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Abstract

Storing renewable electricity from intermittent energy re-
sources by turning waste CO; into versatile chemicals is
promising for sustainable energy economy. In this process,
multi-carbon products, especially acetate, are hard to achieve
due to the high energy barrier and low selectivity for C—C
coupling. Targeting acetate as a CO, electroreduction re-
actions (CO2RR) end-product is perspective to reform the
current acetate industry. Herein, we summarize the two major
COo-to-acetate routes: the direct route via CO-RR and the
indirect one via CO reduction reaction (CORR). We firstly
summarize reaction mechanisms for different routes; then
discussed several categories of catalysts for acetate produc-
tion via CO2RR or CORR. We also correlate the theoretical
calculations and experimental results to better understand the
catalyst design principles. Finally, challenges and opportunities
in current established processes are proposed. We aim to build
a systematic understanding of current CO»-to-acetate strate-
gies and offer practical design guidelines for industrial CO-to-
acetate production.
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Introduction

Since the industrial revolution, the consumption of
fossil fuels has been increasing and has caused severe
environmental problems due to the accumulated
greenhouse gases, especially CO;. The more frequent
extreme weathers alert humans to change the current
energy infrastructure and develop efficient carbon
recycling techniques [1]. Replacing fossil fuels with
renewable energy resources, including solar, wind, bio,
and geothermal energy offers a sustainable solution to
reduce the greenhouse effects [2,3]. However, those
intermittent renewable energies are difficult to be in-
tegrated with the current power grids unless appropriate
energy storage technologies are developed. Alterna-
tively, CO; electroreduction reaction (CO,RR) offers a
potential pathway to store intermittent renewable
electricity in the form of chemical energy and help to
close the carbon cycle [4—6]. In the past few decades,
tremendous efforts have been devoted to designing
highly efficient electrocatalysts toward converting CO;,
into value-added chemicals. Among those, the energy
efficiency toward Cp products such as CO [7,8] and
HCOOH [9,10] has hitherto approached commerciali-
zation, while efficiency and selectivity for multicarbon
(Cz.4) to date are still far from satisfactory.

Acetic acid (or acetate) is a crucial feedstock for many
industrial processes. As an essential component in vin-
egar, global acetic acid production reaches more than ten
million tons [11]. In addition, downstream products
such as acetic anhydride and vinyl acetate play an
important role in organic synthesis, plastic materials,
medicine, and agriculture as bulk chemicals [12—14].
More importantly, recent research in biosynthesis
showed that acetic acid could be converted to other
value-added long-chain complex chemicals. For
instance, Fscherichia coli consumes acetate and converts
it to succinate following an engineered metabolic path
[15]. Similarly, other biological products, including
glucose, fatty acids [16], acetyl-CoA [17], and 3-
hydroxypropionic acid [18], can also be obtained from
acetate. 'To date, the industrial production of acetic acid
is dominated by the methanol carbonylation process,
commercialized by BASF company in 1955 [19]. The
process is energy-intensive and creates lots of harmful
organics, and the recycling of precious rhodium-based
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catalysts yields additional expenditure. Importantly, its
equipment is prone to be corroded by iodide additives.
On the contrary, the CO2RR can run at or near room
temperature and ambient pressure, and the intermit-
tent production stream is more flexible compared with
the traditional thermal process. Moreover, the
decreasing price of renewable electricity is making the
CO2RR more cost-competitive as an energy-storage
strategy [20]. Thus, it is appealing to explore the
CO;-to-acetate process by electrocatalysis. Although
encouraging results have been achieved for the pro-
duction of ethylene and ethanol using Cu-based cata-
lysts [21—24], reports about CO; electrolysis toward
acetic acid are relatively scarce. Cu is the only known
metal that can effectively generate multicarbon (Cy.)
products in the CO;RR [25], whereas acetate is always
presented as the byproduct of ethanol or ethylene pro-
duction. On the current technical level, it is a daunting
task to achieve both high selectivity and activity toward
acetate formation via the direct CO; electrolysis route.
In contrast, an indirect technological approach
combining consecutive CO;-to-CO and CO-to-acetate
processes is a potential method for efficient acetate
production, considering the well-established CO;-to-
CO process and the unique ability of CO electrolyzers to
produce acetate selectively.

In this review, we take a broad and historical view of the
electrocatalytic ~ COj-to-acetate  techniques  from
different aspects, including mechanistic study, catalyst
optimization and electrolyzer design for both direct
COzRR and indirect CO,—CO-acetate pathways. For
the direct CO;RR, CO; activation and C—C bond for-
mation are the two key mechanistic steps. Given that
CO; is quite stable in the redox reaction [26], the as-
designed CO;RR catalysts are expected to show a low
initial CO; activation energy [27]. In this regard, some
state-of-the-art catalysts are presented, and current
strategies to activate inert CO;, molecules and facilitate
C—C bond formation toward acetate are discussed. As a
more favorable alternative, the indirect CO,;RR via
CORR pathway undergoes deeper and further studies.
The indirect pathway is commonly implemented by
designing tandem electrodes or by decoupling the CO;-
to-CO and CO-to-acetate processes. As CO;,-to-CO
process has been maturely exploited, here we put more
emphases on the CORR to acetate. For CORR, the
adsorbed *CO species are generally regarded as the key
intermediate toward C,, oxygenates [28,29]; hence, we
specifically focus on the catalysts optimization strategies
to tune the absorption energy on *CO. Along these lines,
in this review, we systematically summarize the re-
ported mechanisms of acetate formation via CO,RR and
CORR, respectively, to illustrate how to promote the
formation of certain intermediates. We then discuss
catalyst design strategies to break the Bronsted-Evans-
Polanyi (BEP) relationship [30—32] for achieving higher
acetate selectivity and efficiency. To make the review

comprehensive, the investigations about non-catalyst
factors associated with acetate formation are also
included. Finally, we highlight the current drawbacks in
the direct and indirect pathways and propose
constructive solutions for future studies.

Direct CO>RR toward acetate

State-of-the-art research of CO>,RR toward acetate
Efficient electrochemical reduction of CO; to Cjy
products is of great importance, given that most of them
are useful chemicals or fuels that can only be obtained
from complicated and energy-consuming industrial
synthesis [33]. In particular, the direct electroreduction
of CO; toward acetate/acetic acid has attracted inten-
sive interest since its production is otherwise achieved
under high temperatures and through a multistep pro-
cess from methane-derived syngas and successive
carbonylation [34]. In addition, acetic acid has the po-
tential to be further converted into long-chain products
via synthetic biology to obtain products with higher
energy density and market value [16]. However, due to
the high barrier for C—C bond formation on electrode
surfaces, producing C;; products with decent selec-
tivity as well as good efficiency has proven to be
considerably difficult [34]. Among all kinds of state-of-
the-art catalysts, Cu-based catalysts seem to be the
most efficient and promising material for the CO,RR
toward multicarbon  products [35]. Specifically,
numerous studies have focused on the direct CO;RR
toward acetate using Cu as a key component. Briefly, we
summarize the representative CO;RR catalysts for ac-
etate production in Figure 1. For example, Meyer and
coworkers reported high CO;-to-acetate efficiency
(21.2% Faradaic efficiency (FE) at —1.33 V in 0.5M
KHCO3) by using the electrochemically reduced
monodispersed mixtures of Cu and Ag nanoparticles on
electrochemically polymerized poly-Fe(vbpy)s(PFg);
films [36]. A possible initiator for C—C bond formation
in acetate production may be the capture of *CH; on Cu
sites and its further combination with CO produced by
neighboring Ag. Similarly, Basile and coworkers synthe-
sized a Cu,O—Cu’ catalyst by the electrodeposition of
Cu metal on a carbonaceous membrane, which achieved
a high selectivity (76% FE) toward acetic acid [34].
Moreover, compared with traditional copper-based cat-
alysts, isolated copper centers show favorable selectivity
in the direct CO;RR toward acetate. For example, a
conductive covalent organic framework with isolated
copper sites was designed by Liao and coworkers, it was
proven to be an excellent electrocatalyst for the reduc-
tion of CO; to acetate with an FE of 90.3% at a current
density of 12.5 mA emZin 0.1 M KHCOj3 solution [37].
Apart from copper-based electrocatalysts, there has also
been a notable development in nonmetallic and other
metal-based electrocatalysts for the direct conversion of
CO; to acetic acid/acetate. For instance, nitrogen-doped
nanodiamond on a silicon rod array was developed by Liu
et al. for selective acetate production from CO,RR [33].
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A brief history of the representative progress of CO2RR to acetic acid. To date, various sophisticated catalysts have been claimed to be effective for CO,-
to-acetate process. 2015, NDD/Si RA was initially investigated for CO,RR to acetate. This figure is reproduced from the study by Liu et al. [33] with the
permission from the American Chemical Society, copyright 2015. 2018, the concept of tandem catalyst was applied to circumvent the obstacle in direct
CO2RR. This figure is reproduced from Wang et al. [36] with the permission from the Proc. Natl. Acad. Sci. U. S. A., copyright 2018. In 2019, Cu(0)-Cu(l)
site was firstly investigated for acetate production. This figure is reproduced from the study by Zhu et al. [40] with the permission from Spring-Nature,

copyright 2019. 2020, Mn-based molecular catalyst was proposed for effective acetate generation from CO,. This figure is reproduced from the study by
De et al. [38] with the permission from the Wiley-VCH, copyright 2020. 2021, Zang et al. proposed Mo—O—-Cu interface promote acetate formation. This
figure is reproduced from the study by Zang et al. [45] with the permission from the Elsevier, copyright 2021. 2022, Qiu et al. further designed a COF
structure to modulate electronic structure of isolated Cu to enhance acetate selectivity. This figure is reproduced from the study by Qiu et al. [37] with the

permission from the Wiley-VCH, copyright 2022.

