production towards
longer chain of carboxylates than acetate.**® Based on our latest

g ¢ C0,

Fig. 5 Schematic representation of a microbial electrosynthesis
reactor with dual biocathode for the production of organic acids at
neutral pH and simultaneous reduction of the produced organic acids
to the corresponding alcohols at mildly acidic pH. CEM: cation-
exchange membrane; AEM: anion exchange membrane.*” Repro-
duced from ref. 247 with permission from the Royal Society of
Chemistry, copyright 2019.
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results, formate as additional electron donors were supplied
into MES in which cathode was poised at —1.0 V vs. Ag/AgCl.
Although acetate was still the major product, significant
increase in the production of butyrate (3.8 times higher in
maximum concentration) and butanol (maximum of 6.8 +
0.3 mmol C L") was observed after supplying formate.
However, the production of acetate and longer chain carboxylic
acids ethanol stopped at open circuit condition. By comparison,
ethanol as another one electron donor could trigger the C,
compounds production without polarized cathode.>®”

3. Reactor design
3.1 Reactor configurations and process integration

The design of a CO, electrochemical reduction device requires
multi-disciplinary efforts. Among the three sources of ineffi-
ciencies in ECO,R, which are kinetics, mass and charge trans-
fer, potential losses caused by mass and charge transfer are
closely determined by reactor configuration. The priority of
device design is minimizing those energy losses as much as
possible. To date, the most studied devices for ECO,R are
membrane-based architectures. These are used in order to
avoid cross over of products and the undesired consequent
parasitic effects, e.g. ion-exchange membranes are employed to
separate the catholyte and anolyte while maintaining the
transfer of ion transfer across the membrane at the same time.
According to the pH environment of electrolyte, cation-
exchange or anion-exchange membranes can be used.

In the studies of ECO,R at lab-scale, batch type reactors,
shown in Fig. 6, are widely used in favor of precise control of
reaction conditions and product characterization. In order to
upscale the process, continuous flow configurations are
designed to meet the demands of industrial applications as
shown in Fig. 6. It is suggested by Delacourt et al. that a buffer
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layer is crucial to stabilize the pH of catholyte, and thus enhance
the selective reduction of CO, and prevent the evolution of
hydrogen.>*® However, due to the limited solubility of CO, (1.5 g
L~ (ref. 250)) in aqueous solutions, flow cells fed with saturated
CO, electrolyte suffer from depletion of reagent showing a low
mass transfer limiting current density at around 20 mA cm 2.2
Inspired by fuel cell configuration, the gas diffusion electrode
(GDE) is integrated into the electrolyzer to enable direct gas CO,
feeding to overcome the mass transfer limitation of the reac-
tant.>*> By doing so, the operating current density reaches 10” to
10° mA ecm ™ 2.2%2% One can find a more detailed development
of GDE for ECO,R as reported in a recent review.>*® Besides, the
rapid removal of reductive products along with CO, stream
lowers the issues arising due to ohmic loss caused by the bubble
formation in the channel.

However, the use of mono cation or anion exchange
membrane requires the consistency of the pH environment
across the membrane. This brings a performance trade-off on
anode and cathode because of the conflicting electrolyte
requirements for desirable half-reactions.>*”**® For example, the
alkaline electrolyte is preferred for anodic oxygen evolution
reaction (OER) to eliminate the use of catalysts based on
precious metal, while there are still plenty of ECO,R attempted
at a near-neutral catholyte. The bipolar membrane configura-
tion enables a differential pH environment for each half-
reaction, as shown in Fig. 6.*° The development of bipolar
membranes with controlled local pH has been recently reported
as one way to use the devices with the CEM in contact with the
cathode for CO, reduction®® although this configuration
requires large membrane potential loss sometimes to drive ion
transfer at the membrane, which can lead to the decline of
energy efficiency.”® In addition, the loss of CO, due to the
reaction with OH™ to form CO;>" at the cathode usually needed
a large excess of CO, to support high current densities, which
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Diffusion Medium
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(Up) The schematic of batch and continuous flow reactor for CRR.2*2* Reproduced from ref. 273 and 274 with permission from IOP

