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Abstract:

Electrochemical carbon dioxide reduction reaction (eCO2RR) to value-added chemicals is considered as a promising
strategy for CO, conversion with economic and environmental benefits. Recently, investigations in eCO2RR to
produce chemicals as energy or chemical industrial feedstock has received much attention. The eCO2RR generally
occurs at the interface between electrode/electrocatalyst and electrolyte including charge transfer, phase
transformation and mass transport. One of key problems in the electrochemical reaction is mass transfer limitation
owing to the gaseous property of CO, with low concentration on the surface of electrode/electrocatalyst. Several
strategies were employed to improve mass transfer in the past years, including electrochemical reactors, electrodes,
electrocatalysts and electrolytes, etc. which could low reaction barriers so adequately that reaction rates can be
realized that are sufficient for eCO2RR. This article comprehensively reviewed development related to mass transfer
study of CO,, including the mechanism of mass transfer of CO,, and main factors (electrodes, electrocatalysts and
electrolytes) on two-phase or multi-phase interface during eCO;RR. The article is not aim at providing a
comprehensive review of technical achievements towards eCO2RR technology, but rather to highlight electrode,
catalyst, electrolyte, and other factors, which can understand the above components or factors’ effects toward mass
transfer investigations, to decouple mass transfer limitations and improve the performance of electrochemical CO>

conversion. Furthermore, the challenges and perspectives for mass transfer to electrochemical eCO2RR are proposed.
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1. Introduction

Many nations in the world have launched actions for carbon emission reduction over the past decades, it is
further urged by the 'net zero' target act and the 2021 United Nations climate change conference (COP26) that
emerging technologies development of carbon capture and utilization are in high demand [1], containing direct
carbon capture and storage [2, 3], artificial photosynthesis [4, 5], enhanced weathering [6, 7] and electrochemical
CO; conversion [8], etc. Among them, electrochemical conversion of CO,, also mostly referred as electrochemical
CO; reduction reaction (eCO2RR) is appealing because they operate with high reaction rates and excellent
efficiencies under facile conditions, employ environmentally benign aqueous electrolytes, and easily combine with
renewable sources (e.g. wind, solar, hydroelectric, etc.) [9, 10]. Another advantage of eCO;RR technology is that the
conversion of CO, into value-added chemicals and fuels, is determined by the electrode, electrocatalyst, solvent,
local pH, electrolyte, and CO, in-cell pressure, etc [10, 11]. One of the key limiting factors in eCO2RR is mass
transfer dynamics of CO; to the cathode surface, such as the low solubility of CO; in the electrolyte, the supply of
CO to the porous electrode, pH value of electrolyte, and the properties of the electrocatalysts, even the electrolyzer
design [12, 13]. Several solutions were also developed, e.g. gas diffusion electrode (GDE), which is a kind of
electrically conductive composite coated on porous frameworks, has the merit of building stable and extended three-
phase boundaries of gas-liquid-solid interface, shortening the gas diffusion path and improving mass transfer, and
thus has been extensively applied in the eCO;RR [14, 15]. Additionally, the diffusion kinetics of CO; or protons at
the interface of electrode/electrolyte has been identified as equally important to impact the eCO2RR performance.
Given few reviews reporting on mass transfer effect on eCO2RR, our attention is not to provide a complete review
of the field but rather to highlight electrode, catalyst, electrolyte, and other factors, which can understand the above
components or factors’ effect toward mass transfer dynamics, further affect the performance of electrochemical

conversion of COa,.

The eCO2RR system cell structure can be summarized into two main categories, 1) two-chamber cell (2-C cell)
and 2) GDE cell, as shown in Fig. 1. Both kinds of CO; cell structures have the same mechanism of eCO2RR in
which water is oxidized to molecular oxygen at the anode, whereas CO; is reduced to carbon-based species at the
cathode, and there is an ion exchange membrane placed between the anode and cathode in both CO; cells. In the
cells, the undesired hydrogen evolution reaction (HER) is still competitive at the cathode during eCO2RR due to the
presence of water [16-18]. For cathode reaction, CO- is an extremely stable molecule (4E = 532 kJ mol*?, bond-
dissociation energy at 298 K), therefore, external energy input is desired to drive the whole reaction. In general, the
process of single-electron CO; reduction to CO;"is -1.90 V vs. SHE (standard hydrogen electrode), leading the
reaction difficult and unfavourable. Oppositely, proton-assisted electron transfer processes are more promising with
different applied potentials in the range of -2.0 to 0.5 V vs. RHE (Table 1). Table 1 proposed several typical
products related with the eCO2RR and their equivalent standard reduction potentials (E%). All mentioned potentials
are referenced against the reversible hydrogen electrode (RHE). Here, the relationship between SHE and RHE is
Erne = Espe- 0.0592 V x pH (25 °C and 1 atm). The HER occurs at E® = 0 and can compete with CO, reduction at

more negative potentials. Recent catalyst developments have focused on improving selectivity and controlling the



amount of co-evolved H, during eCO2RR. However, the proton-assisted reactions could produce a wide distribution
of carbon-based species, this result is associated with electrocatalysts, applied potentials, electrolytes, etc. Those
factors decrease the selectivity of the desired chemicals because of similar potentials applied in all the reaction
pathways (Table 1). Mass transfer of CO; issue makes the situation becoming even worse in an aqueous electrolyte-
based CO; cell. This is because of the intake of CO,, CO; pressure inside the cell, a proton in aqueous electrolyte,
and pH value can affect the formation of intermediates, CO2, further influence the reactivity and selectivity of
eCOzRR.

Table 1 Standard reduction potentials (E®) during eCO,RR with several products and reaction mechanisms.

Product Reaction E%V (vs. RHE)
CO2- CO2+ e — COy~ -15

H. 2H* + 26" — H, 0 (HER)

CoO CO; + 2H* + 26 —» CO + H,0 -0.11

HCOOH CO; + 2H* - HCOOH -0.25

HCHO CO; + 4H* + 4e- —» HCHO + H,0 -0.07

CH3OH CO; + 6H* + 6e” — CH30H + H.0 0.02

CH, CO; + 8H* + 8¢ — CH4 + 2H.0 0.17

CoHs COz + 12H* + 12¢" — CyHg + 2H20 0.06

In this article, we comprehensively summarized recent progress related to mass transportation of CO,, including
the mechanism of CO, mass transfer, and the main components (electrode, electrocatalyst and electrolyte) of mass
transfer during eCO,RR. The article is not aim at providing a comprehensive review of technical achievements
towards eCO2RR technology, but rather to highlight electrode, catalyst, electrolyte, and other factors, which can
understand the above components or factors’ effects toward mass transfer investigations clearly, to decouple mass
transfer limitations and improve the performance of electrochemical CO- conversion. Furthermore, the challenges

and perspectives for mass transfer to electrochemical eCO2RR are also proposed.
2. Understanding of CO2 Mass Transfer

Generally, the mass transfer of CO, during electrochemical CO,RR means CO; transport from its gas phase to
the adjacent region of the reaction interface, which depends on the CO, supply method to some extent, is of great
importance other than the pristine activity of electrocatalysts [19-21]. Notably, mass transfer of protons cannot be
ignored for both eCO2RR and HER and affects the selectively consequently. As presented in Fig. 1a, “CO; purging
into electrolyte” and Fig. 1b “CO; diffusion from gas diffusion electrode (GDE)”, performed by a two-chamber (2C)
cell and a GDE cell respectively, are the two main CO, supply methods applied in existed works field [22]. Song et
al. [23] used liquid-phase and gas-phase systems to define and distinguish these two CO, supply methods in their

paper. Promising reaction performance with high selective production of CO, formate, and C»-C4 hydrocarbons or



their oxygenates has been achieved by both two CO; supply methods [24-26], while the GDE system generally
reached a high geometric current density [9, 27, 28]. For the further development of CO; reduction, it is imperative

to study the CO2 mass transfer process and the corresponding influence factors based on these two popular systems.
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Figure 1. (a-b) Illustration of the two general electrolyzers: (a) 2C-cell and (b) GDE-cell to achieve the CO; supply
method of “purging into electrolyte” and “diffusion from GDE” respectively. (c) Mass transfer of CO. and
competitive charge transfer in aqueous eCORR system applying the CO. supply method of “purging into
electrolyte”. [29] Copyright 2019, Elsevier.