In addition, well-designed molecular metal complexes
containing manganese or cobalt were also developed to
directly reduce CO; toward acetic acid/acetate. In one
study by Schefberger and cooperators, a molecular
Icorrole complex was designed for the direct and
selectlve production of acetic acid from CO; with a FE
of 63% [38]. In another study, they observed that the
Co(III) triphenylphosphine corrole complex exhibited
potential-dependent CO; reduction to produce low
amounts of acetic acid with an FE of 13% [39].

Summary of several typical mechanisms

Although the formation of acetate in the CO;RR has
been intensively studied via well-developed character-
ization techniques, there is still no conclusive answer to

the exact reaction pathway and mechanism of such
conversion. Indeed, the mechanism of C—C formation
during the CO;RR toward acetate/acetic acid is still
debatable [36]. According to recent research, it has been
widely accepted that *COOH is a rate-determining in-
termediate, it may follow several typical proposed
pathways toward the formation of acetate (as summa-
rized in Figure 2): (1) the generation of *CO and sub-
sequent dimerization of another *CO intermediate, (2)
the generation of *CHj3 and successive coupling with
COg; insertion, (3) the formation and further reduction
of an oxalate intermediate, and (4) the disproportion-
ation of acetaldehyde, which is promoted by the local
alkaline environment in the vicinity of the elec-
trode surface.
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Typical mechanisms for direct CO,RR toward acetate/acetic acid.

Via dimerization of the *CO intermediate

Among all the proposed mechanisms, the *CO dimer-
ization pathway tends to receive the most attention:
COg; is initially reduced to absorbed CO which generate
hydrocarbons and oxygenates by dimerization on
metallic catalysts such as copper [41,42]. Numerous
studies have been developed to demonstrate this pro-
cess in recent years. For instance, Han and coworkers
reported the CO;RR to acetic acid over a three-
dimension dendritic Cu—Cu;0O composite, which
achieved an over potential of 0.53 V versus reversible
hydrogen electrode (zs. RHE) and an FE of 48% in KCI
aqueous solution [40]. Some control experiments and
infrared-spectra studies were conducted to explore the
presence of possible intermediates, such as CO and
acetaldehyde. The results showed that the *OCCHO
intermediate, which could be further reduced to
CH3COO™ species at the electrode surface, was critical
for the formation of acetic acid. In another study, a
stable m-7 stacking framework formed by the trinuclear
copper compound Cuz(HBtz)3(Btz)Cl; with pyrazolate-
bridged dicopper sites was developed by Zhu et al. for
COzRR. 7 situ infrared spectroscopy, density functional
theory calculations, and control experiments revealed
that the formation of *OCCHO intermediate from *CO
dimerization was the key step for yielding C, products
[43]. The synergistic effect between the highly active
dicopper site and the nearby proton relay promoted
C—C coupling by reducing the Gibbs free-energy barrier
for *CO hydrogenation. As a result, an enhanced CO;RR
efficiency toward C; products was observed. Similarly,
in a study of a Cu—Cul composite catalyst with abun-
dant Cu’/Cu™ interfaces, Wang and coworkers revealed
that the adsorbed iodine species promote C—C coupling
by influencing the adsorption of the *CO intermediate
[44]. As such, it can be deduced that *CO may be the

key intermediate for *OCCHO formation during the
acetate/acetic acid production process.

Via *CHs intermediate coupling with CO, insertion

While the former mechanism acquires coupling between
*CO intermediates and keeps the C—O bond intact,
some researchers have pointed out that the reaction
pathway above must continuously overcome a high
energy barrier in *OCCHO formation [27]. There will
be immense restrictions on the formation of acetate/
acetic acid during the CO;RR. Therefore, a new
pathway is proposed, which assumes *CH3 was initially
produced by several hydrogenation steps and then ace-
tate formation takes place via the coupling of CO;
molecules with nearby *CHj3. The produced *OOC;Hj3
can subsequently undergo a simple protonation step and
desorbed from the catalyst surface. Taking MogO,/Cu
heterostructures as an example, Wei and coworkers re-
ported a high FE of 49% toward acetate at 110 mA cm ™~ ?
with a relatively low applied potential of —1.13 V os.
RHE [45]. Based on density functional theory (DFT)
calculations as well as experimental results, the
designed Cu—O—Mo interface catalyst was demon-
strated to promote the generation of *CHj and its
successive coupling with CO; under an applied poten-
tial. Experimental observations conducted by Genovese
et al. also proved the reliability of acetate formation via
the coupling of the *CHj intermediate with the CO;
insertion [46]. Using copper nanoparticles on carbon
nanotubes, they observed no generation of *CO during
the first step in the CO;RR, which was a prerequisite to
forming C—C bonds through the *CO dimerization
pathway. In contrast, theoretical calculations and # situ
infrared spectroscopy revealed that the combination of
*COj with the reduced species *CH3 on the catalytic
surface led to acetate formation. Considering that the
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absorbed *CHj species can easily undergo a nucleo-
philic attack from the radical anion *CQOz3, such a reac-
tion is quite favorable. In addition, a recent study
revealed the same pathway using a covalent organic
framework with an isolated copper-phthalocyanine
active site for the CO;RR toward acetate [37]. With
the help of theoretical calculations and  situ infrared
spectroscopy, it was concluded that the isolated copper-
phthalocyanine active site with high electron density
was conducive to the coupling of *CHj3 with CO; to
produce acetate while preventing the coupling of *CO
with *CO or *CHO to produce ethylene and ethanol.

Via an oxalate intermediate

It was first reported by Jaramillo et al. that enol-like
intermediates might be involved in CO;RR toward a
wide range of G, products on metallic copper surfaces
[47]. In their study, the researchers used copper as the
catalyst across a range of potentials for CO,;RR and
observed a total of 16 different CO; reduction products,
11 of which are G, oxygenates. Then, they concluded
that enol-like surface intermediates might account for
the observed selectivity for these distinct Gy oxygen-
ates: including aldehydes, ketones, alcohols, and car-
boxylic acids. Later, based on the i situ infrared
spectrum results, along with the above-proposed reac-
tion mechanisms, Quan and coworkers demonstrated a
possible CO;-to-acetate pathway via an oxalate inter-
mediate on an N-doped nanodiamond/Si rod array
(NDDY/Si RA) electrode [33]. According to their results,
the peak at 1307 cm™! in the infrared spectrum was
attributed to *OOC-COQ". The peak intensity initially
increased but later remained unchanged during further
electrolysis, suggesting that *OOC-COO™ might be the
intermediate of CO; RR. As such, the possible reaction
pathway associated with an oxalate intermediate was
proposed: CO; was first adsorbed on the electrode sur-
face and reduced to *CQO3, after which the formed *CO;
radical combined with another CO; and generated
*O0C-COQ'. The oxalate intermediate was then pro-
tonated and further reduced, resulting in the production
of acetate. In addition, Sun et al. proposed a similar
pathway of CO, — *COOH~ — *OOC-COO" —
CH3;COOQO™ based on an  situ diffuse reflectance Fourier
transform infrared spectroscopy study, while ultrathin
WO3;-0.33H,0 nanotubes was investigated as the model
catalyst [48]. It was claimed that if *H radicals around
early formed *COOH intermediates were insufficient,
adjacent *COOH radicals tended to form C—C bonds
and generate HCOO—COOH intermediate. Subse-
quently, the hydrogen bond connected —COOH un-
dergoes proton-coupled electron transfer (PCET) until
it was reduced to —CH3, after which the acetum prod-
uct would be formed. In addition to experimental
proofs, DFT calculations conducted by Sch¢fberger and
cooperators. Also substantiated this mechanism [38].
Taking the model of a molecular Mn'""-corrole complex
on the three meso-positions with polyethylene glycol

CO; electrolysis Wang etal. 5

moieties, as an instance, they showed that C—C
dimerization would lead to the oxalate-type intermedi-
ate formation and its consecutive reduction resulted in
the formation of acetate. Moreover, further electro-
reduction experiments of oxalic acid toward acetic acid
also strongly supported this mechanistic pathway and
proved its credibility.

Via disproportionation of acetaldehyde

Unlike the aforementioned mechanisms, the pathway
via acetaldehyde disproportionation is also proposed
based on a series of interesting experimental results.
For instance, Kanan’s group noticed that during CO
reduction at high pH, acetate formation would be
enhanced, accompanied by a notable decrease in
ethanol concentration on oxide-derived Cu, which
suggested a correlation between these two C; species
[49]. In other words, ethanol and acetate are likely to be
mechanistically linked and thus share the same
selectivity-determining intermediates and/or steps. In
addition, when searching for evidence for product-
specific active sites on oxide-derived Cu catalysts for
COzRR, Lum and coworkers also found that ethanol
and acetate shared the same active site for the C—C
coupling [35]. However, they did not point out the
exact intermediate species. Actually, some previous
studies have already reported that ethanol and acetate
were the disproportionation products of acetaldehyde,
although not under electrocatalytic conditions. For
example, as early as 1980 [50], Maitlis and coworkers
reported a homogeneous disproportionation of acetal-
dehyde into ethanol as well as acetic acid by the cata-
lyzation of rhodium hydride complexes. Later, Nagai
et al. demonstrated that acetaldehydes underwent a
noncatalytic self-disproportionation reaction producing
ethanol and acetic acid in supercritical water at 400 °C
[51]. As such, it can be inferred that ethanol and acetate
may share a common intermediate during direct
CO,RR toward acetic acid/acetate. It was not until
Koper and cooperators used a seemingly catalytically
inactive electrode, boron-doped diamond, to conduct
COzRR at very cathodic potentials that the pathway
from acetaldehyde disproportionation was clearly
proven [52]. They pointed out that the disproportion-
ation of aldehydes, which could be promoted by the
local alkaline environment in the vicinity of the elec-
trode surface, accounted for the formation of carboxylic
acids and alcohols. Additionally, this phenomenon can
also be observed in other aldehydes in their experi-
ments, which probably explains the concomitant for-
mation of acids and alcohols during the CO,RR [40].

