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CO, electrocatalytic reduction to ethylene
and its application outlook in food science

Yuxuan Ding," Yixuan Dong,"” Min Ma," Lili Luo," Xifan Wang," Bing Fang," Yixuan Li," Libing Liu,"*
and Fazheng Ren'*

SUMMARY

The efficient conversion of CO, is considered to be an important step toward carbon emissions peak and
carbon neutrality. Presently, great efforts have been devoted to the study of efficient nanocatalysts, elec-
trolytic cell, and electrolytes to achieve high reactivity and selectivity in the electrochemical reduction of
CO, to mono- and multi-carbon (C,.,) compounds. However, there are very few reviews focusing on highly
reactive and selective ethylene production and application in the field of electrochemical carbon dioxide
reduction reaction (CO,RR). Ethylene is a class of multi-carbon compounds that are widely applied in in-
dustrial, ecological, and agricultural fields. This review focuses especially on the convertibility of CO,
reduction to generate ethylene technology in practical applications and provides a detailed summary of
the latest technologies for the efficient production of ethylene by CO,RR and suggests the potential appli-
cation of CO,RR systems in food science to further expand the application market of CO,RR for ethylene
production.

INTRODUCTION

Fossil fuels have become the main source of energy to maintain the development of society since 1950, as well as the main source of atmo-
spheric emissions of anthropogenic carbon dioxide (CO,). The year-round average atmospheric CO, concentration ranged from about 277
ppm (one per million) in 1750 to a projected 412 ppm in 2020, and the level of atmospheric CO; has been increasing every year, with a total
global CO; emission of 32,284 million tons in 2020." As a result of increasing global population growth, natural resource consumption, and
geological disasters, the emission of greenhouse gases, mainly composed of carbon dioxide, has increased, which has caused global climate
change and significant damage to the environment. If not controlled, it is highly likely to affect human survival and development. Therefore,
advocating low-carbon living has become a daily action, which has attracted widespread attention to reduce CO, emission from the scientific
community. Studies have shown that controlling CO, emission does not restrict social development. Between 2010 and 2018, several coun-
tries have remained economically growing while achieving significant reductions in emission.”* Of all policies, controlling CO, emission and
converting them into economically beneficial and reusable forms of carbon are effective solutions to the outstanding constraints in resource
and environmental.

Driven by the rapid development of fuel cells and new energy vehicles, increasing research has focused on capturing and storing CO, for
reduction to high-value-added mono- and multi-carbon (C,.) compounds, including formic acid (HCOOH), methane (CH,), ethylene (CoH,),
and ethanol (CH3CH,OH), etc., through biocatalysis,4 thermocatalysis,5 electrocatalysis, photocatalysis,é”g etc. Electrochemical CO, reduc-
tion has received wide attention due to its mild reaction conditions, easy operation, and high reusability. Ethylene is an essential product
of the petrochemical industry and is extensively applied in diverse fields, such as fruit and vegetable ripening,'® pharmaceutical synthesis,"’
agricultural production,'” and plant induction, ' possessing tremendous economic and utility significance, which has become a popular topic
for electrochemical CO; selective conversion product research in recent years. After more than a decade of electrochemical catalyst research
on CO, reduction, metal catalysts have been classified into four categories according to the reduction products. The main reduction product
of Au, Ag, Zn, Ga, and Pd is CO." " HCOOH'""8is mostly produced by Pb, Hg, In, Sn, and Bi, which are metal electrodes at high hydrogen
evolution potential, whereas metal electrode with lower hydrogen evolution potential such as Ni, Fe, Pt, and Ti mainly produces H,.'"*" Cuis
considered to be the only metal electrode capable of producing hydrocarbons.’” Meanwhile, for CO,RR to generate C,, products, CO,
needs to undergo several chemosynthetic and physical processes, including CO, adsorption and activation, C-O bond breaking and C-C
coupling, conformational rearrangement, and desorption.”> And the whole CO, reduction process (XCOz+yH"+ye™ = C,H, 200240 tnH,0)
requires sufficient energy to cross the energy barrier for the hydrogenation of intermediates such as *CO. Although breakthroughs have
been made in the basic research of CO,RR, it is remarkable that due to factors such as the inability to equivalently expand the laboratory
technological achievements, the efficient CO,RR technology for generating ethylene in the laboratory cannot be effectively applied in prac-
tical life. Currently, it is urgent to promote the application of CO,RR technology.
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In this review, we hope to provide new ideas for the application of CO,RR technology. Ethylene is an important mediating factor in food
science research, as applying a small amount of exogenous ethylene can regulate the ripening of fruits and vegetables, induce the enrichment
of plant functional factors, etc. Therefore, we innovatively propose to extend the application of CO,RR from industrial production to food
science. First, we summarize the recent research advances in the efficient electrocatalytic reduction of CO; to produce ethylene via nanopar-
ticle surface-modified catalysts, then presenting the catalysts, electrolytes, and electrocatalytic reactors in order, with a focus on some repre-
sentative nanostructures of copper-based catalysts, including catalyst modification methods, structure, and morphology, in addition to mech-
anism of action, followed by a prospective application of CO5RR in food science finally. The purpose of this article is to provide a review of the
unique catalysts, electrolytic cells, and catalysts that have been used in recent years for the electrocatalytic CO,RR reaction to produce
ethylene and to provide an outlook for the future application of CO,RR in food science, with a view to introducing promising “carbon neutral-
ization" technology into agricultural development.