2.1 CO2 Purging into Electrolyte
The pre-bubbling of CO; is necessary before reaction to reach the saturation solubility of CO; into the catholyte.

It has been widely accepted that the real reactant in the eCO2RR system is the dissolved CO; (written as CO- (aq) or
H,COs3*), rather than ionic HCO3 and CO3z? [18, 30, 31]. As presented in Fig. 1c, the process of CO, mass transfer



in aqueous medium is composed of two major steps: Step 1. CO; gas dissolution and equilibrium to produce the
reactant CO; (aq), Step 2. CO- (aq) diffusion from bulk catholyte to local reaction sites. The rate of each step at

different pH conditions and the corresponding influence factors are summarised in Table 2.

As shown in Table 2, Step 1 primarily consists of a physical mass transfer process as illustrated in Eq. 1, and
chemical reaction (3) or (5) (depending on pH of electrolyte), positively providing and negatively consuming the
reactant CO; (aq) respectively. The rate of CO; (aq) generation via the physical mass transfer process was described
in Eq. 2, which is a function of the gas/liquid mass transfer coefficient ke, specific gas/liquid surface area a, CO;
partial pressure pcoz, and the equilibrium constant Ko. The eCO2RR performances could be developed by optimizing
this process. Hori et al. [79] found the partial current density of CO production on the gold electrode presented a
linearly rising trend with the CO; partial pressure pco2 within the range from 0.25 to 1.0 atm. In order to enhance the
specific gas/liquid surface area a, Peter et al. [11] applied a glass frit bubbler to produce microbubbles with less than
0.2 mm radius. The CO; microbubbles contributed to a higher hydrocarbon/H: ratio in the products of eCO2RR, in
comparison with bigger CO. bubbles (~0.5 mm radius) provided by a capillary tube bubbler. The equilibrium
constant Ko is a temperature-dependent constant, decreased with higher temperature. Thus, the Ryt is inversely
correlated with the temperature, which is the reason for a declined CO; solubility in aqueous solution with

increasing temperature.

However, chemical reaction (3) or (5) consumes the formed CO, (aq) immediately. When pH in the solution is
lower than 8, reaction (3) dominates the whole chemical step which is a sluggish step with forward reaction rate
(k+=3.0x10? s1) much smaller than the backward reaction rate (k0=23.7 s). Given this phenomenon, several
studies used acidic catholyte to ease the CO2 (ag) consuming process. When pH of electrolyte is over 10, reaction (5)
dominates the whole chemical process which is a very fast step with the forward reaction rate (k+1=8.5x10° s?)
much bigger than the backward reaction rate (k1=2.3x10* s'). Therefore, when purging CO; gas into alkaline
electrolyte, the bulk solution turned to be neutral quickly. Overall, according to the two dynamic processes of CO,
(aq) providing and consumption simultaneously, how much CO; (aq) (or H.COs*) could be balanced eventually is
one of the most important principles of catholyte selection. Zhong and co-workers calculated the H,COsz*
equilibrium concentrations after CO- bubbling into some commonly used catholyte, among which, KHCOj3 solution
is selected to be the optimal catholyte since it can balance higher concentration of H,COs* [18]. 0.1 M, 0.5 M and
1.5 M KHCOs; solutions balanced 33 mM, 37 mM and 45 mM H,COs* respectively after CO, bubbling, which

means KHCOj3 with higher concentration has slightly more dissolved CO; reactant.



Table 2 CO2 mass transfer steps and the corresponding rates

Positive process Negative process

Rate of the process

Step 1

Dissolution
and
Equilibrium

Step 2
Diffusion

Physical mass transfer:

C04(g) + Hy0 (I) S €04 (aq)
+ H,0 (1)
= H,C05" (1)

Chemical reaction:

Kio

CO,(aq) + H,0(I)
pH < 8[32]

0

pH > 10

CO,(ag) + OH =2 HCO,  (5)

‘H,CO,

H* +HCO,(3)

8 < pH < 10, (3) and (5) both take place

CO; (aq) diffusion from the bulk
electrolyte to local active sites

Ryr = kG/LaPcozKo (2)

Rwmr: mass transfer rate (M s™)

ko2 mass transfer coefficient (m s1),

a: specific gas/liquid surface area (m? m3),

Pcoz: CO; partial pressure(kPa)

Ko: equilibrium constant, = 1 x 1018787051 (M kPa1)

_ M = kyohi[COy(a)] ()

k+o: rate constant, =3x1072 (s

h.: liquid hold-up

& voidage of 3D cathode

COz(aq): concentration of dissolved CO; in bulk electrolyte (M)

d[CO,(aq)] -
———— = kuh,£[C0,(@q)][0H™] (6)
k+1: rate constant, =8.5x10° (s
d[C0,(aq)] -
_+= (kyot+ky1[OH D e[CO,(aq)] (7)
Fick’s Second Law
oc_ ac? 8
at ox? @)

C: concentration of CO; (aq) (M)

x: diffusion distance (m)

D: diffusion coefficient of CO; (aq) in water (m? s?%)
t: time (s)




Unfortunately, Step 2 will further reduce the concentration of CO. (aq) by the diffusion pathway and time,
which is a physical diffusion process following Fick’s Second Law [12]. The diffusion coefficient D is a complex
function of the intrinsic physical properties of electrolytes and environmental conditions. Owing to the smaller
liquid viscosity of more dilute solution under higher temperatures, Dcoz in an aqueous solution is positively
correlated to temperature but negatively correlated to the salt concentration [33]. Thus, KHCOj3; solution with a
higher concentration stronger constrains CO- (aq) diffusion in this step, even though it can balance more CO; (aq)
after Step 1. Moreover, under the reduction potential, the diffusion of CO; (aq) adjacent to the double layer is more
complex due to the adsorption of cations. Joaquin et al. found that although the alkali metal cations wouldn’t be
reduced under the potential of eCO2RR, they would be hydrated and absorbed around the outer Helmholtz layer of
cathode and create a dipole electric field (1 V A™), whose stabilization decreases the energy for “*CO, adsorption
[34]. Accordingly, the higher salt concentration of the catholyte doesn’t facilitate CO; (aq) diffusion in this step
because of the lower diffusion coefficient and larger coverage of cations around the reaction sites. This diffusion
problem along with the high concentrated catholyte was observed by Hori et al. [30] and Xiang et al. [29] that with
the CO- supply method of “purging into electrolyte”, the ratio of carbonaceous products/H, from eCO;RR decreased
with the increasing catholyte salt concentration. When applying “purging into electrolyte” method to supply CO»,
mass transfer of CO; is mainly constrained by the low solubility and inefficient diffusion from the bulk electrolyte to
the local reaction sites, resulting in incomparable competitiveness of eCO,RR against HER and reduced current

efficiency of carbonaceous products.
2.2 Diffusion from Gas Diffusion Electrode (GDE)