Catalyst design for direct conversion

As mentioned above, with the aid of quantum chemical
calculations and operando spectroscopy, several possible
pathways of acetic acid/acetate formation have been
heavily studied. To improve the selectivity and produc-
tivity of the direct CO,RR toward acetic acid/acetate,
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the concentration of intermediate species plays a
negligible role. Only sufficient amounts of intermediate
species are generated in the surroundings of active sites
will G, products such as acetic acid be generated during
COzRR. In this section, we highlight the electrocatalyst
design strategies focusing on improving the concentra-
tion of different intermediate species. For clarity, the
representative reported catalysts in literature about
CO;-to-acetate process are listed in Table 1.

The most common way to improve the CO,;RR perfor-
mance toward acetate/acetic acid is to manipulate the
local electronic structures of the electrocatalysts, by
which their oxidation states can be tuned. Since copper-
based electrocatalysts have shown exceptional perfor-
mance in C—C coupling during the direct CO;RR to
C;4+ products, using different nonmetallic atoms or
dopants to regulate the oxidation states of Cu seems to
be a promising strategy. One example is the Cu—Cu,0/
Cu electrode prepared by Han and coworkers, which
showed outstanding catalytic performance for CO;
reduction to acetate in a KCI aqueous electrolyte [40].
At —0.4 V vs. RHE, the overpotential for acetic acid was
0.53 V when the FE of C;; products reached 80.7% at a
current density of 11.5 mA cm 2 (Figure 3a and b). The
authors attributed this extraordinary electrocatalytic
activity to the synergistic effects of the optimal Cu (I)/
Cu (0) ratio. As proposed by Xiao et al., the adsorbed CO
on Cu (I) sites is positively charged while CO on Cu (0)
is negatively charged, accounting for lower dimerization
Gibbs energy barriers among adjacent Cu (I)—Cu (0)
sites [53]. In addition to oxygen, heteroatoms such as
halides and nitrogen have also been intensively inves-
tigated to tune the Cu oxidation state for promoting
C—C coupling during CO;RR. Li et al. designed a
Cu—Cul composite catalyst with abundant Cu(0)/Cu™
interfaces by physically mixing Cu nanoparticles and
Cul powders, which achieved a remarkable G, partial
current density of 591 mA em ?at —1.0 Vos. RHE in a
flow cell (Figure 3c) [44]. It was believed that the Cu®
species stabilized by the adsorbed iodine species,

Table 1

together with adjacent metallic Cu sites, were the active
sites to promote C—C coupling.

Designing tandem catalysts is another promising strat-
egy to enhance C—C coupling. It is commonly accepted
that adsorbed *CO species act as key intermediates for
C;4 compounds, and Cu-based catalysts generally lack
adequate CO coverage in the CO;RR, leading to un-
desirable C;, selectivity. As a solution, tandem elec-
trocatalysts have been proposed in recent years
[28,36,55—57]. The general idea of tandem catalysts is
that two active sites coexist adjacently and undertake
different tasks. One site, such as Ag and Zn, serves as a
CO formation site, while the CO conversion site re-
duces CO toward C;4 products. Under this principle,
bimetallic [28], core—shell [57] and dual-single atom
catalysts [58] are proper alternatives to design tandem
catalysts. Taking the ultrasmall (Cu),, (Ag)m, bimetallic
nanoparticles as an example, it was reported that the
electrochemically reduced Cu and Ag clusters could
achieve an FE of 21.2% for acetate at —1.3 Vos. RHE in
0.5 M KHCO3 [36], as shown in Figure 3d. The Ag-
catalyzed formation of CO followed by its capture on
neighboring Cu sites is the proposed mechanism for
C—C bond formation. Additionally, Ager and coworkers
developed a bimetallic pattern compromising interdig-
itated and independent Au and Cu sites (26 [m spacing
apart) over SiO; for the CO;RR, as shown in Figure 3e
[54]. In the calculated model, the Au site generated a
locally concentrated CO environment, while Cu served
to provide the active sites for C—C coupling by utilizing
the spread CO molecules (Figure 3f). To enhance CO
utilization while suppressing hydrogen production, they
also directly deposited Cu sites onto Ag substrate.
Consequently, controlling the relative areas of the two
metal patterns would tune the ratio of oxygenate to
ethylene from 0.59 (Ag was 100% covered by Cu) to
2.39 (Ag was 2.4% covered by Cu). As above, the
combination of two different metals together plays an
important role in the deep conversion of CO; to ace-
tate/acetic acid.

Performance of catalysts investigated for CO,RR toward acetate.

Catalyst FEacetate (%) Current density  Potential ~ Stability (h) Reactor Electrolyte Reference
(mAcm™)  (V vs. RHE)
(Cu)n(Ag)m 21.2 = -1.33 - H Cell 0.5M KHCO3 [36]
Cu,0-Cu° 76 0.46 -0.4 5 H Cell 0.3M KHCO3 [34]
Cu—Cuy0-2 48 115 -0.4 24 H Cell 0.1M KCI [40]
PcCu-TFPN 90.3 12.5 -0.8 - Flow Cell 0.1M KHCOj3 [37]
Mn-corrole 63 - -0.674 5 H Cell 0.1M phosphate buffer (pH 6) [38]
Co-corrole 13 2.9 -0.955 5 H Cell 0.1M NaClO, with phosphate buffer [39]
NDD/Si RA 77.3 ~1 -0.8 - H Cell 0.5M NaHCO3 [33]
Cus(HBtz)5(Btz)Cl» 4.7 7.9 -1.3 24 H Cell 0.1M KHCO3 [43]
Cu—Cul <5 894 -1.0 85 Flow cell 1M KOH [44]
MogO,/Cu 48.68 ~110 -1.13 - Flow cell saturated NaHCO3 [45]
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(a) Total current density at various potentials over copper-cuprous oxides and normal Cu-based catalysts. (b) C., oxygenates (ethanol and acetate)

selectivity for the CO2RR at different applied potentials (vs. RHE). (a) and (b) are reproduced from the study by Zhu et al. [40] with the permission from
Spring-Nature, copyright 2019. (c) C,, partial current density and catalytic scheme of the Cu—Cul composite catalyst compared with Cu or Cul alone. (c)
Is reproduced from the study by Li et al. [44] with the permission from Wiley-VCH, copyright 2021. (d) Faradaic efficiency for CuoAgs at different applied
potentials in COo-saturated 0.5 M KHCOg3. (d) Is reproduced from the Wang et al. [36] with the permission from Proc. Natl. Acad. Sci. U. S. A., copyright
2018. (e) Scheme of interdigitated Cu and Au bimetallic electrodes. (f) Calculated CO concentration contours in mM for interdigitated devices with relative
area coverages of 55% Cu. (e) and (f) are reproduced from the study by Lum et al. [54] with the permission from the Royal Society of Chemistry, copyright
2018. (g) The relation between N content and production rate of acetate and formate over NDD/Si RA. (h) N 1s XPS spectrum of NDD,/Si RA, indicating
N dopant configuration. (g) and (h) are reproduced from the study by Liu et al. [33] with the permission from the American Chemical Society, copyright
2015. (i) Faradaic efficiencies of each CO,RR peak with potential dependence over MogO,/Cu catalyst (cyan: hydrogen, red: ethanol, green: acetate,
yellow: methane, blue: ethylene, purple: ethane). (i) Is reproduced from the study by Zang et al. [45] with the permission from the Elsevier, copyright 2021.

In addition to the abovementioned catalyst design  could be well stabilized at the active sites, highly

strategies, well-designed molecular metal complexes
have recently been developed to reduce CO;, to multi-
carbon products. In a study of a cobalt(III) triphenyl-
phosphine corrole complex, Roy and coworkers revealed
that the corrole molecule tends to stabilize different
radical intermediates, such as COOHe and HCOQe, at
the metal site [39]. Since the intermediate species

reduced products would be formed when sufficient
amounts of electrons are provided. Under a moderately
acidic aqueous medium (pH 6), the main reduction
products were formic acid, methanol, and acetic acid.
Later, they designed a molecular Mn'"!corrole complex
to directly and selectively produce acetic acid from CO%
[38]. Further studies reveals that electroactive Mn'
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species play a similar role, which bind with CO; and
stabilizes the reduced intermediates during CO;RR.
The Lewis acidity of the Mn'"! center had a higher
tendency to bind with the Lewis basic O-site of the
carboxyl group, which would facilitate C—C coupling to
form an oxalate-type intermediate. As a result, the
catalyst shows a superior acetic acid selectivity of over
40% in constant electrolysis in phosphate buffer.