SELECTIVE PRODUCTION OF ETHYLENE BY REDUCTION OF CO,

The selective reduction of CO, to C;H4 process mainly relies on the carbon-carbon coupling of the key intermediates *CO and *CHO at adja-
cent metallic sites. However, the formation of CoHy is not easy for direct carbon-carbon coupling, which is limited by dipole-dipole mutual
repulsions between adjacent intermediates.”* Hence, the C-C coupling reaction is an indispensable step in the formation of C,, products
and has become a breakthrough point to improve the selective reduction of CO; to ethylene. Scientists suppress competitive reactions
from improving metal catalysts, electrolyte, and electrolytic cell to lower the energy barrier limit for C-C coupling and realize the enhancement
of catalytic efficiency, as well as electrolytic cell stability.

Cathode catalyst materials

In electrocatalytic CO, reduction, the class of metal catalyst relates to the type of the main final product. Cu is the only metal catalyst found
to reduce CO; to the high-value-added C,, product, mainly because Cu inhibits the hydrogen evolution reaction (HER) and enhances the
hydrogenation or C-C coupling of intermediates such as *CO.?> However, pure Cu has poor performance in electrochemical catalysis. Re-
searchers improve the overall performance of Cu catalysts by modifying the Cu surface, designing steric structures, creating active sites
and nanotechnological treatments, etc.,”*? to influence the adsorption performance of intermediates during the reaction to achieve
higher selectivity for a single target product. This section will briefly describe and discuss some of the distinctive catalyst designs of
last years.

The preliminary theoretical calculation study put forward the conclusion that "Cu(100) surface is more conducive to C,H4 formation,
while Cu(111) surface is more conducive to CHy formation," and has a profound impact on the catalyst design in subsequent studies.
Whether it is the modification of catalyst morphology, surface properties, nanostructure, or the search for oxidation/reduction state equi-
librium on the Cu surface, the aim is to enhance the reactivity area of the catalyst or improve the adsorption of intermediates, thus better
enhancing the product selectivity and product yield performance of CO, reduction. Yang's group® innovatively proposed that electric
field and thermal field have been utilized to promote catalytic reactions, as they can regulate the thermodynamic and kinetic barriers
of reactions, and coat Cu nanoneedles with polytetrafluoroethylene (PTFE). As the PTFE coverage range or the applied bias voltage
increased, the induced electric and thermal fields at the tip showed significant enhancement (Figure 1), thereby promoting *CO adsorption
and *CO dimerization, ultimately achieving FEc, >86% under some current densities exceeding 250 mA cm™2. The outstanding innovation
of this work is to enhance the synergistic electric-field-facilitated C-C coupling through the conformal coating of PTFE of Cu nanoneedles,
thereby achieving the selectivity and reactivity of Cu-based catalysts for C, products, which is worth trying on the same type of catalysts.
Wakerley's research team is inspired by the hierarchical structure of gas-trapping cuticles on subaquatic spiders, using monolayers of waxy
alkanethiols to modify dendritic Cu nanoparticles to enhance their surface hydrophobicity, resulting in a significant increase in the Faraday
efficiency (FE) of mono- and multi-carbon products. However, the rate of multi-carbon production decreased continuously due to the
impact of air dendrite surface of the electrode.””