Conventionally, researchers are focusing on the development of catalysts for higher reaction activity. However,
once the catalysis activity has been enhanced, the low solubility of CO; can cause the low mass transfer problem and
will be the rate-determine-step of the overall reaction system, which hind its reaction efficiency and cause low
currently density. To solve the low solubility problem of CO,, an increasing number of GDE-related works have
been published in the past years for the sake of improving the mass transfer of CO,, as CO; gas could be fed directly
to the reaction sites with an efficient gas-liquid-solid three-phase boundary. This gas supply method has been
applied in hydrogen-oxygen fuel cells for a long time [35], the direct gas adsorption has been accepted as the mass
transfer mechanism of the gas reactants H, and O, [13, 36, 37]. Similarly, the reactant of eCO2RR by applying CO,
“diffusion from GDE” was perceived to be gaseous CO> [38, 39] rather than the hydrated CO, (ag), which was
already discussed in section 2.1. Therefore, CO, gas could be directly adsorbed and activated by a less-restricted

pathway without going through catholyte media, as illustrated in Eq. 9.

€0,(9) S €0, (ads) ©)

The most outstanding achievement of applying GDE in eCO2RR is the remarkable current density (j) which is
normally over hundreds of mA cm2, bring the industrial potential to this currently bench-scale reaction [23]. In fact,
it was found that electrolyte played the predominant role in the high current density achievement rather than the

effect of CO- supply way [29]. Strong alkali with a high concentration of OH" enabled low resistance in both the cell



internal and charge transfer was certificated to be the optimum aqueous electrolyte for eCO2RR [40]. The use of

strong alkaline media as the catholyte could also prevent the competing HER appeared.

CO; mass transfer enhanced with a big step when transiting the CO, supply method from “purging into
electrolyte” to “diffusion from GDE”. As far as we know, apart from the development of electrode material/catalyst,
there seem to have few reported works about further enhancing the CO2 mass transfer in the GDE system in a macro
view like cell configuration and reaction conditions. Only a few studies were carried out on the effect of cell
pressure in eCO2RR process [41-44]. Gabardo et al. [41] studied the pressurization effects on eCO2RR selectivity
and efficiency in the GDE cell, and the faradaic efficiency (FE) of CO was enhanced by about 40% when rising the

cell pressure from 1 to 7 atm. The reason for the selectivity shift was assumed to be the increased CO, surface

coverage.
a) PEM b) AAEM
H; CO,, H,0 H, CO,, H,0
+ @ - &
g |H R é e E
< 3 < 3
H* CO, H,0,H, H,0 CO,, H,0, H,, CO

Figure 2. Scheme of the eCO2RR reactor with the MEA configuration. The difference in ion transfer of using (a)
proton exchange membrane (PEM), and (b) alkaline anion exchange membrane (AAEM). [45] Copyright 2018,
Elsevier.

It is worth mentioning that the GDE system applying liquid catholyte commonly suffers the flooding problem.
Poor reaction stability of fewer than 10 hours was observed accordingly, since the hydrophobic layers within GDE
can be degraded during electrolysis, especially in alkaline media?’. The infiltration of liquid catholyte into the CO>
gas phase alters the CO; supply method from “diffusion from GDE” back to “purging into electrolyte”, CO2 mass
transfer is reduced by this degradation. A novel electrode architecture was then delivered by Dinh et al. [40], to
create an abrupt interface with graphite/carbon nanoparticles/Cu catalyst/PTFE layer to overcome the liquid
electrolyte flooding issue. The reaction could be maintained with 70% FE towards C,H. for 150 hours. Wang et al.
[46] reported a scaffolding structured catalyst layer in a GDE system, which enhanced the internal porosity and the
hydrophobicity of GDE and raise the FE of CO up to 93.2%. Apart from constructing a robust GDE to avoid
flooding, some studies abandoned the liquid electrolyte and adopted the polymer electrolyte membrane (PEM) to
fabricate a membrane electrode assembly (MEA) in a compressed reactor [47]. Protons can be supplied by vapour
co-streamed with the CO; gas or ion migration from the anodic side via a PEM as illustrated in Fig. 2 [45]. Lee et al.
[38] applied the Sn-GDE (cathode), Nafion membrane, and Pt-GDE (anode) to fabricate the MEA for formate
production from eCO2RR, a high FE about 90% was maintained for 50 hours. Kutz et al. [48] developed a robust



membrane with using imidazolium-functionalized stylene and vinylbenzyl chloride polymer for eCO,RR with an
MEA configuration, showing remarkable durability of around 6 months for producing CO with 90% FE and 50 mA

cm 2 of current density [48].

Overall, the liquid-phase system of applying “purging into electrolyte” method to supply CO: is simple and
handy to construct but constrains CO, mass transfer by the liquid electrolyte media. Applying “diffusion from GDE”
in the gas-phase system is a promising transit to perform a high-performance mass transfer and developed current
efficiency towards CO; reduction, but the flooding problem will lead to poor durability which can be alleviated by
adopting a polymer electrolyte membrane. The development of CO, mass transfer from a macro view has been
approached by improving the reactor configuration and optimising the reaction conditions, contributing to higher
CO; coverage around the cathode. The further CO, mass transfer from the cathode adjacency to the reaction sites

more relies on the electrode material or catalyst, and electrolyte, which will be discussed in the next section.

3. The Effect of Components for Mass Transfer of CO2

The process of CO, mass transfer can be associated with many factors, including but not limit to types of
electrodes, electrolyte concentration, pH of electrolyte, applied catalyst, membrane, flow rate of CO;, etc., which
could greatly influence the result. Herein we pick three factors to clarify how theses component effect on mass
transfer of CO,. For the overall reaction, electrode delivers the electrons and CO- (in gas diffusion electrode), the
electrolyte transfers the proton and CO; (aq, in H-type cell), and the reaction take place on the catalyst surface active
sites. Good balance of three factors could optimise the performance, otherwise it can be the constraint which limit

the overall reaction.
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Figure 3. (a) CO; transfer in aqueous phase by dissolving in electrolyte. (b) purged CO; bubble block the catalyst
surface by H-cell (c) CO; transfer through gas diffusion layer (GDL) by GDE type cell.[49] Copyright 2021, Wiley-
VCH. Common eCO;RR electrodes (d) foil electrode. [50] Copyright 2018, Elsevier, (e) mesh electrode. Reprinted
with permission from [19] Copyright 2017, American Chemical Society, and (f) GDE. [51] Copyright 2019, Wiley-
VCH. (g) SEM of the thin layer photoresist edge of a polymide/gold/photoresist image with 1 pm thickness of gold
film.[52] Copyright 1991, Elsevier. Electrodeposited cuprous oxide film (h) before reaction and (i) after reaction. (j)
Hydrogenation of methoxy adsorbates at Cu,O {111} surfaces. [53] Copyright 2011, The Electrochemical Society.