Finally, creating electrocatalyst defects by heteroatoms
or cluster doping represents another alternative strategy
to modulate catalytic selectivity as well as activity. For
example, Quan et al. incorporated N atoms into nano-
diamond rod arrays and achieved a >75% FE for the
acetate [33]. As shown in Figure 3g, heavier N doping in
NDDY/Si RA remarkably promotes the CO,;RR reaction
rates. X-ray photoelectron spectroscopy (XPS) results
validated that dominate N species is doped in carbon
lattice with sp3 configuration (Figure 3h), which un-
dergo a special CO,RR path through oxalate in-
termediates to generate acetate in in-situ infrared
spectra. The modification of small clusters may also lead
to superior activity. Bao and cooperators reported an
interface engineering strategy to modify copper nano-
cubes with polyoxometalate to generate a MogOy/Cu
interface as active sites for the CO;RR toward acetate
[45]. DFT calculations suggested that the interface of
Cu planes and MogOy cluster promoted the generation
of *CHj and its successive coupling with CO,, which
resulted in an acetate FE of 48.7% under a current
density of 110 mA cm %at —1.13 Vos. RHE (Figure 31).
Notably, such a metal-oxygen-metal interface design not
only exhibits a remarkable electron reservoir but enables
the synergetic effect between Mog and Cu. As such, this
can be a general model for the rational design of catalysts
in CO,RR toward acetate/acetic acid.

Overall, various catalysts have suggested effective ace-
tate selectivity improvement. As displayed in previous
sections, constructing Cu(0)-Cu(I) sites would boost
C,, products, but it is hard to suppress competitive by-
products (ethylene and ethanol). A tandem -catalyst
ingeniously harmonizes the CO;-to-CO process and CO-
to-acetate process in a sole catalyst. Regarding *CO is
actually the key intermediate in acetate generation, more
efforts must be invested to promote tandem catalyst
application. Molecular metal complexes are a class of
catalysts recently developed for CO;RR. Although am-
biguity may exist in the relationship between activity
and coordination effects, adjusting ligand’s structures
can exquisitely regulate electronic structures, offering
more opportunities to generate rare products. Based on
the structure—property relationship, the unprecedented
FE is achieved in NDD/Si RA catalyst aforementioned,
proving the elaborate doping strategies is suitable for
unitary selectivity. However, the development of CO;-to
acetate is quite sluggish. Firstly, none of the reported
catalysts can directly electro-convert CO; into acetate

with an industrial-scale partial current (>200 mA cm™ ).
Secondly, most of the reported catalysts are sophisticated
for synthesis hampering commercial application.
Resorting to a convenient synthetic process should be
predominant in the near future. Finally, we still have to
suppress ethanol and formic acid formation simulta-
neously to lower separation cost, as those co-products are
in liquid phase. Given the high threshold in scalability,
indirect routes to convert CO; into acetate will be
discussed in the next section.

Indirect CO>RR toward acetate

The driving force behind indirect CO2RR

Direct CO; conversion toward acetate is potentially
more energy efficient, but the drawbacks of CO;
electrolysis are not negligible. To improve the selec-
tivity while suppressing the hydrogen evolution reac-
tion (HER) during the CO;RR, CO; electrolysis is
always applied in an alkaline media [59]. However, the
formation of carbonate not only results in (bi)carbon-
ate precipitation in the gas diffusion electrode (GDE)
thus damaging the operation stability [60], but also
imposes extra energy loss due to CO; regeneration
[61]. The CO,RR in acidic media offers an avenue to
avoid carbon loss, but the products are inevitably
dominated by HER and C; products [62]. Moreover,
the liquid products of the CO,RR are in great vari-
eties, including formic acid, ethanol, acetic acid,
acetaldehyde and propanol, leading to a daunting task
for separation [63]. In this case, indirect CO;RR
integrating the CORR process provides us with an
alternative solution to address these issues. The
CO;RR and CORR to the acetate process are
presented by the equation below [64]:

2C0,+8H 8¢~ — CH;COOH+2H,0  Eg=0.12V (o5. RHE)

2CO+4H"+4e~ — CH3COOH Eo = 0.32V (us. RHE)

CORR toward acetate has a higher thermodynamic po-
tential than CO;RR toward acetate (0.32 V vs. 0.12 V),
and it involves fewer proton-coupled-proton transfer
steps. These inherent properties indicate that the CO-
to-acetate process may have a higher activity than the
CO;-to-acetate process [64]. In addition, CO is inert in
the reaction with hydroxide ions, resulting in no carbon
loss [65]. Kanan and coworkers designed a special cell
architecture that achieved 68% CO single-pass conver-
sion and 75% FE for acetate production [65]. Although
the solubility of CO is relatively low (1 mM), a high
partial current (>100 mA cm™ %) was achieved in this
work owing to the special GDE design and unprece-
dented high pressure (4 bar) of CO feedstock. Conse-
quently, one can turn to split the CO,-to-acetate process
into two consecutive procedures, COz-to-CO and CO-
to-acetate, as an alternative solution for the CO;-to-
acetate process.
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Recent development of CO2RR to CO

Compared with the immature direct CO;,-to-acetate
process, the techniques for CO;-to-CO have been
widely available with high selectivity and efficiency.
Wang’s group designed a large-scale CO,;RR catalyst
based on single Ni atoms on the commercial carbon
black [8]. In a 10¥10 ¢cm~? membrane electrode as-
sembly (MEA) reactor, it reached nearly 100% selec-
tivity and a 3.42 L per hour CO generation rate under
8.3 A current. Similarly, another recent work also
achieved near 100% CO FE at a current density of
1.2 A ecm ™2 over 360 h of continuous operation among
metalloporphyrin-linked mercurated graphynes [66].
Very recently, a polytetrafluoroethylene (PTFE)
nanoparticle-modified Ni—N—C catalyst was synthe-
sized for the CO;-to-CO process in the acid media [67].
In this work, the CO; single-pass utilization reached
75.7% at 200 mA cm ™2, and it steadily operated in pH 2
media for more than 36 h without any selectivity (100%
for CO) decay. As above, these viable schemes ensure
the feasibility of efficient CO production from CO,. To
meet the industrial demand for scaling up the traditional
COzRR, Endrédi et al. constructed a multilayer CO;
electrolyzer stacks and arranged multiple electrolyzer
layers into an intact zero gap cell that could be operated
under a pressurized gas feed without a liquid catholyte
[68]. This novel design offered numerous advantages: it
markedly decreased the total cell resistance and carbon
loss, as well as simultaneously achieving high CO; con-
version (40%), CO FE (95%), and current density
(above 250 mA cmfz) under a fast CO; feed rate (above
500 sccm). Moreover, this innovative design is more
compact and integrated than a traditional electrolyzer,
which is conducive to subsequent improvement. For
short, we list some recent literature about CO;RR to
CO for curious readers [69—75].

Development of CORR toward acetic acid/acetate

Unlike the direct conversion of CO; to acetic acid (ac-
etate), CORR offers a novel route with high selectivity
and efficiency [64]. Recent studies have been devoted
to creating efficient catalysts and electrolyzers for ace-
tate formation in the CORR, together with elucidating
the mechanisms. As displayed in Figure 4, a brief history
of representative  CORR to acetate production is
presented. In 2014, Kanan’s group observed that acetate
selectivity increased with pH among oxide-derived Cu
(OD-Cu) [49]. Later, Jouny et al. circumvented the
intrinsic low CO solubility problem by incorporating gas-
diffusion electrodes in the CO-to-acetate process [76].
Since then, a series of well-designed catalysts and CO
electrolyzers have been profoundly studied to produce
high-concentration acetate solutions. In 2019, Kanan
and cooperators constructed interdigitated flow fields to
maximize the flux of CO and continuously produced
concentrated acetate [65]. To reduce the separation
cost, a porous solid electrolyte (PSE) was further
incorporated to replace traditional liquid media, which
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generated a 0.33 M acetic acid solution without any
impure ions [77]. In 2022, Ji et al. reported a CuPd
intermetallic compound that exhibited 70% acetate FE
under a 500 mA cm~Z current density and the catalyst
steadily operated up to 500 h [78]. Very recently, Jiao
et al. fully utilized the ethanol permeability of an anion-
exchange membrane (AEM) to generate ultra-pure ac-
etate solution with a concentration as high as 7.6 M [79].

Despite the vigorous development of CO-to-acetate,
further progress is still required for large-scale produc-
tion. Martin et al. thoroughly calculated the required
parameters to commercialize CO,RR [80], which is also
suitable for CORR process [64]. To make the whole
process economic, the threshold current density is
beyond 200 mA cm 2, and the FE for C;4 products
should be over 80%. As for stability, the whole electro-
lyzer should constantly operate for more than 5000 h
with an overpotential lower than 0.4 V for practical
application. Besides, the full cell energy conversion ef-
ficiency should surmount 60% [81]. The most important
part to approach scalability is to design efficient cata-
lysts, but the selectivity and activity of the CORR are
structure-sensitive, making it difficult to design desir-
able catalysts. In the following discussion, we present
guidelines for designing highly active catalysts based on
insights into previously reported reaction mechanisms.
The ultimate goal is to establish a general design prin-
ciple for developing catalysts and reactor systems with
high activity, selectivity, stability, and scalability.