Choi's group designed Cu nano-catalysts with Cu(511) planar [3(100)x(110)] gradient surfaces (A-CuNWs). Because A-CuNWs can main-
tain a high-index A-(hkl) surface structure for a long time, it is not only more advantageous than Cu (100) or Cu (111) in thermodynamics but
also has a higher barrier to the C1 pathway, which is not conducive to HER.*° Compared with Cu(100), the step sites on Cu(511) can secure a
higher local CO surface population and OH™ adsorption, so it can stably produce ethylene (61%-72% FEgnyiene) within 205 h. Importantly, the
high-index A-(hkl) Cu surface is more advantageous than the Cu(100) surface in ethylene production, which is inconsistent with the theory that
"Cu(100) surface is more conducive to ethylene formation" proposed in the previous theoretical calculation study. Zhang's group created
nano-defective (2-14 nm) Cu nanosheets as catalysts in an electrochemical reduction method®’ (Figure 2G). This catalyst maintains the
same species of Cu® throughout the whole electrocatalytic process. And the presence of a large number of atomic defects produces a con-
centration effect that favors the adsorption, enrichment, and restriction of key reaction intermediates (*CO and *OCCQO) and OH™. The defec-
tive Cu(111) surface also lowers the energy barrier, ultimately facilitating the CO dimerization process and the production of ethylene. Most
importantly, the nano-defective Cu(111) surface in this study can also achieve better ethylene selectivity, which is inconsistent with the theory
that "Cu(111) surface is good for CH, generation" proposed in the previous theoretical calculation study. Based on the comprehensive
research of Choi and Zhang, the conclusions of the previous theoretical calculations can be refuted. The subsequent research® also proves
that the high-index surface is more advantageous to the generation of multi-carbon products and has more economic value. The future cata-
lyst design ideas can be changed to seek the high-index surface.
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Figure 1. FEM simulations and DFT calculations on a pristine Cu NN (tip) and a Cu NN with 99% PTFE coverage
(A-C) Distribution of electric and thermal fields on a pristine Cu NN (left) and a Cu NN with 99% PTFE coverage (right).
(D-F) The mechanism of promoting C2 formation by different electric and thermal fields.”®

In contrast, Liu's research team prepared oxide-derived Cu (OD-Cu) catalysts with dense vertically layered Cu nanostructures (DVL-Cu),
using constant current anodic oxidation and in situ electrochemical reduction.® DVL-Cu was able to exist and maintain Cu/CuO composite
structures and subsurface Cu*, which can reduce the C-C dimerization energy in the ethylene formation pathway and suppress hydrogen evo-
lution at higher overpotentials. Therefore, the catalyst was able to maintain stable electrolytic performance in KCl electrolytes for 55 h, and
FEcthylene is also maintained above 60%. Compared with the silicon Cu catalyst, DVL-Cu catalyzes CO, reduction to generate ethylene under
milder electrolysis conditions, with higher FEqiyiene, and lower required current density. Because the Cu surface undergoes a dynamic reduc-
tion/re-oxidation behavior mechanism of Cu,O-CuO,-Cu which allows the catalytic reaction to be recyclable and potentially extends the use-
ful life of the catalytic system by controlling the temperature as well as HCO3~ content.®

In addition, researchers have used innovative synthetic methods from lithium batteries and supercapacitors in the design of catalysts,
which may lead to the discovery of new highly efficient Cu catalysts. Song’s group introduced carbonized cellulose-modified carbon sub-
strates and used carbon thermal shock (CTS) to create Cu nanocatalysts with high surface coverage (up to 85%) on a carbon substrate®
(Figures 2A-2F), which increased the number of sp® defect sites in the Cu/cellulose/carbon paper catalysts. Due to the high surface coverage
of Cu nanoparticles (NPs) and the high hydroxide (OH™) ion concentration provided by a highly alkaline electrolyte which promoted the C-C
dimerization in the reaction, the system achieved a selectivity of approximately 49% for ethylene at —0.529 Vgye and 10 M KOH electrolyte.
Meanwhile, the cellulose/CP protection allowed the morphology of the Cu NPs to remain basically unchanged during the reaction, so that the
stability of the system made more than 30 h. The polyelemental alloy NP materials introduced in this study have made breakthroughs in
improving the stability of carbon-based electrodes, but the corrosiveness and recycling environmental protection of strong alkaline electro-
lytes for electrolytic cells still need to be explored.

Presently, there have been more researches on enhancing the catalytic performance by regulating the reaction morphology, interfacial
oxidation state, and dopants of Cu, but few researches have been carried out on enhancing the catalyst performance through molecular mod-
ulation. Li's research team used organic molecules (include 12 N- arylpyridinium salts) to modify the electrocatalyst surface, > which resulted in
higher ethylene selectivity, more stable intermediate *CO, and lowest potential barrier for CO dimerization atop: bridge due to the electron
donating capacity and nitrogen atoms of tetrahydro bipyridine. The FEghyiene of Cu-12 (12 is N,N’~(1,4-phenylene) bipyridine salt) was 72%
when the voltage was —0.83 V. It is noteworthy that the membrane electrode assembly system could run continuously for 190 h at a full-
cell voltage of 3.65 V with FEgiyiene maintained at 64%, which is much better than the best case FEqthyiene = 60% reported in 2019. Meanwhile,
some researchers have introduced polymers or organic functional groups into catalyst optimization to improve the variety and density of ad-
sorbed species on the catalyst surface in order to enhance CO; reduction activity. Chen's group used pentafluoro phenyl acrylate as mono-
mers to polymerize and methylate in order to obtain polymers with different degrees of species methylation. Different Cu-polyamine catalysts
were prepared by co-plating. Due to the presence of amino groups, the modified electrode Cu-P1 increases the amount of activated CO on
the electrode surface, local pH, and the stabilization of intermediates, thereby enhancing the catalyst's activity for CO, reduction. However, a
more concentration alkaline electrolyte can reduce the overpotential at the anode, thus improving energy efficiency, resulting in
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Figure 2. Unique nanostructures of copper-based catalysts
(A-F) Preparation process and low-magnification SEM images of the catalyst (Cu/Cellulose/CP)
(G) HAADF-STEM images of n-CuNS.”!