3.1 Electrode

In the eCO2RR process, the function of the electrode includes catalysts substrate, mass transfer, and GDE of
CO,, which are the crucial parts of eCO.,RR. From the viewpoint of the electrode, the interface of
electrode/electrolyte is the place where loading with electrocatalyst, providing conductive support for most
electrochemical reactions. The coming reactants including electron, proton, and CO, meet in triple interphase (gas,
liquid, and solid phase) boundary, and then take reaction on the active sites of catalysts. Wang et al. [49] revealed

the interphases using different electrode types, wherein sheet-like electrode or other bulk electrodes, the common

10



supplying method of CO; is to ‘bubbling into electrolyte’ and diffuse to electrode surface. The two-phase interphase
can be generated as shown in Fig. 3a, where the COx(q) With H+(ag) and electrons can meet on the liquid(electrolyte)-
solid (catalyst) interphase, and take the reaction. This configuration will lack CO; due to its low solubility as
illustrated in Section. 2. In Fig. 3b, the CO; bubble may stick to the catalyst surface and form a triple-phase at the
edge of the bubble, however, within the gas bubble, the reaction will be stopped by the absence of electrolyte with
H*. In Fig. 3c, CO; is supplied from the gas phase and diffused through the electrode. This configuration can be
realized by porous electrodes. However, hydrophobicity is the key point to preventing the electrolyte pass through.
Metal mesh with bad hydrophobicity in this application will cause electrolyte permeation and loss the function. In
comparison, the gas diffusion electrode has a porous structure and good water resistance, which is the desired

material for three face interphase configurations.

The transport of proton and CO- is controlled by diffusion, and diffusion is the movement of chemical species
from high to low concentration. The movement rate of chemicals by diffusion can be predicted theoretically. Fick’s
Law demonstrates that the diffusional flux is proportional to the concentration gradient C/ dx of the diffusing solute,
as shown in Eq. 10 [54].

a
Jo= —Do(52 (10)
where J, is the diffusional flux, the constant D, is the diffusion coefficient (diffusivity), and the negative sign means

the concentration gradient from high to low.

To achieve the diffusion of reactants in eCO2RR process, the catalysts’ surface area, active sites on the catalyst,
transportation of electrons, protons and CO, molecules should be well considered in the reaction system [55]. Based
on the existed publications, the rate of mass transport can affect or even dominate the overall reduction reaction. Eq.
11 presents below presents the relation between current and several factors which can affect the mass transfer of
CO..

i, = —nFAk,.[0] (11)
Where i is the reaction current, A is the electrode area, ke is the rate constant and [0] is the concentration of reactant.

If the constant is large enough which means any reactants can be immediately converted to products when they
close to the electrode interface, then the determined part will be the concentration of reaction will be the overall rate
determined aspect [54]. Perry et al. [55] illustrated two distinct limitations for mass-transport on electrodes. The first
limitation is the diffusion of reactants gathered onto the electrode, and the second limitation is about the non-
uniform current distributions caused by ohmic loss on electrodes. Therefore, the improvement of mass transfer on
electrode assembly becomes an effective solution for eCO,RR commercialization. Recently, researchers focused on
catalysts innovations and developed types of catalysts with considerable efficiencies and selectivity. However, few
of these catalysts were measured under commercially relevant current densities (ca. 200 mA cm?) owing to mass
transport limitations under conventional optimized conditions [56]. Moreover, 2-C cells are widely used for

electrolysis, and the long-distance between electrodes requires much stronger current densities to overcome the mass

11



transport issues [57]. To solve the transportation problem, novel types of electrodes are considered to be thin layers
with more active points [20]. Given this point, various electrodes with functional structure (Fig. 3d-f) were
developed by researchers. The species of electrodes can be classified as catalysis macro-structure, including sheet

(e.g., foil and film), mesh, foam, and metal powder-gas diffusion layer (GDL).
3.1.1  Sheet-like electrode

The sheet-type electrode is one kind of working electrodes for eCORR. A two-dimensional surface provides
sufficient surface area where the reaction takes place and these electrodes are normally assembled in a fully aqueous
phase, which is for 2-C and GDE cell [53, 58-61]. In this case, CO; is required to dissolve into the catholyte to
realize the mass transfer of CO,. Sheet-type electrodes can be classified into pure foil, porous foil and nanoparticles
supported foil, indicating the treatment of electrodes realizes the foil with better surface area [62-64]. Pure metal foil
electrodes normally appeared in early-stage research. For example, Hori et al. discovered that methane and ethylene
can be produced at Cu electrode in 0.5 M KHCOs, the current density was detected at 5 mA cm?, with FE of CH,4
was about 65% at 0 °C, and C,H4 with 20% at 40 °C [65, 66]. Kim. et al. [62] reported that reduction of CO, to CH.
on Cu foil electrode under room temperature. They prepared Cu polycrystalline sheets in 0.5 M KHCO3 under -0.50
V vs. SCE under ambient conditions, achieving the transition of CO; to CH,with a current density of 17 mA cm2.
Researchers have developed that the eCO2RR are limited by lacking mass transport and a larger surface area could
provide more active sites which can contribute larger current. Seddon et al. [52] employed gold thin film spun onto
polymer sheets with thickness of 1 and 4 um, as shown in Fig. 3g. By enhancing diffusional transport to a finite

electrode surface under microscopic size, the current has been significantly increased.

Oxidation treatment of metal is another method for electrodes preparation. Metal oxides provide chemical
functionality, which can stabilize the incipient negative charge on CO, and mediate the electron transfer [60]. Le et
al. [53] reported that cuprous oxide thin film has obtained 43% FE of CH3OH with 43 pmol cm h, as shown in
Fig. 3i-j. When HCO species form, carbon atom continues proton and electron transfer reactions to form
H3CO"3CO" species adsorbates for CH4 formation. In the case of the presence of cuprous oxide, it will benefit the
ability of H* species coordinated with surface bound oxygen to form CHsOH. Chen et al. [60] employed tin oxide
thin film for CO- reduction, and illustrated that the rate determine step is the reversible transfer of a single electron
to CO,, then form CO,[67], the current density can be increased by improvement of CO, and ion mass transport
and achieved the nearly 100% FE with CO and HCOOH using Sn/SnOx foil. Le et al. [53] also reported a 40% FE of

methanol by electrodeposited cuprous oxide films.

Nano porous film is another type of sheet electrode in CO, reduction [68-70], and the porous structure is
normally realized by the dealloying method. Jia et al. [68] indicated an alloy-dealloy method to manufacture
nanoporous film in order to get high surface material, which is using the electrodeposition method to obtain several
types of nanoporous metal films. The process introduced electrodeposition of Zn on metal film including Cu, Ag and
Au, then thermo-treat the surface and immersed into the etching solution to get nanoporous surface. In this case, a
porous structure can both provide high surface area, and be directly formed on the electrode surface, in which the

electronic transport will be much faster. However, the transport of H* promotes the water splitting behaviour, which
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competes with CO; reduction. Chen et al. [69] reported a highly porous gold film with increased pH of electrolyte,
which could prohibit hydrogen evolution reaction. They also developed a porous structure of Au porous structure on
Ag film, which could promote ion transfer. They have compared the different thickness of Au porous layer, and the
observed current density was increased by the thickness of Au layer, as shown in Fig. 4.
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Figure 4. (a) Schematic design of key fabrications in designing porous gold films. (b) Physical images of the porous
gold film lying on the Ag foil. (c) SEM image of the porous AgCI-Au precursor. (d) Film thickness as a function of
galvanic reaction times of the silver substrate and HAuUCl.. (e) The plots between the roughness and film thickness

of the PF-Au samples, and the surface roughness of the pre-treated Ag plate is 1. (f) FEco faradaic at -0.5 V. [69]
Copyright 2017, The Royal Society of Chemistry.
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Figure 5. SEM images of (a) polished copper foil, (b) np30, (c) np60, and (d) np120. Reprinted with permission
from [70] Copyright 2017, American Chemical Society. (¢) Schematic diagram of the electrochemical cell. R,
saturated calomel reference electrode; C, Pt wire coil counter electrode; E, 500 mM KHCOjs electrolyte; W, working
electrode; G, gold leaf contact to the working electrode; O, ring seal; P, inlet pressure gauge; F, outlet pressure
gauge and flow meter, inset: scanning tunnelling microscope image of the surface of the porous Au layer. [71]
Copyright 2002, Elsevier.