Several plausible mechanisms

The mechanism of the CO-to-acetate process has been
profoundly studied by researchers with the assistance of
DFT calculations and kinetic experiments. Based on the
isotope-labeled and in-situ mass spectra, three possible
mechanisms are widely accepted for acetate generation.
Generally, the most accepted mechanism was proposed
by Kanan et al. [49] and further validated by subsequent
experimental evidence [77,78,82—84]. In this route
(Figure 5a, Route 1), acetate is generated via surface-
bound ethenone, which favors nucleophilic attacks
from solvent. In this process, the formation of *OCCOH
species is identified as the rate-determining step to
produce *CCO, which acts as the precursor of ethenone.
In detail, the adsorbed *CO species is dimerized to
*OC-CO followed by PCET to generate *OC-COH,
which is known as the common intermediate to
ethylene, ethanol, acetate and other oxygenates. In situ
Fourier transform infrared spectroscopy has demon-
strated solid evidence that *OC-COH species associ-
ated signals at 1584 and 1191 cm ™! were successfully
observed during CO;RR [85—88]. The following steps
diverge into two routes: *OC-COH further generates
*HOC—COH by PCET or forms *CCO when *OH
breaks away from *OC-COH [77]. Koper et al. sug-
gested that *CCO might transform to *HC-CO and
*HC-CHO through PECT to generate ethanol [85].
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Figure 4
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A brief history of the representative progress of CORR to acetic acid. Until 2022, novel electrolyzer and catalyst design have been vigorously developed,
and the FE, current density and total energy efficiency have been remarkedly improved. 2014, OD-Cu was initially investigated for CORR to Co,. 2018,
GDE was applied in CORR electrolyzer to achieve high current density. 2019, Cu exposed (111) facets was proved to be effective for acetate production.
These three figures are reproduced from the studies by Li et al., Jouny et al., Luc et al. [49,76,82] with the permission from the Spring-Nature, copyright
2014, 2018, 2019. The same year, the porous solid electrolyte was used to produce pure acetic acid solution. This figure is reproduced from the study by
Zhu et al. [77] with the permission from Proc. Natl. Acad. Sci. U. S. A., copyright 2019. 2022, CuPd intermetallic compound was proved to be highly

effective for acetate production. The same year, Jiao’s group proposed a novel strategy to convert ethanol by-product into acetate, which may decrease

separation cost. These two figures are reproduced from the studies by Ji et al.

2022.

, Overa et al. [78,79] with the permission from the Spring-Nature, copyright

However, Luc et al. figured out that *CCO could also
transform into *H,C=CO [82]. Importantly, *H,C=
CO is commonly recognized as surface-bound ethenone,
which forms acetate through hydration (Figure 5a).

To verify this mechanism, isotopic labeling together
with a gas chromatography-mass spectrometry
(GC—MS) system was used to analyze the liquid
products. As shown in Figure 5b, isotopically labeled
C'®0 was fed to probe key intermediates on OD-Cu. To
ensure accuracy, no oxygen exchange would happen
between the feedstock and solvent, circumventing the
interference signals [76]. From fragment patterns, the
introduction of C'%0 led t06partially labeled acetic acid
at 62 amu, i.c., CH3C1801 OH. Since '°0 only origi-
nates from the solvent, it can be concluded that one
H;O or hydroxide ion participated in the reaction with a
certain intermediate. Moreover, a slight signal presents
at 64 amu, i.e., '“CH}*C'®0'"®OH or "CH}’C"®0'"*OH
is observed compared with 62 amu when using C'®0
(corresponding to 13CH},SCM’OMOH). The 64 amu

signal  when using c®o might arise from
ZCHI2CO™0H species (the double-labeled product)
rather than the interference of natural '°C. These re-
sults are consistent with the H3%0 experiments by Lum
et al. [90]. To summarize the experiments, the pre-
dominant mechanism certainly contains an intermediate
with only one oxygen, and it subsequently undergoes an
addition reaction by a solvent oxygen atom. Meanwhile,
a small fraction of acetate is double-labeled in the
presence of C'®0, which indicates that some other
mechanism may also exist and will be discussed further.
On the other hand, ethanol was partially labeled, and
acetaldehyde was unlabeled. Because only acetaldehyde
can exchange oxygen atoms with solvent [91], the
partially labeled ethanol might be generated via a
distinct acetaldehyde-related route. Toward a direct
verification of the ethenone mechanism, Jiao et al.
introduced NHj to co-feed the CORR over a Cu catalyst
[83]. Owing to the high nucleophilic ability of NH3, the
highly active ethenone structure was easily attacked by
nitrogen atoms, resulting in C—N coupling. Figure 5c
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Proposed three reasonable reaction mechanisms for (a) the electrocatalytic CORR to acetic acid, path 1: the ethenone mechanism; path 2: the CO

insertion mechanism following the Eley-Rideal process; path 3: a three-membered ring intermediate. (b) Mass spectrum of partially labeled acetic acid by
C'®0 feedstock on OD-Cu. (b) is reproduced from the study by Jouny et al. [76] with the permission from Spring-Nature, copyright 2018. (¢) Comparison
of amide selectivity and other CORR products with the presence of different amine co-feeding operation. (c) is reproduced from the study by Jouny et al.
[83] with the permission from Spring-Nature, copyright 2019 (d) Acetic acid partial current densities over the partial pressure of CO. (d) is reproduced from
the study by Fu et al. [89] with the permission from Elsevier, copyright 2021.

shows that this mechanism can be extended to other
amide formations, and other C;, products are also
suppressed in the presence of amines.

Some other reasonable mechanisms may also coexist in
the CO-to-acetate process, such as the CO insertion
mechanism. This DFT-predicted mechanism is illus-
trated in Figure 5a (Route 2). Starting from adsorbed
*CO, it follows several PCET steps to generate *CH;
species. The generated *CH};, species have a low kinetic
barrier for the CO insertion step above Cu sites, and
they easily form *CH,CO [92—94]. The *CH,CO in-
termediate was regarded as a precursor for subsequent
oriented formation of acetate. There are relatively fewer
experimental results of this mechanism. As indicated in
Figure 5d, Fu et al. designed a Cu—N—C catalyst for the
acetate production [89] and measured the relationship
between CO partial pressure and acetate partial current.
The results showed that even though the CO partial

pressure is adequate to saturate Cu sites, the logarith-
MiC jacerare Steadily increases. The result is strong evi-
dence for the Eley-Rideal mechanism in which the rate-
determining step (RDS) involves gas CO molecules
rather than adsorbed *CO [95]. When the CO partial
pressure is sufficiently high, the measured kinetic con-
stant is between the Langmuir—Hinshelwood mecha-
nism and the Eley-Rideal mechanism [95,96].
Meanwhile, the Tafel slope of —118 mV dec! suggests
that the first PCET step is also a slow step. The above
information together indicates a mixed RDS including
the first PCET step and CO-insertion step.

The third mechanism is rarely reported, but it is
reasonable to explain the existence of double-labeled
acetic acid ("?CHI?C"®O'™0OH) when using C!®O
feedstock. As shown in Figure 5a (Route 3), Garza et al.
proposed that intermediates might form unstable three-
membered ring acetolactone species via reduction and
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cyclization [88]. Subsequent ring cleavage, reduction,
and proton transfer trigger double-labeled acetic acid
(IZCH§2C18OISOH) formation. Despite its unstable
configuration, a trace amount of acetolactone has been
detected by mass spectrometry experiments as a tran-
sient species [97]. Unfortunately, little other evidence
is available to prove this mechanism.

In summary, the major CO-to-acetate mechanism in-
cludes: 1) nucleophilic attack on the ethenone inter-
mediate, 2) the three-membered ring mechanism, and
3) the CO-insertion mechanism. It should be noted that
the existence of other mechanisms is also possible but
still remains controversial. For example, Koper and
Birdja proposed that acetate might be generated by a
Cannizzaro-type reaction from a key acetaldehyde in-
termediate [52]. Nevertheless, ethanol formation
should also be pH-dependent due to the property of the
Cannizzaro-type reaction; this mechanism also expects
equal amounts of ethanol and acetate to be distributed
in the product [98]. In addition, another work indicated
that the potentials required to directly reduce from
acetaldehyde are too high (—1.5 to —2.0 V zs. RHE)
[88], making acetaldehyde path susceptible. Given that
the pathway via ethenone is the most reliable route in
the CO-to-acetate process, the following discussion for
catalyst design would surround Route 1.

Catalyst design for indirect conversion

The Tafel slopes of most CO-to-acetate catalysts are
approximately 118 mV dec™! [49,82,99], indicating that
the first electron transfer step to CO is the RDS. On the
other hand, the key intermediate in CO-to-acetate is
ethenone, as discussed in Route 1 (Figure 5a); thus, a
special catalyst design is required to decrease the Gibbs
energy barrier of *OC-COH to *CCO. Nevertheless,
under the guidance of the BEP relationship, catalysts
with stronger *CO binding would undesirably lead to

Table 2

increased C—C coupling barriers [93]. Therefore, the
optimal catalyst for the CORR toward acetate should
exhibit the following factors: proper CO coverage for
C—C coupling and rapid electron transfer ability, as well
as its ability to break the BEP relationship. In this sec-
tion, we will discussed the catalyst designs developed in
CO-to-acetate process.