32

FEethy\ene>7O%.3/ Lim's research team functionalized the surface of Cu by introducing a unique group (amine group) of histidine,* resulting in
FEethylene UP to 76.6% and a device performance stability of 48 h at —2.0Vgue. Furthermore, it is noteworthy that histidine has been specifically
adsorbed to the Cu-Hist surface during CO,RR process and that the C-C coupling between histidine-bound *CO and *CHO is more favorable
both mechanically and thermodynamically than that of *CO-*CO and *CO-*CHO (Figure 3). The formation of Hist-CO intermediates and the
presence of C-N coupling provide an alternative route for CO, to generate C,, products, so the present catalyst is more selective for CoHy
than CHy. The cationic effect on the catalyst surface,” together with the increased species and number of *CO species, also provide favorable
conditions for increased CO,RR generation of Cy, products.

The use of organic molecules as passivators has been widely used in the development of high-efficiency perovskite solar cells, and excel-
lent results have been achieved, but in recent years it has begun to be used in CO,RR. Although, passivation molecules can delay the corro-
sion rate of metal catalysts and improve their product selectivity. The binding of Ni to cyano(-CN) groups is an optimization method that has
been widely studied and has achieved excellent stability (conversion frequency of 22,000 h) as well as selectivity (FEco > 90%).“° But its service
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Figure 3. Mechanism of organic functional group modified copper-based electrode to improve the selectivity of C,. product
(A-C) In-situ Raman spectroscopy on bare and histidine functionalized Cu,O under CO,RR relevant conditions.
(D-E) Mechanistic understanding of favorable and unfavorable CO,RR pathways on Cu-Hist calculated by DFT.

life and performance stability are still not outstanding due to the study of the passivation mechanism of electronic defects on the surface of
grain boundaries, the complexity and diversity of materials, and the inability to effectively passivate the working electrode as a whole.

In recent years, for CO; reduction reactions, as CO is a key intermediate of CO,RR, CO; electrolytic cells are designed to reduce CO, to
CO first and then to ethylene by CORR. The proposed CuO,-NiNC (1:2 or 1:4) tandem catalysts with CO,/CO gas by Wang's group proved
significantly improved C,H, catalytic performance compared with the loaded CuO, NPs,"" while still having the same C,H, yield even with
reduced CuO, loading on the tandem catalyst. Due to the fact that co-fed CO does not compete with CO, for adsorption sites, local
COg) concentration increases, resulting in enhanced *CO coverage and dimerization rate. This further leads to more and more energy ad-
vantages in the cross-coupling CO,-CO reaction pathway, thereby enriching the pathway of C,, product generation. Moreover, the relative
selectivity of the C,, products was largely independent of the overall coverage of CO on the Cu surface. And in the latest study, the main
group single-atom catalyst (SACs) Ca-NOj3 can change the surrounding electron localization through asymmetric coordination, thereby pro-
moting the formation of *COOH and achieving FEco > 90%. The research is groundbreaking, going beyond the range of commonly used
metal catalysts and achieving extremely high CO selectivity and device stability,*” illustrating that perhaps the limitation of developing CO,RR
catalysts only on Cu may be broken through, and tandem catalysts can become an important thrust for the development and improvement of
catalytic performance of future CO,RR catalysts. In addition, these studies have been shown that CORR and CO,RR can mutually promote

3747 whereas cobalt phthalocyanine is currently used in both CO,RR and chlorine-containing solution

ethylene production to a certain extent,
treatment. Ren’s research team broke the once accepted view that “molecular catalysts cannot be electrolyzed at commercially relevant rates
of product formation rates” and identified commercial cobalt phthalocyanine (CoPc) as a homogeneous electrocatalyst with high CO selec-
tivity (>50%) at low current densities (<40 mA/cm?) in both flow cells®® (Figure 4). The CoPc modification not only improves the selectivity of
CO, for CO, but also for contaminated water containing 1,2-dichloroethane (DCA), multi-walled carbon nanotube (CNT) catalysts with CoPc
molecules attached can achieve FEqnyiene close to 100% and DCA removal >95% at a certain voltage.** Therefore, such studies may lead to a

better choice of catalysts and electrolytes.
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Figure 4. CO.RR selectivity for CO formation as a function of current density and cell voltage
(A and B) Selectivity and activity for CO production as a function of current density and cell voltage for molecular and heterogeneous CO,RR electrocatalysts.
(C) CO4RR selectivity for CO formation and applied voltage as a function of current density.**

Input gases and electrolytes

Through research on the reaction interface, Cu surface morphology, and CO; reactivity, it has been established that both CO,RR and CO
reduction reaction (CORR) occur at the cross-section between the metal electrode and the aqueous electrolyte,”® thus the catalytic perfor-
mance is influenced by both the electrode surface and the electrolyte. However, current research has mainly focused on electrocatalyst devel-
opment and electrolytic cell optimization, with few studies on the pathways of surface-mediated catalytic reactions influenced by input
gases’"® and electrolyte cations. The electrolyte provides a medium for the transfer of protons and electrons in the electrocatalytic reaction,
while the input gas determines its reaction pathway. Hence, the impact of the selection of electrolyte and input gas on the CO,RR cannot be
ignored.