Publishing, copyright 2010 and 2013; (down) ion transport pathways in CEM (A), AEM (B), and BPM (C).2%* Reproduced from ref. 261 with

permission from American Chemical Society, copyright 2018.
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led to a lower carbon efficiency. BPM provided the possibility for
CO;>” protonation at the membrane-electrolyte interface to
release CO,, reducing the losses imposed by CO;>~ forma-
tion.”®* As an alternative to a physical membrane a microfluidic
approach was implemented to introduce a thin laminar flow
electrolyte layer served as a ‘virtual membrane’ to separate
anode and cathode.>®® High efficiency and precise control of
operating conditions make microfluidics a powerful tool to
boost the performance of ECO,R.*** By employing two GDEs,
one as an anode and one a cathode, this configuration is able to
utilize gaseous CO, and transport byproduct O, away. Per-
forming ECO,R in a solid oxide electrolyzer cell (SOEC) under
high temperature is more kinetically desired and energy effi-
cient than room temperature membrane-based ECO,R config-
uration.>® Approximately a 73% energy efficiency and 95% FE
was reported by Kaur et al.>*° In addition, SOEC is capable of
operating at high current density (up to 2 A cm™?), which is
crucial for industrial scale application.”® More information
about SOEC can be found in a recent review.>*®

One of the key concepts of carbon-neutral fuel generation by
ECO;,R is that electrical energy comes from renewable sources,
like solar and wind energy.** Kauffman et al. presented a lab-
scale prototype of a solar cell powered CO, electrochemical
device.””° The configuration was provided a bias of 6 V by a solar
panel and is able to generate 412 L h~' CO with 96% selectivity
for 12 h in two days. A much higher production rate of 781 Lh™"
was detected by using a rechargeable 6 V battery which provides
more stable and higher power density electricity. They also
estimated the conversion capacity of CO, is 1 tonne per acre per
day and 1.6 tonnes per turbine per day for solar and wind
plants, respectively. ECO,R based on a SOEC is also regarded as
an efficient approach of energy storage for intermittent renew-
able energy with energy storage cost around 3 kW~ h™'.2”* The
integrated system of ECO,R and following treatment sections
like Fischer-Tropsch (F-T) was investigated to provide a tech-
nical and economic feasibility study of converting CO, back into
diesel fuel.*”* It is suggested that this pathway to synthesize fuel
can be economically competitive with fossil fuel.

3.2 Operating condition of ECO,R

Pressurizing CO, has been proven an efficient way to promote
the electrochemical performance and selectivity of hydrocar-
bons.>*?7>?7¢ 1t is considered as a method to improve the
solubility and mass transfer of CO, at the surface of the elec-
trode.>”” Besides, the reaction rate of ECO,R can also be accel-
erated through increasing the concentration of reagent. A
desirable high carbon product selectivity is also obtained at
pressurized conditions,””® which means the local concentration
of CO, plays a critical role in C,, generation, as shown in Fig. 7.
The study of Kas et al. indicated that the FE of C, rises by about
three times to 43.7% at a pressure of 9 atm.>” It is also sug-
gested that high pressure can result in the polymerization of low
carbon products.”®®

The temperature effect on ECO,R depends on the type of
electrolyte. In organic electrolytes, like CH;0H, a low tempera-
ture to maintain a higher solubility of CO,.”®" In contrast, rising
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in temperature leads to performance improvement in aqueous
electrolyte due to the improvement on kinetics, despite modest
reductions in the solubility of CO,.*® Dufek et al. reported a rise
and fall effect of temperature in current performance and
product selectivity.>® The results from the study of Gutiérrez-
Guerra et al. suggested that higher operating temperature is
preferred for high carbon products generation.**®

3.3 Electrolyte

As already shown in this review, the selection of electrolytes is
a crucial factor for ECO,R. Product distribution is heavily
affected by the properties of electrolyte e.g. pH, protic vs. aprotic
and CO, solubility. In addition, to conventional electrolytes,
ionic liquids (ILs) have garnered much attention for ECO,R in
recent years.

ILs are a novel class of liquids, made up solely of ions which
possess a unique set of properties. These properties, such as
chemical tunability, high stability, low vapour pressure, large lig-
uidus temperature range and wide electrochemical window make
them useful in a number of applications.”® ILs have also been
shown to exhibit superior gas sorption/capture capacity in
comparison to organic solvents.”* The tunability of ILs has
allowed the design of ILs to capture greater than equal molar
amounts of gas.”®® For ECO,R the large CO, capture potential of ILs
is advantageous and, additionally, the ability to chemically absorb
CO, can in some cases lead to activation of CO, for ECO,R.**’