Table 2 presents an exhaustive list of the reported cat-
alysts in literature about CO-to-acetate process. The
earliest study of CORR can be traced back to the 20th
century by Hori et al. [42]. The current density in the
initial CORR study was as low as 2.5 mA cm~ % over
several bulk metal electrodes, including Fe, Ni, and Cu.
Surprisingly, only trace amounts of CORR products
could be detected on Fe and Ni electrodes, whereas Cu
exhibited 60% total FE of mixed products including
ethylene, ethanol, and methane. Cu is the only known
metal that shows desirable CORR activity toward Cj,
oxygenate, among which acetic acid is often regarded as
a byproduct [64]. Later, OD-Cu was widely applied in
the CORR [49,76]. Unlike Cu foil or Cu NPs, OD-Cu
contains complex microscopic surface structures
(including lattice defects and CuO, species), which are
unstable in monocrystalline Cu electrodes. They
discovered that OD-Cu dramatically lowers CO-
reduction overpotential compared with Cu foil,
together with a much higher CORR FE (Figure 6a).
This enhancement was attributed to the highly active
twin boundaries formed during the electrochemical
reduction [104]. The effects of CuOy species in the
CORR could be excluded by the surface-enhanced
Raman spectroscopy [105].

Phase engineering is a pervasive strategy actively stud-
ied in CO2RR [106]. Inspired by this, many works have
been devoted to surface engineering on pure Cu cata-
lysts to tune the binding energy of intermediates. For

Performance of catalysts investigated for CORR toward acetate.

Catalyst FEacetate (%)  Total Current density Potential Stability (h) Reactor Electrolyte Reference
(mA cm™2) (V vs. RHE)

OD-Cu ~15 ~0.5 -0.30 - H Cell 0.1M KOH [49]
micrometre copper ~30 - -0.70 1 Flow cell 1M KOH [76]
Cu NS ~48 ~200 (jacrtate = 131) ~-0.73 3 Flow cell 2M KOH [82]
Cu NC (medium) 43 450 ~-2.20 150 special cell PSE [77]
Cu NW-150 ~20 ~0.1 -0.25 - gas-tightcell  0.1M KOH [100]
GB-Cu 46 ~700 (jacrtate = 321) -0.78 - Flow cell 1M KOH [16]
Cu-Pc 36 200 -1.60 20 Flow cell 2M KOH [101]
Cu—Cu SAC ~30 ~110 -1.66 - Flow cell 0.1M KHCO3 [102]
N—Cu 42 ~300 (jacrtate = 180) -1.27 1 Flow cell 2M KOH [84]
Cu(l)-benzimidazole 61 400 —-0.59 250 Flow cell 3M KOH [103]
CuyoPds4 >65 >200 -1.00 30 Flow cell 1M KOH [99]
CuPd ~70 ~650 (jacrtate = 425) -1.03 500 Flow cell 1M KOH [78]

Current Opinion in Electrochemistry 2023, 39:101253

www.sciencedirect.com


www.sciencedirect.com/science/journal/24519103

CO; electrolysis Wang et al. 13

Figure 6
a b ¢
(111) Bl cH, [l ceoH [l Acetate
Oxide-derived Cu 100 L] 500
Cu nanoparticles
& 12 |
= n-PrOH 5 80 400 o
€ 50 C,H, and C,H, < g | <
3 EtOH == z s
5 40 AcO- % g o u r30 g
5 5 N <
z2 £ § 40 200 %
g€ 10 ‘ < )
r 20 4 100 ~
= 200 (220)
-025 -030 -035 -040 -045 -0.50 Avmmaiie |
E (V) versus RHE T T O—(ia -0
70 80 f Potential (V versus RHE)
d e 20
4 100[-1:0 V vs. RHE 200
’OCCOH L S A =
L e 4 oo {10 2
» ° ‘ ‘ > 15t NEu
otte”™ c ot ” = 9 == g 3
*HOCCOH / %50 o £
w’ £
w 3
-
BN 0N~ o~ 2
oo u-Cu SA ‘j I"
Cu  CuPdy CugPdy, CunPd, Pd  ©
S 1.2
gs h i
= (110) ICSD (181,913)
3 14 -CO-CoH Cu(111)
CT) CuPd(110)
T 1.0
s ¥ Pd-Pd s 0 =
S 09 i 3 g
[ g 3
g - H
5 0.8 . £ 3 -
a Cu-Cu 3
Q07 GuRd \
o !
-1.0 -08 -06 -04 -02 0.0 0.2 : 1 I =
Individual Free Energy of CO Adsorption (eV) » © © © Rection coorckmée
200
Current Opinion in Electrochemistry

(a) FE for CORR product (n-propanol, ethylene, ethane, ethanol, and acetate) distribution at selected potentials (vs. RHE). (b) XRD and SEAD patterns of
Cu nanosheets showing the exposed (111) facets. (¢) Product distribution among Cu (111) under various applied potentials. (a—c) is reproduced from the
studies by Li et al., Luc et al. [49,82] with the permission from Spring-Nature, copyright 2014, 2019. (d) Distinct CO to C,, route over flat or stepped Cu.
The step sites favor the formation of *CCO. Reproduced from the study Zhu et al. [77] with the permission from Proc. Natl. Acad. Sci. U. S. A., copyright
2019. (e) lllustration of dual Cu—Cu SAC for CO conversion toward C,, oxygenates (red: oxygen, gray: carbon, yellow: copper, blue: nitrogen, white:
hydrogen). Reproduced from the study Li et al. [102] with the permission from American Chemical Society, copyright 2021 (f) FE of acetate over PdCu
alloys exhibits a “volcano” relationship as Pd content increases. (g) The relationship between CO adsorption energies and CO hydrogenation energies
over Pd—Cu systems. This result indicates the calculated deviation from the BEP relationship in the Cu—Pd sites. (f) and (g) are reproduced from the
study Shen et al. [99] with the permission from American Chemical Society, copyright 2022. (h) XRD patterns of the CuPd intermetallic compound,
indicating that the side faces are mainly enclosed by (110) facets. (i) Gibbs free energy evolution for acetic acid formation on CuPd (110) compared with
Cu (111) at 0 V (versus SHE). (h) and (i) are reproduced from the study Ji et al. [78] with the permission from Spring-Nature, copyright 2022.

example, Cu nanocrystals exposing different facets have
been thoroughly investigated in the CO,RR and exhibit
an apparent facet-dependent selectivity [107]. A similar
phenomenon was also observed in the CORR toward
acetate. As shown in X-ray diffraction (XRD) and
selected area electron diffraction (SEAD) patterns, Cu
nanosheets enclosed by {111} facets exhibited 48%
acetate FE and a partial current density of 131 mA cm 2
(Figure 6b and c¢) [82]. As a comparison, Cu nanocubes
(NGCs) orientated in the study by Racit et al. [100] di-
rection were also synthesized to investigate the rela-
tionship between selectivity and morphology. According
to previous studies, Cu with a high density of (111)

suppressed the formation of ethylene and ethanol
compared with (100) and (110) [85,108]. However, the
intrinsic activity of Cu (111) in the CORR was lower
than that of Cu (100). A detailed theoretical explanation
is provided by Raciti et al. [100]. Based on their calcu-
lations, the CO binding energies over the Cu surface
follow (111) < (100) < (110), confirming the lower
activity of Cu (111). To improve the intrinsic activity
while maintaining acetate selectivity over Cu catalysts, a
preliminary study over Cu nanocubes (NCs) with
exposed (100) facets reported an acetate FE of 43% and
partial current density of approximately 200 mA cm 2
[77]. The unique performance of Cu NCs was
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attributed to the stepped edge sites, which readily
accelerated the dissociation step of *OC-COH to
generate *CCO. A thorough DFT calculation in this
work predicted that the step defects of high-index
surfaces could reduce the *OH dissociation barrier.
Compared with the flat Cu surface, the *OCCOH-to-
*CCO & *OH dissociation energy barrier over the step
defect was found to be 0.38 eV lower (Figure 6d). These
results clearly indicated that Cu with grain boundaries
and step defects promoted ethenone formation.
Inspired by this work, our group recently synthesized a
grain-boundary-rich Cu (GB-Cu) catalyst via a pulsed
electrochemical reduction process [16]. As expected,
the FE of acetate reached 46% at —0.78 V vs. RHE under
a high partial density of 321 mA cm 2. When the GB-Cu
was annealed to reduce defect density, the as-prepared
Cu exhibited dramatically lower activity toward ace-
tate. This implies the importance of Cu grain bound-
aries in breaking the BEP relationship for effective
acetate production.

Tuning the electronic structures of metal centers by
coordination effect offers another strategy for achieving
high CO-to-acetate efficiency. For instance, Fu et al.
constructed isolated Cu-N, sites among Cu—N-—-C
catalysts, achieving 30% FE toward acetate [89].
Distinguished from bulk Cu catalysts, the generation of
acetate among Cu-N, was found to follow the CO
insertion mechanism (Route 3, Figure 5a). The absence
of Cu—Cu interactions was confirmed in the Fourier
transformed extended X-ray absorption fine structure
(EXAFS) spectra, indicating that Cu atoms were
monodispersed. It was found that CO partial pressure
had a greater influence on current density, proving the
involvement of direct CO insertion during CORR-to-
acetate. A similar observation was also reported for
copper phthalocyanine (CuPc) catalysts by Berlin-
guette et al., [101]. As a result, the total FE of acetate
was approximately 70% at 200 mA cm ™%, highlighting
the extraordinary catalytic efficiency of Cu-N; sites for
acetate production. Similarly, Zheng and cooperators
designed a dual single-atom catalyst (Figure 6e¢)
exhibiting an outstanding C,, selectivity (91%). The
evidence of Cu—Cu neighboring interaction and the
existence of Cu,Ng active sites were proved by Cu K-
edge EXAFS. DFT calculation indicates N-coordinated
adjacent Cu atoms have lower CO dimerization barrier,
yielding a significant enhancement of acetate formation
[102]. The superior performance of Cu—N coordina-
tion bonds is also proposed by Sargent et al. very
recently. They anchored Cu(I) over coordination
polymer which generate exceptionally stable active
sites, characterized by EXAFS. The reported over-
potential for 400 mA cm? operation is only —0.59 V
(os. RHE) [103]. Another innovative work was reported
by Ni et al. [84]. They synthesized N-modulated Cu
catalysts with homogeneously distributed N atoms in
the Cu lattice. DFT calculations demonstrated that N-

doped Cu™ sites could promote the *OH dissociation
from *OCCOH, resulting in lower formation energy of
*CCO species by 0.36 ¢V compared with the pure
Cu catalyst.