In addition to the experiments conducted by feeding pure CO, gas, scientists have started new research on the gas feedstocks passed into
the electrolytic cell in terms of conforming to the practical application environment, improving the CO,RR efficiency and multiple gase uti-
lization. Since incomplete combustion of industrial fuels produces a mixed CO/CO, gas, Wang's group”' designed a CuO,-NiNC (1:4 or 1:2)
tandem catalyst for experiments using CO,/CO as the gas feedstock. Notably, after quantitative analysis of the C,H, formation pathway, they
found that the CO,-CO pathway in the *CO dimerization reaction has a relative charge contribution of 45% and that the kinetic activation
potential of the catalytic CO-C,Hy cascade is lower than that of CO,-C,Hy, so that CO in the feedstock can increase ethylene production
via the cross-coupling pathway, while inferring that the rate of ethylene production is more likely to be related to the kinetic mechanism rather
than due to catalytic factors.

He's group™ feed a mixture of CO, and O, in different molar ratios (9:1 or 8:2) and pure CO, separately into an H-type electrolytic cell to
react with carbon fiber paper deposited with polycrystalline Cu powder as the working electrode. It was found that the rates of some C; and all
Co. products in the CO2RR reaction were significantly increased due to the promoting effect of oxygen reduction reaction (ORR) on CO,RR,
when a certain amount of O, was present in the gas, in which the production rate of ethylene was elevated 4- to 216-folds (Figures 5A-5F).
However, it should be noted that when electrolyzed for a long time, intermediates and products of different reduction pathways of ORR may
have adverse effects on the CO,RR, including the depletion of the Cu electrode and electrolytic cell by the ORR product H,O,. The co-elec-
trolysis of CO, with oxidants will cause an increase in electrolyte pH in the later stages, thus promoting hydrogen precipitation reactions. Such
problems may be overcome by using a flowing electrolytic cell or changing to the acidic electrolyte.

The aforementioned studies shed light on the potential of different feedstock ratios of reaction gases to improve ethylene selectivity of
electrocatalytic CO,RR. It is well known that *CO dimerization on Cu(100) facets is more favorable; therefore, most catalyst modifications
choose to construct more Cu(100) facets. However, the Cu(100) facets are less stable than the Cu(111) facets and prefer to reconstituting
to the Cu(111) facets during electrocatalysis, which is still a non-negligible issue.’® Nevertheless, higher CO partial pressures can open another
coupled *COOH and *CO pathway to C;H4 on the non-Cu(100) facets, and with extensive coverage of *CO and locally high CO( concen-
trations, the pathway becomes increasingly energetically favorable®'** (Figures 5G and 5H), which may provide an optimized new pathway for
the reduction of CO; to ethylene.

In electrochemical CO,RR studies, cations in the electrolyte were found to stabilize the adsorption of reaction intermediates on the
catalyst surface, while their cumulative generated local electric field was able to reduce the energy of C-C coupling to form Cs, products.”’
Studies have proved that the anion (OH™) generated in the reaction can be neutralized by HCO3~ or HPO4%~. H, is the main product in
KoHPOy, solutions, whereas hydrocarbons and alcohols are more likely to be produced in non-buffered solutions such as low concentra-
tions of KHCO3 and KCI, mainly because these two types of solutions are less able to neutralize the anion, which leads to an increase in
local pH and inhibits the HER. Furthermore, the overpotential of C,, products under alkaline electrolytes is substantially reduced, which is
more conducive to the selection of multi-carbon products for the electroreduction process,’”® but strong alkaline electrolytes are
demanding and unstable for the electrolytic cell, so 0.1 M KHCOj3 is the most commonly used electrolyte. Electrochemical CO,RR over
Cu,0O/Cu catalysts under bubbling and high-pressure conditions correlates strongly with the CO, (aqg) concentration in the KHCO3 elec-
trolyte and slows down CO, dissolution and accelerates up desolvation when the solution salt fraction increases or the solute content in-
creases’’ (Figure 6). When the electrolyte is an alkaline solution such as KOH, it can reduce the activation potential of C-C coupling by
activated CO on the surface of the Cu electrode, effectively improving the efficiency of CO, reduction to generate ethylene,” but the
corrosive effect of the alkaline electrolyte can affect the reproducibility of the electrolytic cell, which may be improved by using PTFE-based
electrodes instead of carbon-based electrodes.
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Figure 5. Effect of CO,/O, reactant co-feed on CO,RR reaction
(A-F) Effect of different molar ratios of CO, and O, gas on the formation of C,, products.
(G and H) Free energy diagram for CO,/O, reactant co-feeds. [(G) *CO dimerization; (H) *CO hydrogenation].45