Many reports of ILs used for electrocatalytic reduction of CO,
exist but products reported are mainly C; type compounds.”®®
Only a small number of papers report the production of C,,
compounds and in most cases the IL is acting as a co-catalyst
rather than an electrolyte. In all of the cases reported the IL
has been paired with a copper type catalyst to produce C,,
products. Sun et al. showed the conversion of CO, to acetic acid
at 80.3% FE when Cu(i) and a carbon-doped boron nitride
catalyst was used alongside a Lil-water-IL electrolyte where the
IL used was 1-ethyl-3-methylimidazolium tetrafluoroborate
([Emim][BF,]).®* Hui et al. showed the incorporation of IL (1-
octyl-3-methylimidazolium chloride, OmimCl) into a Cu,O
supported on a graphite sheet catalyst could more than double
the FE of C,H,.”*® Another group reports the production of
C,H;OH at a rate of 24.42 umol cm > h™' at a potential of
—1.6 V vs. Ag/AgCl (KCI sat.) using a combination of copper
nanofoam and an electrolyte of 0.1 M KHCO; + 0.04 M 1-butyl-3-
methyl-imidazolium bromide (BmimBr).>*

The limited reports in the literature would suggest that the
utilisation of ILs to produce C,; products has been largely
unexplored. However, these reports also outline the potential of
ILs to enhance production and selectivity to C,, products. Most
reports on C,. conversion to date focus on imidazolium based
ILs, therefore, there is a large variety of ILs which remain
unstudied. It is estimated that there are potentially a million
different ILs available*®* with diverse properties including those
which reactively solubilise CO,. Therefore, it is highly likely that
ILs could hold the key to going beyond C; products and should
be studied more closely for this application.
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4. Perspectives
4.1 Catalyst design and development

Understanding the catalytic mechanism and catalyst design if
one wants to improve the yields of C,, products, then there
should be efficient C-C coupling steps. Perhaps the most effi-
cient manner to advance in the intelligent design of catalysts is
to understand the reaction mechanism and identify and analyze
the limiting factors.

4.1.1 Catalyst design to promote CO generation. Goddard
and co-workers found that on Cu(111) the CO dimer pathway is
less favourable than the formation of an adsorbed COH* fol-
lowed by C-C bond formation by reaction of this species with
adsorbed CO*.**> However, in a separate study using explicit
water on Cu(100), this group found that the reaction to form
adsorbed CHO*, as opposed to COH, was preferred. Other
computational studies on Cu has shown that adsorbed CH,O*
(x = 0-3) dissociation to CH, as well as CH,O* insertion to CH,
needs to surmount a much larger barrier on pure Cu.** These
findings suggest that CO, reduction is not likely to give rise to
C,. through the CO* intermediate. Nevertheless, based on the
fact that adsorbed species HCOO*, H,COO*, HCOOH, and
H,COOH are difficult to couple with each other or other inter-
mediates, the most promising approach to achieve large-scale
long-chain carbon fuel production is modified Fischer-
Tropsch (F-T) synthesis, perhaps with synergetic effects on Co-
and Ru-based catalysts. Therefore, to promote the synthesis of
C,. products (hydrocarbons and alcohols), future efforts should
focus on discovering new catalysts that promotes CO generation
from CO,/H,, C-O bond dissociation from CH,O* and CO*/
CHO* insertion to CH, simultaneously.

4.1.2 Catalyst design through DFT and computational
tools. Computational modelling opens a rational way to design
catalysts, examples of catalyst design by means of density
functional theory (DFT) have already emerged.>**** Using DFT
theoretical works, the scaling relations between characters of
catalysts and the reaction to intermediates are discovered. In
Norskov's study, over 20 types of catalysts including metals,
metal oxides, cation-exchanged zeolites, decorated graphene
nanosheets and metal-organic frameworks have been selected
to construct the scaling relationships for C-H bond activation
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reactions.”® DFT combines the structure of active sites with
catalytic performance, making it possible to design catalysts by
constructing specific active sites. It was found that the Cu
clusters exposed more coordination unsaturated surface atoms
in the form of angular and edge atoms which strengthened the
adsorption of the reaction intermediates calculated by DFT.>*”
Another example is to construct metal-N sites, it is proposed
that the special electronic structure of the coordinated metals in
single-atom catalysts would be able to efficiently promote C-C
coupling."®***®* DFT could also be used to predict the perfor-
mance of metal-free catalysts. Both experiments and DFT
calculations demonstrated that the special pore structures and
pyridinic/pyrrolic N sites were crucial for CO* dimerization and
C, compounds conversion.>*®