Peng et al. [70] obtained a porous Cu foil by alloying-dealloying method, with 35% FE of ethylene in 0.1 M
KHCOs3 under -1.3 V vs. RHE. They used electrodeposition treatment of zinc onto polished copper foil and then
obtained a nanoporous surface structure by chemical dealloying method. XRD pattern indicated the identity of the
material surface and SEM image shows its nanoporous structure (Fig. 5). By controlling zinc deposition time, the
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distribution of products was analysed, and the overall FE of hydrocarbons is increasing with electrodeposition time.
The ethylene and formic acid can be obtained under -1.1 to -1.3 V vs. RHE with an FE of 35%. The author indicated
that the complicated skeleton structure and porous structure contribute large surface area. Stevens et. al. reported a
porous Au film that presents good properties to convert CO; to CO with FE of 75% under -1.2 V vs. SCE in aqueous
KHCOs3 using an original GDE type cell (Fig. 5e) [71]. The porous Au film was used to separate the liquid and gas

phases, which improves the mass transfer of CO».
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Figure 6. (a) Schematic representation of three-phase (gas/liquid/solution) interface. [72] Copyright 2004, Elsevier.
Different electrochemical eCO2RR reactor schemes. (b) Aqueous-phase eCO2RR, where CO- is first solubilized in
an aqueous electrolyte and then reduced at a catalyst surface. Vapor-fed eCO,RR employing a (c) aqueous or (d)
polymer electrolyte. Reprinted with permission from [20] Copyright 2018, American Chemical Society. (e) Polymer
membrane cell configuration for the electrochemical reduction of carbon dioxide, (f) Schematic of the experimental
arrangement to produce organic products from carbon dioxide using a membrane cell. [73] Copyright 2011, The
Electrochemical Society.

3.1.2 Meshes

Compared with foil, metal mesh have a microporous structure, indicating its mesoporous structure can form
more like channel compared with porous structured catalysts, which allow gas/electrolytes to across over, enhancing

the surface area and have more chance to form gas (CO?)-liquid(electrolyte, proton)-solid (catalyst) three-phase
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interface (Fig. 6a) to complete the mass transfer of CO, in the three-phase interface [72, 74]. Ogura et al. developed
a three-phased design with the assistance of the mesh structure [72, 75]. They established a vertical assembled cell
and the CO; reduction has performed at the three-phase interface to avoid in situ reaction which causes the
poisoning species after the beginning of electrolysis. CO,was recycled constantly in the device which enriched the
CO; concentration on the interface that enhances the overall CO; reduction reaction. In their study, they used a CuBr
modified on Cu-mesh for the working electrode, and the result indicates 90% of CO conversion rate with 75%
selectivity for CoH4. Similarly, Li et al. reported a continuous reactor using tinned-copper mesh as electrode, and

supplied catholyte and CO, mixture cross through the as-mentioned electrode [74, 76].

Normally, the gas supply from one side of the mesh flows across the mesh and forms three-phase interface. This
improves the mass transport with hollowed structure. The application of mesh type electrode for CO; reduction
including normal mesh and surface modification on the mesh. In the early stage, researchers are more focused on the
mesh’s unique properties. Hirata et al. [77] reported an amalgamated-gold mesh electrode. DEMS (Differential
Electrochemical Mass Spectroscopy) technique was selected, and Hg-Au was used as a working electrode that
allows the gas to cross over, enhancing the performance of reduction from CO; to CO under -1.4 V vs. SCE. The
three-phase interphase concept was emphasized by H. Yano [75, 78], which indicated that a triple interface can be
realized by letting CO, gas blow across copper mesh constantly, performed three-phase (gas-liquid-solid, GLS)
interface can extremely suppress the deposition of poisoning species behaviour and form long-term reaction.
Recently, surface treatment for mesh electrodes is also received much attention. Hwang et al. [79] fabricated
Cu,0O/CuO/CuS nanocomposites using pure copper mesh, this ternary electrocatalyst has 84% FE of formic acid
during eCO;RR. Rahaman et al. [19] illustrated that using electrodeposition of dendritic Cu on Cu mesh for catalysis
properties enhancing. Results show high selectivity for formate and C,H, at different potentials (FEgwon = 13.0%,
—1.0 V vs. RHE; FEs.pron=13.1%, —0.9 V vs. RHE).

3.1.3  Gas Diffusion Electrodes

Gas diffusion electrodes (GDESs) type electrodes have been first proposed in fuel cell application since 1967
[80]. Gas diffusion layer is normally involved in gas diffusion electrode assembly type cells for eCO;RR, where
GDE was initially introduced to enhance the gas mass transfer [81]. This concept is inspired by proton exchange
membrane (PEM) fuel cell design, which is a porous material composed of carbon fibre or metal foams. In eCO2RR
application, GDL are involved to applied a diffusion pathway which benefits the CO; transfer [29, 82], and catalyst
layers coated on GDL as the electrode is a common way for the electrode assembly. In recent studies, Higgins et al.
indicated that GDEs present excellent mass transport properties compared with conventional aqueous-phase CO;
reaction [20, 56], which the poor solubility of CO- in aqueous electrodes problems can be solved. They supplied
CO- to the cathode via vapour phase (Fig. 6b-d) is a solution for resolving the performance and solubility challenges.
It also provides robust support for catalysts, and gas permeability, which prevent the electrode from being flooded
by electrolyte and provides an electron transfer pathway [83]. It is typically hydrophobic, thus the surface and pores
cannot be blocked by water molecules which may impede the gas transport to the catalyst layer [35], where the

performance of GDE is determined by the effectivity of gas transmission of GDL [82].
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Figure 7. Schematic illustrations of design for (a) carbon paper (CP)-electrode, (b) graphene aerogel/carbon paper
(GACP)-electrode; integrated design for (c) CP-cell and (d) GACP-cell, components arrangement from left to right
are gas chamber (white: gas channel for CP-cell, black: GA for GACP-cell, respectively), catalyst coated carbon
paper (brown), reference electrode (blue) in catholyte, ion exchange membrane (light blue), counter electrode
(yellow) in anolyte; (e) cross-section view of the bilayer with catalyst layer and GA (insertion); (f) CO, mass
transfer pathway, CO; transfer through GA (black), CP (grey) and catalyst layer (yellow); fabrication of GACP-cell
with (g) multi-components, (h) top view of bilayer with coated catalyst, i) disassembled and j) assembled cells.[49]
Copyright 2021, Wiley-VCH.