From the perspective of tuning electronic properties,
creating metal—metal interactions in bimetallic cata-
lysts is another way to stabilize particular intermediates
and enhance product selectivity. At present, the
Pd—Cu bimetallic system is the only example that has
been fully investigated for the CO-to-acetate process.
Wang’s group designed a series of Cu—Pd alloys with
different ratios to study the CORR performance [99].
Specifically, the trend in terms of Pd ratio and acetate
FE followed a “volcano” shape (Figure 6f). An asym-
metrical C—C coupling mechanism was proposed by
the authors to explain the composition-related perfor-
mance: the adsorbed *CO configuration shifted from
the top configuration to bridge configuration when Pd
content increased, resulting in a lower *CO hydroge-
nation barrier toward *CHO. Figure 6g shows the cor-
relation of the *CO hydrogenation energy to the CO
adsorption energy over different bimetallic Cu—Pd
surfaces, clearly demonstrating the deviation from the
BEP relationship over Cu—Pd sites. Finally, they
demonstrated that the Cug9Pds; catalyst with a nearly
equivalent atom ratio exhibited the highest perfor-
mance in the CORR toward acetate. Similarly, an or-
dered PdCu intermetallic compound was successfully
synthesized by Zheng group [78]. Structure charac-
terization and DFT calculations suggested that the
compound exhibits an ordered body-centered cubic
(B2) phase and *CO exhibited a stable triple-bound
configuration on CuPd; hollow sites, leading to the
enhancement of *CO coverage (Figure 6h). In addition,
the Gibbs free energy of the ethenone formation step
was much lower for CuPd than for either Cu or Pd
(Figure 61). As a result, the ordered CuPd catalysts
efficiently reduced CO to acetic acid with an unprec-
edented FE of 70% at a partial current density of
425 mA cm 2 Moreover, CuPd could incessantly
operate in MEA for 500 h without appreciable perfor-
mance decay, resulting in a constant acetate production
stream of 1.1 pwmol s~ em”

Contrastingly, studies on CORR are relatively fewer
than CO,RR, whereas CORR catalysts generally exhibit
higher FE toward acetate. Consequently, numerous
number of potential catalysts is pending further explo-
ration. Cu nanocrystals is widely applied for CO-to-
acetate process, as well as the undemanding synthesis
(compared to those sophisticated ones in CO;-to-ace-
tate). Many works have verified the grain boundaries
above Cu surface contribute to acetate formation,
corresponding to the BEP relationship: high selectivity
requires asymmetrical active sites to avoid activity
scarification. However, acetate selectivity above Cu
nanocrystals is limited to be lower than 50%. To date,
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(a) CO electrolysis with GDE supplied by interdigitated flow fields in an electrochemical cell for concentrated acetate production. (b) Product distribution
and applied cathode potentials measured in traditional flow cell with 1 sccm CO flux. When the same process was operated in 4 bar and 1 sccm CO, the
product distribution is illustrated in (c). The asterisks represent the products collected in anode side. Figure (a—c) are reproduced from the study Ripatti
et al. [65], with the permission from the Cell Press, copyright 2019. (d) Operando CO adsorption Raman peaks among CuO with different feed gas. (e)
Acetate formation rates measured under different atmosphere at 0.6 A cm™2. Figure (d) and (e) are reproduced from the study Wei et al. [110], with the
permission from the Spring-Nature, copyright 2022. (f) Schematic of the CORR electrolyzer design incorporating a permeable AEM to convert ethanol by-
product into acetate in anolyte chamber. Figure (f) is reproduced from the study Overa et al. [79], with the permission from the Spring-Nature, copyright
2022. (g) Schematic illustration of solid electrolyte reactor system to generate pure acetic acid solution stream. Reproduced from the study Zhu et al. [77]

with the permission from Proc. Natl. Acad. Sci. U. S. A., copyright 2019.

incorporating Pd element into Cu lattice is proved to be
utmost effective in CO-to-acetate process. The pro-
posed PdCu intermetallic compound may inspires
following works to apply multi-metallic catalysts. The
similarity of Cu-based metallic catalysts is in mecha-
nism. The formation of *H,CCO intermediates governs
high acetate selectivity, which offers us a critical

guideline in CO-to-acetate process. Besides, several
catalysts composed of isolated Cu sites can also selec-
tively generate acetate, some of which may follow a
distinct conversion mechanism via CO insertion (route 2
in Figure 5). Interestingly, most of them consist Cu—N
coordination bonds, revealing the design principle of Cu
single-atom catalysts.
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Non-catalyst parameters for acetate
production

Although catalyst designs play an important role in the
device performance, some literature exceptionally
indicated the microenvironment around the catalytic
center may also govern the acetate selectivity. Besides,
traditional electrolysis systems applied for CO(2)RR are
hard for industrial-scale application. In this section, we
briefly summarize the prior non-catalyst techniques re-
ported for acetate efficiency improvement, from the
perspective of electrolyte and electrolyzer design.

Modulating electrolytes

It is widely accepted that electrolyte pH dramatically
influences acetate selectivity in comparison to ethylene
and ethanol [76,98,99,109]. This phenomenon was
initially reported by Jiao and cooperators. They con-
ducted CORR in varied concentrations of KOH and
found that utmost acetate FE was achieved in highest
pH [76]. This phenomenon supports the mechanism
that acetate arises from the attack of OH™ on surface-
bound intermediates. They further used ab initio
calculation to investigate the selectivity determining
steps [109]. The result indicated that, though acetate
formation did not involve separated RDS from ethylene
and ethanol, H,COO species was effectively removed
by OH™ rather than get further reduced among catalyst,
promoting acetate selectivity. Hence, it is inexpensive
and effective to facilitate acetate formation in virtue of
concentrated alkaline media.

Electrolyzer designs

The configuration of electrolyzer determines operation
modes in CO;RR. Traditional H-type cell and flow cell
reactors are only qualified for atmospheric pressure,
operation in elevated pressure is worth investigation. In
2019, Kanan’s group apply pressurized feed gas to CORR
electrolyzer [65]. They removed catholyte chamber and
introduced interdigitated flow fields into a special MEA
reactor which can endured continuous 4 bar CO flow
(Figure 7a). Compared with the product distribution in
traditional flow cell (Figure 7b), the MEA reactor
performed markedly higher acetate selectivity and CO
conversion as shown in Figure 7c. Another work
published by Wei et al. conducted in-situ experiments
to explain the enhancement [110]. As shown in oper-
ando Raman (Figure 7d), the peak area of *CO increased
with elevated CO pressure, implying the pressurized
CO vyield higher *CO coverage above catalyst. Mean-
while, they observed obvious peak shifts toward higher
wavenumber attributed to distinct CO adsorbed sites.
According to the literature, CO peaks in higher wave-
number originates from adsorption over Cu step sites
rather than terrace [111]. This result also validates the
discussion in Section “Several plausible mechanisms”
that Cu step sites prefer *OH dissociation process to
generation *COQO intermediates (Figure 6d). With
theoretical guidance, the performance of CuO

nanosheets indeed exhibit higher acetate formation rate
under 0.6 MPa CO, as shown in Figure 7e. They further
assembled four 100 cm 2 MEA for scale-up demon-
stration. 'The continuous acetate formation rate
achieved 2.97 g min~! at unprecedented 250 A, high-
lighting the effectiveness of high pressure MEA.
Therefore, future work can concentrate on operating the
electrolyzer in higher CO pressure to facilitate ace-
tate formation.

Impurity problem should also be surmounted. The key
step of CORR to acetate, ethenone formation, and
subsequent hydrolysis to acetate, always requires the
presence of concentrated hydroxide ions. Thus the
generated product is usually contaminated by electro-
lyte salts (e.g., KOH), even in noncatholyte electrolyzers
[65]. On the other hand, the major organic contamina-
tion in product stream is ethanol, formate (absence in
CORR) and propanol. Given that certain industrial
processes require pure acetic acid as feedstock, the
energy-intensive downstream separation process will
inevitably hamper its commercial applications. Fortu-
nately, several practical solutions have been reported.
Firstly, ethanol in product stream can be oxidized into
acetate. In term of that, Jiao and his team fully utilized
the ethanol permeability property in anion-exchange
membrane AEM to eliminate co-existed ethanol [79].
They incorporated an ethanol partial oxidation anode
and a well-designed AEM in the CORR electrolyzer,
which converted undesirable ethanol into acetate
(Figure 7f). Consequently, ultra-pure acetate was ob-
tained with a concentration as high as 7.6 M. Actually,
this technique indirectly boosts acetate selectivity, but
KOH contamination is not excluded. Another work
published by Wang et al. applied PSE into CORR to
generate pure acetic acid solution [77]. The model of
the special reactor is illustrated in Figure 7g. Without
soluble electrolyte, generated acetic acid solution was
carried out by pure water to prevent any electrolyte
contamination. The output acetic acid solution purity
was up to 98 wt% under 150 mA cm ™% over 150 h. This
system is also suitable for CO,RR in their early explo-
ration [112,113], in which pure formic acid solution over
Bi catalysts and acetic acid solution (also consisted of
ethanol and propanol) over Cu catalysts without elec-
trolyte contamination were obtained. In future studies,
we can combine the ideas of these works to eliminate
both organic and electrolytical impurities in acetic
acid stream.