With the application of different catalysts and electrolytic cells, researchers have selected new electrolytes for electrochemical CO2RR re-
actions based on the characteristics of the catalysts or electrolytic cells and achieved better reduction results. Among them, Zhang's research
team®' fabricated nano-defective Cu nanosheets (n-CuNS) by designing the atomic defects so that the stability of n-CuNS is examined at
—1.18 V (versus RHE) and 0.1 M K,SOj, electrolyte conditions, and the FEqinyiene Was stable at 80% for 14 h. Moreover, the morphology of
the nano-defective nanosheets was intact after 14 h. In contrast, Li's group™ adopted an alkaline polymer electrolyte (QAPPT film) as the cath-
ode gas diffusion electrode electrolyte and pure water as the anode electrolyte, with the Cu-QAPEEK-GDE three-phase interfacial structure
providing a locally high current density and high electrochemical reaction interface, thus enabling an increase in FEciyiene at a reduced cell
voltage and raised current density. This attempt of a cathode solid electrolyte breaks with the tradition of using liquid electrolytes and can
tremendously simplify the device structure and increase its production efficiency.

As the diversification of the selection of electrolyte and input gas, the replacement of liquid electrolytes by polymer electrolytes will
become a new highlight in electrochemical technology.

Electrocatalytic reactors

Another effective way to improve the catalytic performance of CO,RR is the rational design and optimization of the electrolytic cell reactor.
Early studies were typically conducted in hermetically sealed electrolytic cells. Due to the inability to separate the anode and cathode cham-
bers, the reduction products will contact the anode and undergo oxidation again, so they are gradually replaced by H-type cells, where the
two chambers could be separated by an ion exchange membrane and different electrolytes could be used. Subsequently, flow electrolytic
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Figure 6. The effect of CO, (aq) concentration on CO,RR
(A-D) Dynamic changes of CO, solvation in H,O and 0.5 M KHCOs.
(E and F) The correlation between dynamic CO; and high-pressure CO,RR.*?

cells offer superior catalytic and stability performance compared with H-type cells because of their high mass transfer efficiency,”’ whereas
membrane electrode assembly (MEA)-based electrolytic cell systems also provide the same advantages as they do not use aqueous electro-
lytes. Furthermore, flow electrolytic cells and MEA-based electrolytic cell systems provide the possibility for reduction reactions at industrial
current densities (>100 mA cm?). In this section, a brief overview of the different reactors will be given and discuss the advantages and dis-
advantages of the three reactors mentioned earlier based on example data, using the electrolytic cell stability performance and ethylene pro-
duction efficiency as the main indicators.

H-type electrolytic cells
Currently, most of the research still use H-type electrolytic cell as the main electrochemical device because of the advantages of low cost and
operational difficulty. The ion exchange membrane divides the electrolytic cell into anode chamber (containing counter electrodes) and cath-
ode chamber (containing working and reference electrodes), whereas CO, is reduced in the cathode chamber. Meanwhile, the entire reaction
is in the airtight electrolytic cell, and the gas together with liquid-phase products can be collected separately for relevant detection and anal-
ysis after the reaction (Figure 7A).

Most basic research prefers to use H-type cells with a neutral liquid electrolyte. However, part of the H-type electrolytic cell, although pos-
sessing relatively good stability and ethylene yields, mostly requires a change of electrolyte and ion membrane after 12 to 20 h of operation,
while maintaining the electrolyte in a vortex state during the CO,RR reaction, which all limits its practical applicability (Table 1).

Flow electrolytic cells
In contrast to H-type electrolytic cells, flow electrolytic cells do not require a reference electrode and usually consist of a gas cathode chamber,
a cathode electrolyte chamber for the flow of the cathode electrolyte, and an anode chamber for the oxygen evolution reaction (OER), of
which the gas diffusion electrode (GDE, containing a catalyst) separates the reaction gas from the cathode electrolyte chamber. This electro-
lytic cell effectively solves the problem of low CO; solubility in agueous solutions by separating the CO, from the electrolyte. In addition, the
reactants and products can be circulated in and out of the electrode, which greatly improves the efficiency of CO, mass transfer. The devel-
opment of this electrolytic cell thus offers the possibility of industrial applications of CO, reduction reactions.