Compared with metal mesh, it allows CO; to flow across the GDE body and it is hydrophobic which means it
can prevent the electrolyte from crossover and forming gas-electrolyte-catalysts three-phase interface. It is
concluded to have two main electrode designs using GDE from the reported paper. One common electrode assembly
design is called membrane electrode assembly (MEA), which is regarded to resolve the mass transfer issue in
aqueous electrolytes. MEA design removed the electrolytes and minimize the ohmic overpotential by decreasing the
distance between anode and cathode [84]. Narayanan et al. [73] reported a kind of MEA-type cell (Fig. 6e-f) with

lead and indium and achieved the FEncoon 0f 90%, where they believe that the hydrogen evolution reaction (HER)
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was suppressed by the catalysts where they have high overpotential for HER and absence of aqueous electrolytes on
cathode part. Wang et al. [49] reported a hybrid carbon paper with graphene aerogel electrode for eCO2RR, where
the high porous and conductive graphene aerogel enhances the CO2 mass transfer and charge transfer, and carbon
paper plays a function of catalyst substrate, this combination which presents a great enhancement of eCO2RR
performance, and has raised the FEco to 94% (Fig. 7). Another electrode is that separates the cathode half-cell into
two individual phases by using a catalyst on GDL to make a gas-liquid-solid phase interface. Compared with
conventional H-type cell or 2-C cell, the separated design enhanced the gas transfer significantly by supplying CO,

from the gas phase. It eliminates the CO, dissolving problem in electrolyte, simultaneously.
3.2 Electrocatalysts

Large number of various catalysts in micro- and nano-scale toward eCO;RR were investigated since 1980s.
Before understanding the relationship between electrocatalysts and the mass transfer effect during eCO2RR, it is
necessary to understand and summarize the classification of various electrocatalysts. Early studies in eCOzRR
focused primarily on metallic catalysts (monometallic, alloys, and multi-metallic), due to their ease of synthesis,
high stability, and simple morphology, making them suitable for fundamental eCORR studies. For instance, copper-
based electrocatalysts received much attention owing to they can produce a range of useful chemicals (Ci-Cs
chemicals) with high FE. Therefore, a classification was early built based on the primary CO; reduction products, as
shown in Fig. 8. With the extension of electrocatalysts, most existing eCO;RR catalysts can be divided into several
groups with different classifications. In this section, all electrocatalysts for eCO2RR will be divided into 0-3D
materials in regard to the dimensional structure. Generally, CO, will form into "CO intermediate species during the
CO; transportation, then *CO will interact with "H or another “CO to produce *CHO/C-C species on the interface
between CO; and electrocatalyst. For example, 3D materials with more corner/edge sites and even porous structure
[85], which can also adsorb CO, in a two-phase or three-phase system, further improve the electrocatalytic
performance of CO, conversion. Additionally, catalysts’ structural properties including crystal planes, surface area
and size, etc. will also affect the mass transfer of CO- during eCO2RR.

Ni Cu Zn Ga
Nickel Copper Zinc Gallum
88.9 % 67.5 % 79.4 % 79.0 %
Pd Ag Cd In Sn
28.3 %
Palladium Silver Cadmium  Indium Tin
26.2 % 81.5 % 78.4 % 94.9 % 88.4 %
Pt Au Hg Tl Pb
Platinum Gold Mercury Thallium Lead
95.7 % 87.1% 99.5 % 95.1 % 97.4 %
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Figure 8. Classification of various metal depending on formation of major products during eCO2RR, periodic table
and FE of major products from experimental data by Hori. [30] H. (red), CO (blue), formate (yellow), hydrocarbon
(green). Notably, the production distribution from CO, depends strongly upon the electrolytes employed. Copyright
1989, The Royal Society of Chemistry.

3.2.1  Catalysts’ Dimensional Structure

0D structure — Quantum dots (QDs) are typical zero-dimensional materials. For example, carbon quantum dots
(CQDs) are attractive as a valuable element of photo/electro-catalysts due to their large number of exposed active
sites and excellent electron transfer ability [86-88]. Moreover, the surface of CQD can be easily modified by several
functionalized groups (e.g. -NH,, -COOH), which can improve the CO, adsorption performance due to molecules
interaction [86]. In addition, CQDs could be adopted to enhance the catalytic performance of eCO2RR due to the
exposed active sites. Recently, N-doped graphene QDs (NGQDs) were selected as catalysts for eCO2RR, NGQDs
with high catalytic performance for eCO2RR with high current density at -0.75 V vs. RHE were reported [9]. As
presented in Fig. 9a, NGQDs with a large portion of nitrogen atom doped defects at the edges were exfoliated [9].
More active sites were created during the doping of nitrogen atoms. It can be seen that C,H4 is the main product
with a maximum FE of 90% in the range of applied potential from -0.75 to -1.0 V vs. RHE in Fig. 9b. Authors also
studied the potential mechanisms governing the total process for NGQDs by performing first-principles simulations
(Fig. 9c-e) [89]. In their study, they found that the insertion of N atoms into the edges of GQDs promotes the mass
transfer with "COOH, effectively enhancing the conversion of CO, to CO. Benefiting from the edge and defect
effects and quantum confinement, QDs modified on substrates can promote the mass transfer of electroactive
species and further enhance the eCO2RR performance through their synergistic effects [90]. This design (QDs/X, X

refers substrates) also could promote the low-dimensional catalysts for efficient eCO2RR.
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Figure 9. (a) High-resolution TEM image of NGQDs (scale, 2 nm). Inset: a single NGQD containing zigzag edges
as circled (b) FEs of CO, CHs, CoHs, HCOO", C;HsOH, CH;COO™ and n-C3H;OH at various applied cathodic
potential for NGQDs in the electrocatalytic activity of carbon nanostructures towards CO; reduction. [9] Copyright
2016, Nature Publishing Group. (c) Structural models and unit cells of NGQDs, Gray, blue, and white spheres
represent carbon, nitrogen, and hydrogen atoms, respectively. (d) Energy pathways for electrochemical reduction of
CO; to CH3OH and CH4 at 0 V (black) and -0.6 V (red). (e) Schematic for selected intermediate states, including
*COOH, "CHO, "CHOH, "CH,0H, "CH, and "CH3 adsorbed on NGQDs. Reprinted with permission from [89]
Copyright 2017, American Chemical Society. (f-g) HRTEM image of the WIT SnO after reduction, (h-i) FE of C,
products and H; for the WIT SnO; electrode and the NP SnO; electrode. [91] Copyright 2018, Wiley-VCH. (j) TEM
image of NCNTSs, (k) the onset potential and maximum FE for CO formation as a function of N content in the
synthesized NCNTSs, (I) Schematic illustrating CO formation on the NCNTs and (m) free-energy diagram at
equilibrium potential for CO. reduction on different N defects, including pyridinic, pyrrolic, and graphitic N in
comparison to pristine CNTs. C, O, and H atoms are represented by grey, red, and white spheres, while pyridinic,

pyrrolic, and graphitic N defects are shown using blue, pink, and green spheres, respectively. [92] Copyright 2015,
Wiley-VCH.