Despite computational tools being extremely useful to
describe reaction mechanisms, they are still far from accu-
rately considering all the processes included in an electro-
chemical reaction. There are several intrinsic shortcomings
of DFT methods (commonly used) in describing the energies
of several reaction intermediates, for example, (i) over-
estimation or underestimation of CO and CO, adsorption
energies on transition metal-based catalysts when using DFT
instead of DFT+U, especially in semiconductors;** (ii) over-
estimation of CO, hydrogenation energy.****** Improved
methods to describe electrochemical reactions in-depth need
to consider the following aspects within a dynamic charac-
teristics of the Helmholtz double-layer: (i) an electrochemical
phase diagram as a function of the applied potential;*** (ii)
the modified Poisson-Boltzmann approach for Tafel lines
generation;** (iii) constant-charge or constant-potential,
which is better in modeling the electrolyte-catalyst inter-
face (electrochemical double layer); and (iv) cyclic voltam-
metry curves simulation using KMC and microkinetic
methods."”

4.1.3 Synergetic effects to promote C-C bound from hybrid
catalysts. The limited literature relating to molecular electro-
catalysts for the reduction of CO, to C, or higher products
highlights the challenging nature of the goal and major barriers
to success that exist. Specifically, the majority of molecular
catalysts are initially developed in solution, prior to hetero-
genization, and they contain a single binding site. Therefore
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facilitating C-C bond formation through the coupling of two M-
CO sites, in a manner analogous to that proposed to occur with
metal electrodes,* is challenging. In solution, the chance to
encounter two suitably orientated and long-lived partially
reduced intermediates is unlikely. Kinetic limitations may lead
to the formation of C; products even if the thermodynamically
favored pathway is for C-C bond formation. Furthermore, the
transient nature of the interaction of the catalyst with the
electrode itself, coupled with the common usage of only one or
two redox-active sites per catalyst makes the generation of
highly reduced products difficult. The three classes of catalysts
described above overcome these fundamental limitations using
differing, but equally valid approaches. Firstly, the catalysts for
oxalate formation avoid the need to generate highly reduced
intermediates at a single catalytic site, instead product forma-
tion occurs through bringing together 1-electron reduced CO,
centres each bound to a separate metal centre. Secondly, studies
from Tanaka and colleagues have demonstrated that stabilisa-
tion of M-CO intermediates, either through intramolecular
interactions or the use of low temperatures, allows for C-C bond
formation when a Ru catalyst with a suitable vacant binding site
is used. Finally, heterogenized catalysts have been shown to be
able to deliver even up to C; products. However, it is important
to recognize that in many cases the reversible formation of
metallic Cu nanoparticles can occur in situ and these are likely
to be the catalysts.”* Nonetheless, the dependence of catalytic
activity on ligand structure does indicate a pathway by which
reactivity can be further tuned. The design of catalysts that can
modify the 2™ coordination sphere during catalysis has yielded
the most active CO evolving molecular catalysts and the
emerging literature on small molecule and polymer surface
treatments for Cu electrodes demonstrates that tailoring the
local environment at the catalytic centre is a promising avenue
of research.

4.2 Eliminating energy loss through process intensification
and device innovation

Many efforts have been done on designing and optimizing
ECO,R devices. For room temperature membrane-based
devices, the mass transfer limitation of CO, is basically
resolved through adjusting GDE design.**® However, the mono
ion-exchange membrane (CEM or AEM) restrains the applica-
tion of different pH environment on cathode and anode. As
discussed in Section 3.1, bipolar membrane offer a bright
prospect on the manipulation of electrolyte of half-reactions,
which enables low cost and flexible choice of electrocatalysts
via pH differential operations, as suggested by recent numerical
studies.*” Advanced bipolar membranes should be developed
to reduce the ion transfer resistance with acceptable perfor-
mance degradation. For high-temperature SOEC, more research
attention should be paid on promoting the product selectivity.
We believe pressurized CO, and optimized temperature opera-
tion guides the future direction of CRR device design, not only
because of better mass transfer performance, but also due to the
potential to produce high carbon products. Additionally, alter-
native electrolytes, such as ILs have the ability in catalyzing

This journal is © The Royal Society of Chemistry 2021

View Article Online

Sustainable Energy & Fuels

ECO,R. With beneficial properties such as high CO, solubility
and intrinsic electrical conductivity, ILs are prime candidates to
enhance the activity for C,, products, and due to the lack of
scientific reports in this area, it is clear there is much work that
can still be done.
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