The flow electrolytic cell has a wider choice of electrolytes, but it can be concerned that the ethylene yield of the flow electrolytic cell is not
ideal compared with that of the H-type electrolytic cell, as it is currently limited mainly by the preparation and performance retention of the
GDE. Since the adhesion of the catalyst to the substrate and the GDE is hit by molecules from the gas and liquid in the reaction, which is not
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conducive to the GDE long-term retention performance and thus restricts the effective operation of the flow electrolytic cell, maintaining hy-
drophobic performance and retarding degradation of performance are outstanding issues for GDE (Table 2).

Membrane electrode assembly cell

Compared with the flow electrolytic cell, the MEA cell is divided into a cathode chamber and an anode chamber by an ion exchange mem-
brane. The cathode GDE and anode catalyst are located on opposite sides of the membrane (Figures 7B-7D). Moreover, the cathode side
may not need liquid electrolyte, and the H,O required for the reaction may be supplied by the moist reaction gas or anode electrolyte.

MEA cells are not often used in basic research because of their high price and technical requirements, but they are still of great commercial
value. Most existing studies have selected Ti-IrO; as the substrate; in addition, due to its adoption of a non-liquid electrolyte at the cathode, it
greatly avoids the problems of carbon corrosion, hydrophobic loss, binder dissolution, and overflow in flowing electrolytic cells, but the pro-
vision of OH™ and catalyst design are issues that need to be addressed for MEA cell (Table 3). Therefore, according to the design uses and
application scenarios of the CO,RR electrolyte setup, the choice of catalyst, electrolytic cell, electrolyte, and input gas should also be deter-
mined on a case-by-case basis.

With the rapid development of CO,RR technology and the need for carbon neutrality, CO,RR is currently more focused on its commer-
ciality, which can often be evaluated by current density, high conversion efficiency, and cost. Therefore, the selection, research, and devel-
opment of electrolytic cells in the future should be more simulated in commercial environments. The entire CO,RR reaction environment
of the H-type electrolytic cell is in a relatively closed state, with the working electrode immersed in the electrolyte, and the relatively stable
initial environment of the reaction. At this time, the selectivity of catalyst catalyzed CO, into ethylene is stable. As the reaction progresses, the
liquid product accumulates in the electrolyte, the catalyst gradually corrodes or fails, and the anode chamber HER product increases, thereby
affecting the CO,RR progress, the selectivity of ethylene gradually decreases until the electrolytic cell fails. The current density that can pass
through the whole process is much lower than that of flow cells and MEA cells, but the selectivity of ethylene is excellent in a short time. How-
ever, the entire CO,RR reaction environment of the flow electrolytic cell and MEA cell is in a relative cyclic state, but because the catalyst reacts
with the reactant CO; in the relative flow state, the adsorption capacity of the intermediate is limited, so the selectivity of ethylene is relatively
low. Among them, MEA cells containing solid electrolytes are a favorable direction for the future production of liquid products.

DISCUSSION

In recent years, because of the greenhouse gas emissions, environmental changes, and the energy crisis and other real problems, the efficient
use of resources and recyclable regeneration has become a hot research direction. From the use of straw, grass, agricultural waste, etc. after
fermentation and other processing into biofuels or bio-based polymers,” to today's catalytic CO,, CO, H,, and other gas redox reactions to
produce formic acid, ethylene, and other energy, the use of biological resources to produce carbon-based consumer products has gradually
become a reality.”® From the beginning, bioproduction of ethylene had no cost competitiveness compared with petrochemical-derived
ethylene. Since 2008, the economic benefits of bio-polyethylene have continuously increased. Although, the current capacity of copper
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Table 1. Summary of the composition, stability, and catalytic capacity of representative H-type cells

FEethylene (or CoH4 production rate)

Cathode lon exchange and current density
catalyst'Ef Gas feed membrane Electrolyte (pH) (cathode/cell potential) Stability (h)
A-CuNWs*° CO, Nafion ion exchange 0.1 M KHCO3 77.40% + 3.16% ~200
membrane —0.97 to —1.07 V
DVL-Cu** CcO, Nafion 117 membrane 0.5 M KClI 84.5% + 1.7% ~50
-0.9V
OBC?*® CO, Nafion 117 membrane 0.5 M KHCOs3 (7.2) 45% =
—-0.95V
CuOx-NiNC (1:2)* CO,/CO — 0.1 M KHCO3 (6.9) ~3.75 nmol cm™2 57" —
~0.84 Vgue
polycrystalline Cu™ CO,/0; (8:2) Selemion AMV 0.1 M KHCO3 Over 170-fold increase in —
membrane ethylene production rate
~0.75Vaue
n-CuNS*' CO, Nafion 117 0.1 M K;SO,4 80% 14
membrane —1.18V (versus RHE)

nanocatalysts to produce C,. products in electrolytic cells is still not enough for the energy and chemical industries, but it may be able to
apply it to food science, such as fruit and vegetable ripening regulation, food packaging materials, etc. Agricultural production and process-
ing of agricultural products also emit a certain amount of CO,, CO, and other gases, and the use of these gases to improve ecological re-
cycling efficiency is also a promising application.