1D structure — One dimensional (1D) nanomaterials, such as nanotubes and nanowires etc. provide a high
active surface area have been employed in electrochemical reactions as catalysts in past years [93]. Owing to the
enhanced contact with the electrolyte, 1D structure can accelerate the mass and charge transfer at the three-phase
boundaries. Li et al. [91] demonstrated 1D SnO; with wire-in-tube (WIT) structure as an electrocatalyst for CO,RR
to C; products in CO; saturated KHCOs electrolyte (Fig. 9f-g). it shows a higher FE of C; products (>90%) than
commercial SnO nanoparticles at a wide applied potential range from —0.89 to —1.29 V vs. RHE, thus substantially

suppressing HER (Fig. 9h-i). To explore possible boosted mechanisms for 1D WIT SnO,, HRTEM and BET
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characterizations were employed, it can be found a density of grain boundaries (GBs) during the calcining process
via HRTEM observation (Fig. 99). The BET results show that 1D WIT SnO; has larger surface area that that of NP
Sn0,. This feature provides more active surface sites for "CO,"~ absorption, which facilitates the mass transfer of
eCO2RR. In addition, recent investigations have indicated GBs within the nanopores could generate high activity
for CO; reduction through enhancing the adsorbate-metal bonding strengths thus stabilizing catalytically active

surfaces, as for GBs analysis would be discussed in the following section.

It was found that nitrogen-doped carbon nanofibers (NCNFs) exhibited approximately 13-fold higher current
density than Ag electrocatalyst under a selective reduction of CO, to CO [94]. Coupling with X-ray photoelectron
spectroscopy and activity characterizations, the authors proposed the high reactivity and excellent durability of the
NCNFs for the eCO2RR is ascribed to the charged carbon atoms because of N-doping inducing the re-distribution of
the charge and spin density on NCNFs. Zhou et al. [95] discovered that nitrogen-doped carbon nanotubes (NCNTS)
is a promising catalyst for eCO.RR conversion to CO with FE of 80%. Before being applied in eCO,RR, NCNTs
have received much attention as 1D nanostructured electrocatalysts in oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) due to their unique electronic and geometric features [96]. NCNTs have also been
employed for CO; reduction to formate using polyethyleimine as a co-catalyst, stabilizing the "CO,"~ intermediate
[92]. In their earlier work, NCNTs were prepared with various surface structures and nitrogen contents by choosing
different precursors (ACN: acetonitrile, DMF: dimethlyformamide and TEA: triethylamine) and controlling the
growth temperature (Fig. 9j). It is found that the electrochemical performance of NCNTs was determined by the
nature of N-defects and defect density in Fig. 9k. NCNTs-ACN-850 (NCNTs were obtained from the ACN which
provides N source under 850 °C) had the lowest overpotential (ca. -0.18 V) and maximum selectivity (ca. 80% FE)
with the highest catalytic activity, owing to the highest pyridinic N (ca. 1.1 at%) and graphitic N (ca. 3.5 at%)
content. Additionally, with the assistance of DFT investigations, COOH" tends to bind to the adjacent pyridinic-like
N sites, rather than the pyrrolic N site during the eCO2RR. Thereby, pyrrolic N defects seem to have little or no

impact on eCO2RR activity, which is congruent with previous experimental observations. (Fig. 91-m).

2D structure — 2D materials or layered materials, such as graphene [97], transition-metal dichalcogenides
(TMDs) [98] and layered double hydroxides (LDHs) [99], etc., could transfer electrons even through the covalent
bond network of metallic or nonmetallic constituents. 2D metallic materials are promising electrocatalysts for
eCO;RR, first studied theoretically by Kim at el. [100] as shown in Fig. 10a-b. A numerical study showed Ecozer of
2D covalent metals using the reported computational procedure including the entropic contribution and solvation
effect [101]. H. production is the major side reaction competing with CO; reduction in an aqueous circumstances,
which should be hindered to reach high FE. The authors also obtained that the existence of strong scaling
relationship between the COOH binding affinity and H binding affinity limits high selectivity toward CO, reduction.
There is a linear correlation between AE,C°°" and AE,Y22, as shown in Fig. 10b (AE,Y?"2 is the H binding energy
defined using 1/2H,(g) as a reference state), like existing transition metals. AE,“°°" could be adjusted to increase for
enhanced CO; reduction catalytic activity, which concomitantly increases the H binding affinity elevating the HER

performance in most cases. Therefore, this is an important strategy for material optimization to overcome the
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intrinsic limitations of metals or metallic alloys, improving CO; reduction with high performance from the above

calculations.
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Figure 10. High-throughput catalyst screening of 2D covalent metals for eCO.RR: using density functional binding
free energies, theoretical reduction potentials of CO, (vs. RHE) into CO (left) or CH4 (right) are calculated, (b)
Mutual correlation between the AE®?°" and AEM on the catalyst. Both 2D covalent metals and conventional
transition metals show a relatively significant correlation. Reprinted with permission from [101]. Copyright 2016,
American Chemical Society. (c) SEM image, (d) TEM image of Fe/NG-750 catalyst. (e) Potential dependent FE of
CO for eCO,RR on Fe/NG catalysts prepared at different processed temperatures (0.1 M KHCOs;) (f)
Chronoamperometric curves of stability test with Fe/NG-750 at —0.60 V versus RHE in the CO»-saturated 0.1 M
KHCOs; solution. Theoretical calculations and proposed mechanism on the N-coordinated Fe catalytic site, (g) Free
energy diagram for eCO2RR to CO on Fe-N moieties embedded on graphene sheets. (h) Top view of the optimized
structures for Fe-N4 moieties embedded on graphene layer and potential N-substitution. [102] Copyright 2018,
Wiley-VCH. (i) TEM image of the g-CsN#/MWCNT composite, (j) Dependence of FE of CO on applied potential
during constant potential electrolysis of CO, obtained with pristine MWCNTS, pristine g-CsNs4 and the g-
C3sNo/MWCNT composite coated carbon fibre papers, respectively. [103] Copyright 2016, Wiley-VCH.

Graphene-based materials have been widely utilized as metal-free electrocatalysts for eCO;RR application due
to their extremely large surface area, mechanical stability and flexibility, and good electrical conductivity. The
heteroatom-doped (e.g., B, N, and S etc.) graphene has displayed extraordinary eCO2RR performance. For example,
Tour and co-workers reported an atomic Fe distributed on N-doped graphene (Fe/NG, Fig. 10c-d) was prepared as
an efficient catalyst for the electrochemical reduction of CO; to CO [102]. In their bulk electrocatalysis, Fe/NG has
a low reduction overpotential (0.3 V vs. RHE) with high FE up to 80% (Fig. 10d) and remained stable after the
eCO2RR without any significant degradation (Fig. 10e). Based on DFT investigations [32, 104], the adsorption of

CO, molecule primarily arises on the Fe catalytic site with concerted protonation and electron transfer, accounting
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for the establishment of COOH", as Fe-N,-COOH formed, it can endure further proton-electron transfer reduction to
for a CO” adduct (Fig. 10f). Herein, the rate limiting step is the formation of COOH" species via protonation. The
authors found that the N-doping on graphene improves the catalytic activity of the Fe-N4 moieties by lowering the
energy barrier of COOH" formation, as well as promoting the CO* desorption step according to the free energy
diagram (Fig. 10g-h). It is concluded that the highly eCO2RR performance of CO, conversion to CO could be

ascribed to the synergetic effect of the Fe-N4 moieties and N-doping on the graphene surface.