Summary and outlook

Both CO;RR and CORR are potential routes to restore
excess renewable electricity, but they require further
improvement in catalyst performance and device scal-
ability. In order to produce profitable chemicals, some
vital parameters in CO4RR should be taken into con-
siderations: activity, selectivity, stability and whole-
device energy efficiency. One of the most important
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aspects is catalyst design, the point of which is to tune
the binding energies of key intermediates to construct a
kinetic-favored reaction path. Generally, only Cu-based
catalysts can efficiently electrochemically reduce COy
to G4 oxygenates, but the wide product spectrum leads
to additional purification costs. Thus, the modified Cu-
based catalysts had been profoundly investigated to
break the BEP relationship for high acetate selectivity.
At present, two major routes have hitherto been actively
studied: i.e., the direct CO;RR route and the indirect
one via CORR. The mechanistic insights based on
theoretical calculations and operando experiments can
offer valuable information for designing state-of-the-
art catalysts.

For the sake of clarity, it is essential to compare the
mechanism difference reported in CO;RR and CORR.
Firstly, some CO;RR mechanisms are ambiguous while
the CORR mechanisms are generally clear and
convinced. In this review, we summarize four distinct
mechanisms in CO;-to-acetate through totally different
intermediates. It can be attributed to the non-unity
configurations of catalysts, which may yield ambiguous
and versatile results. A variety of catalysts, including
mixed-valence Cu [40], single-site catalysts [38], and
bimetallic catalysts [36], have been claimed to be
effective in the direct CO;-to-acetate process, with
catalyst-dependent reaction mechanisms proposed.
Therefore, It is difficult to conclude find out a universal
way to manipulate the electronic properties or configu-
rations of the catalyst [33]. On the contrary, most of
CORR catalysts share the ethenone species as key in-
termediate which simplify the obstacle to study this
reaction. Based on the analogical mechanism, many
universal strategies have been applied to enhance CO-
to-acetate selectivity: using high-pH electrolyte,
constructing catalysts with step sites and elevating *CO
coverage, etc. Additionally, the intrinsic difference in
*CO coverage results in diverged conversion routes. As
shown in route 1 of Figure 2 and route 1 of Figure 5,
though ethenone-path is claimed to be possible in the
evolution of adsorbed *CO, few reports have directly
observed the existence of ethenone in CO,-to-acetate.
This phenomenon may be the result of inadequate *CO
coverage in COzRR [109]. Besides, as shown in route 2
of Figure 2 and route 3 of Figure 5, although some
common intermediates (*CHO) may exist in both
CO;RR and CORR, further conversion exhibit distinct
path due to different *CO coverage. In this way, even
the same catalysts may exhibit different product dis-
tribution in CO; feed compared with CO feed. Finally,
whether acetate originates from acetaldehyde dispro-
portionation in particular route is controversial in both
COzRR and CORR. Although Koper et al. conducted
thorough experiments to prove the viability of this
mechanism [52], Jiao and cooperators pointed out that it
would yield pH-dependent ethanol formation and equal
amount of acetate and ethanol [109]. This mechanism
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should be further investigated with adequate experi-
ments and calculations in the future. Some similarities
between CO;RR and CORR also deserve discussion.
Firstly, for catalysts with isolated sites, both CO,RR and
CORR may involve Eley-Rideal process. Thus, elevating
CO; or CO partial pressure would accelerate acetate
formation rate in these catalysts. Secondly, for Cu based
catalysts, both CO;RR and CORR may involve *CO
dimerization step. Introducing other elements to
increasing *CO coverage among Cu surface is a universal
strategy. The (Cu),, (Ag), tandem catalyst is a good
example [36]: the presence of Ag increasing CO con-
centration around Cu sites, which is similar to direct use
CO feed to undergo CO-to-acetate process.

Some obstacles may impede the commercialization of
clectrochemical acetate production. How to handle
compatibility problems of the CO;-to-CO process and
the CO-to-acetate process is challenging and rarely re-
ported. Several emergent techniques can be considered
for reference, but still exist intrinsic shortcomings.
Firstly, perhaps CO;RR and CORR processes coexisted
compatibility in the design of tandem catalysts, the
intrinsic CO;, carbon loss during CO;RR is still a
daunting task in alkaline media. On the other hand, two
components in the tandem catalyst may interfere with
each other, leading to undesirable performance. Another
alternative strategy is called the two-step electrolysis.
Specifically, catalysts are placed into two separate elec-
trochemical cells with distinct optimum electrolytes. A
good example in the literature has been reported by
Sargent’s group. They designed a long-term ethylene
oxide production system via two separated cells in series
[114]. The two-procedure CO;,-to-acetate may also be
applicable and have other benefits: the CO;-to-CO
catalyst can work under a non-alkaline electrolyte to
avoid carbon loss, while the alkaline electrolyte in the
second cell accelerates the CORR process. Our group
recently also showed the feasibility of producing pure
acetic acid solution via a two-step CO; electrolysis [16].
However, the purity of the output CO gas stream in
CO;-t0-CO is strictly needed, since unconverted CO;,
gas would dilute the CO concentration resulting prod-
uct distribution aberration, as predicted by several
works [76,115]. In this way, future works should focus
on improving CO; single-pass conversion. Recent work
also reported the improved ethylene formation effi-
ciency under CO;—CO co-feeds [110,116], which may
offer worthy insights for CO electrolysis with mixed
CO; feeds. In addition, the operation in large current
densities would lead to an undesired high overpotential
and cause extra cost due to the wasted energy. In this
regard, the industrial-scale production of acetate or
acetic acid through CO; electrolysis is still a challenging
task. Except for the catalyst itself, few CORR studies
have been conducted on the engineering part of the
whole device. Future investigations can be devoted to
seeking matched ion-exchange membranes, electrolyzer
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designs, and rationally designed integrated and compact
electrolysis systems for efficient acetate production.

CO; electrolysis technique toward acetate (acetic acid)
production provides appealing prospects for recycling
greenhouse gas emissions into profitable chemicals. And
it is possible to provide a platform for developing
electricity-driven manufacturing factories. For extensive
implementation, it is attractive to further upgrade ace-
tate and acetic acid to more valuable chemicals. Some
transformative approaches should be taken into
consideration in future works. (1) Co-electrolysis tech-
nique is proposed to directly generate acetate de-
rivatives from CO. For example, NH3—CO co-feeds are
successfully demonstrated to promote various amide
formation [83], ingeniously inspired from the route 1 in
Figure 5. This discovery triggered the extension to other
nucleophilic agents. Zhou et al. conducted CORR in the
presence of alkyl alcohol compounds. Initially, a series of
C3—Cg acetate esters were directly obtained in MEA
cells with a partial current density up to 55 mA em 2
[117]. Consequently, co-electrolysis would broaden the
viable products spectrum in CORR electrolysis. Some
other vital chemicals in acetate-related industrial chain
are potential candidates for future exploration, such as
acetic anhydride, acetyl chloride, chloroacetic acid and
vinyl acetate, etc. (2) Electrifying biosynthesis is an
appealing blue ocean. Although the reported CO;RR
product spectrum is always confined to short-chain
organic chemicals, the combination with biological
synthesis shows a promising strategy to expand the
product portfolio. Acetate is a competitive energy carrier
that can be metabolized by a wide array of microorgan-
isms. And techniques in acetic acid production have
been successfully operated compatibly with biosyn-
thesis system. For example, our group designed an
electrobiocatalysis hybrid system that continuously
converted CO; to acetic acid; the obtained acetic acid
was directly used as feedstock for microbes to produce
glucose and fatty acids [16]. Similarly, Hann et al.
designed a novel system to directly cultivate food or-
ganisms in acetate streams from CO; electrolysis [118].
The proper acetate and electrolytes ratio was necessary
to support biological growth. They successfully grew
heterotrophic algae, fungi, and crop plants, suggesting
the possibility to cultivate food without photosynthesis
process. These works independently optimized elec-
trochemical and microbial processes and then coupled,
which overcome the interference between electrodes
and microbe in direct bio-electrosynthesis [119]. Other
advantages for introducing acetate into microbial syn-
thesis rather than directly utilize CO,/CO or other Cy/
C, molecules are obvious: acetate is soluble in aqueous
phase while gaseous CO; and CO suffer from intrinsic
mass transfer problem constraining scalability. Besides,
acetate is biocompatible compared to ethanol, methanol
and formic acid lessening the death of microbes. To
further put forward large-scale electrifying biosynthesis,

the acetic acid produced from the electrolysis process
should be concentrated and nontoxic which can be
directly consumed by microbes to efficiently produce
long-chain chemicals.

Given the bright prospect of an electricity-driven acetate
industry, fundamental technological advances are still
relying on acetate production efficiency, which require
intensive efforts for CO,RR and CORR in various as-
pects: activity, selectivity, stability, product purity, and
the coupling of different electrocatalytic processes.
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