As a plant hormone, ethylene acts as an important regulator in plant growth and development and physiological responses, whereas
ethylene production is mainly affected by the transcription and translation of both ACS and ACO enzyme genes as well as ACC homeostasis.
Ethylene production in plants increases significantly during the plant life cycle such as fertilization, maturation, senescence and in the
response to biotic and abiotic stresses.” Normally, only trace amounts of ethylene are present in plants. However, there are two ethylene
synthesis systems in higher plants, including an auto-inhibitory mechanism (system I) and an auto-catalytic mechanism (system Il), and differ-
ences in the expression of ACS genes affect the shift in the ethylene synthesis system in fruits.”® Because ethylene is closely related to fruit
ripening, it is often used as a ripening agent for avocado, kiwi, and other fruits. At the same time, 1-methylcyclopropene (1-MCP), low tem-
perature, 6-benzylaminopurine (6-BA),”® and melatonin®’ are often used to inhibit ethylene production in fruits and vegetables during storage
and transportation and extend the time to market by regulating the amount of ethylene released from fruits and vegetables in order to
improve their commercial value. However, ethephon has pesticide abuse and poisoning problems, and ethylene is not easy to store, and
electrochemical CO, reduction technology can regulate ethylene production on and off electricity, and participate in the ripening of fruits
and vegetables in the form of exogenous ethylene to achieve green and safe in the whole process, so as to avoid the drawbacks of the above
fruit and vegetable ripening control methods.

Furthermore, ethylene is currently an important raw material for the production of plastic products, while plastic packaging and plastic
films are widely used as food packaging materials, including polyethylene (PE), polyvinyl chloride (PVC), and polystyrene (PS). However,
due to the pollution of the ocean, soil, and organisms by plastics as well as the problem of petroleum resources, bio-based plastics have

Table 2. Summary of the composition, stability, and catalytic capacity of representative flow-through electrolytic cells

FEetherne (Or C2H4
production rate)
and current density

Cathode catalystref Gas feed GDL/substrate Electrolyte (pH) (or cathode/cell potential) Stability (h)
DVL-Cu™ CO, DVL-Cu/Carbon paper Catholyte: KCI 84.5% + 1.7% ~55

Anolyte: KOH -0.81V
2-dimensional Cu(ll) oxide CO, 2D CuO NS/Freudenberg Catholyte: 65% 24 (300 mA cm™?)
nanosheet (CuO NS)?’ C2 gas diffusion layer 0.1 M KHCO4 700 mA cm 2
Cu-P1 (P1 = poly-N- CO, Cu-P1/IrO, 1M KOH 72% 3
(6-aminohexyl)acrylamide)®’ -0.97V
CuCly/cellulose/CP*? CO, CuCly/cellulose/CP/PTFE 10 M KOH ~45% ~30

~0.517Vgue
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Table 3. Summary of the composition, stability, and catalytic capacity of representative MEA cells

FEecthylene (or C2H4 production rate)

Cathode Anolyte and current density (or cathode/cell
Ca‘calys‘cref Gas feed GDL/subsrtate electrolyte (pH) potential) Stability (h)
DVL-Cu** CO, CuO-NPs@GDL/ 0.5 M KHCO3 80.0% + 2.2% —
Sustainion X37-50/Ti-IrO, 200 mA cm 2
Nano-Cu®° CO, Cu (5N high purity)/QAPEEK Pure water 48% 5
308 mA cm 2

received widespread attention because of their bio-resource utilization and biodegradability. Currently, glucose from sugar cane, corn, and
other biological raw materials is often used for fermentation to produce ethylene monomer and then polymerized into the corresponding
plastic.”® Meanwhile, natural ethylene inhibitors, active materials, controlled ripening technologies, and biodegradable bio-based plastics
related to ethylene still have great potential for development in the food science field because of people’s habits and need of change, as
well as the concern for environmental protection and renewable resources.

In addition to electrocatalytic CO, reduction to ethylene, photocatalytic and biocatalytic® CO, reduction to high-value-added products
can also be tried for application in food science. Currently, photocatalysis is mostly used for ethylene removal in food preservation, with re-
searchers using TiO; or Pt as the main raw material to make nanofilms that oxidize ethylene under UV light or sunlight to generate CO, for
removal. Meanwhile, high-performance metal ethylene detectors based on palladium loaded have also been studied.”” If such ideas are ar-
ranged, it may be possible to simplify the current ripening control techniques, devices, and applicable environments.

Limitations of the study

In the low-carbon era, CO,RR and CORR are uniquely positioned to “carbon neutralization”. Currently, electrocatalytic CO, reduction reac-
tions are limited by the stability of the catalyst and electrolytic cell reactor performance, cost, and the reaction environment, which makes
them difficult to apply in practical production, but by trying to translate existing excellent catalytic technologies into products in areas where
higher efficiency and stability are not required, better optimizations may be found in practical applications.
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