Graphitic carbon nitride (g-C3N4) is another group of metal-free 2D materials. The carbon species in g-C3sNg4
display high affinity to oxygen-bound intermediates ("OCHy, "O, and “OH) in the reaction routes toward deeply
reduced products, e.g., methane. Furthermore, the electronic properties of g-CsN4 can be effectively tuned by metal
and metal-free carbon materials and therefore provide improved electrocatalytic performance on the hybrid catalysts
[103, 105]. For example, Amal et al. [103] demonstrated a g-CsN4/MWCNT composite (Fig. 10i-j) as a highly
selective and stable electrocatalyst for CO, reduction to CO, in which the strongly formed covalent C-N bonds could
become active sites to enhance eCO;RR performance, combining the excellent electrical conductivity of MWCNT
enables various electrons to rapidly reach the active C-N sites, giving rise to a FE of 60% of and remarkable
durability over 50 h. These hybrid composites based on g-CsN4 have shown their promising eCO2RR performance
owing to their highly exposed active sites on the large surface of electrocatalysts with a high turnover number
(TON), which means more CO; can contact those active sites easily, in other words, mass transfer was enhanced
during this process. Combined with the enhanced mass transfer, improved electrical conductivity, and tunable

electron transfer, the performance of CO, was also promoted synergistically.

3D structure — Most metal-organic framework (MOF) compounds can be considered nanoscale three-
dimensional structured catalysts. MOFs combine the favorable characteristics of both heterogeneous and
homogeneous catalysts [106, 107]. Developing MOFs and their derivatives as electrocatalysts are regarded as an
efficient approach to reticulate catalytic molecular units into a porous structure in which active sites are maximized
and both charge and mass transportation could be simultaneously balanced by tuning their porous structure [108,
109]. In addition, MOFs were also proven as efficient catalysts for eCO2RR due to their 3D structure enabling CO»
capture [110]. The mechanism of CO, capture is that CO, can be captured and separated when its molecular
structure coordinates with the unsaturated metal sites in the MOF structure owing to the very small kinetic diameter
of CO; (0.33 nm). For example, the CO; trapping capacity of Mg-MOF-74 was reported up to 8.9%, and 87% of
trapped CO; could be released at room temperature, indicating capture capacity of this kind of MOF is controllable
[111]. This strategy can solve a problem well that eCO.RR was limited by the low CO; solubility, in some cases,
shortening the gas diffusion process, keeping CO,-saturated on the surface of the electrocatalyst, so that increasing
the mass transfer in the special two-phase between CO, and catalyst layer, further improving CO, conversion
efficiency. Such effect is further confirmed by Zhang et al. [112] who introduced Cu3(BTC), (BTC, Benzene-1,3,5-
tricarboxylic acid) which is a kind of MOF that has demonstrated its CO, adsorption capacity can achieve 5 mmol g
1 as CO; capture agent based on GDE (Fig. 11a). In this study, authors confirmed the CO, capture ability of the
prepared Cus(BTC), via N2 adsorption-desorption at 77K, then the FE of CH4 on Gu-MOF/GDE are 2-3 times
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higher than that of the bare GDE under negative potentials in the range of 7.5%-10% (Cu-MOF weight ratio), as
presented in Fig. 11b. The authors also believed the active sites in GDE-CuMOF-10 are not evidently blocked by
Cu-MOF and implied the almost unaffected catalytic properties of Cu-MOF on the formation pathway of CH4. Dong
and co-workers also utilized the same principle to design Fe-porphyrin-based MOF (PCN-222(Fe)) for
electrochemical reduction of CO, to CO [113]. In this study, the authors reported that the composite catalyst PCN-
222(Fe)/C (mass ratio = 1:2) was prepared by a simple dip-coating process, it exhibited high eCO,RR performance
with 494 mV overpotential (j = 1.2 mA cm2) and maximum 91% FEco in a CO-saturated 0.5 M KHCO; aqueous
solution, achieving a TOF (turnover frequency) of 0.012 s due to the combination of the intrinsic activity of
porphyrin molecule, and the promising CO, adsorption ability endowed by the conserved porosity, as well as the
high conductivity of carbon black. 3D MOF electrocatalysts have several advantages over other inorganic catalysts:
(i) the reticular framework and the pore properties could be regulated and functionalized by the functionalized
ligands or the secondary units which further increase active sites and specific surface area, promoting CO- of mass

transfer between catalyst and carbon black, therefore optimize the reactivity and selectivity for eCO2RR, (ii) the

promising CO, adsorption ability of some MOFs is beneficial in eCO2RR since the reduction kinetics are closely
related to the CO; concentration [112, 113].
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Figure 11. (a) Structural schematic diagram of GDE with Cus(BTC). (b) Effect of content of Cu-MOF on the
faradaic efficiency of CH, after 15 min electrolysis at constant potentials in CO; saturated 0.5 M NaHCOs (c) Tafel
plot with linear fit at low current densities for GDE with and without Cu-MOF. Reprinted with permission from
[112]. Copyright 2018, American Chemical Society. (d) SEM images of Sn/CNT-Agls, (e) variations of the average
current density and faradaic efficiency with the electrolysis potential on the Sn/CNT-Agls/CC electrode.[17]
Copyright 2017, Royal Society Chemistry. (f) Scheme of CG electrodes for eCO2RR. i) Modified polyol method for
CG synthesis; ii) CG formation on graphene layer; iii) GDE assembly of CG electrode. Enlarged scheme:
Morphology of Cu,O in CG by controlling the reaction temperature from 70 °C to 90 °C, where T (°C) represents
the synthesis temperature. [46] Copyright 2022, Elsevier.
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3D structure built from 1D and 2D materials embedded with active nanoparticle catalysts is another means of
improving the mass transfer of eCO2RR, such as metallic materials, metal nanostructures, and oxide-derived metals
(OD-Ms), built into stable and highly porous hierarchical carbon-based 3D structures [114]. Chen et al. [17]
developed a 3D structured Sn/CNT-Agls from freeze-drying and calcination for reducing CO; to formate. The
Sn/CNT-Agls exhibited a high specific surface area, superior conductivity, and excellent 3D hierarchical structure
(Fig. 11d), the resulting catalyst achieved current density of 26.7 mA c¢cm with a maximum FE of 82.7% at a
moderately applied potential of -0.96 V vs. RHE, as displayed in Fig. 11e. Such CNT-Agls play a similar role as
GDE but on a microscale, it could alter the CO, diffusion pathway within the aerogel, keeping reactant retained

intimately to active catalyst particles, therefore increase the mass transport.

3D scaffolding structured catalysts: Wang et al. [46] reported a nano-flower shaped Cu,O on graphene (CG)
catalyst which forms a scaffolding catalyst layer assembled on GDE. As shown in Fig. 11f, this design significantly
enhanced the volume porosity and triple-phase boundary contact area, and the scaffolding structure is believed to
enhance the lifetime of the eCO,RR system due to its enhanced hydrophobicity by increasing the thickness of the
catalyst layer. 3D structure also helps in the improvement of the electrode surface, therefore, to reduce the
competing water-splitting reaction during eCO2RR. Yue et al. [15] prepared a Cu decorated Sn (Cu/Sn) nanowire
3D catalyst layer structure with a hydrophobic surface by involving trimethoxy (1H, 1H, 2H, 2H-
heptadecafluorodecyl) silane (FAS). The hydrophobic electrode achieved a high FE of 94.17% towards HCOOH
production at -1.2 VV vs. RHE which is over 20% higher than the ordinary electrode, the synthesized electrode
achieved an excellent activity for CO, conversion even at high overpotential (FEncoon-86.39%, jHcoon-23.95 mA

cm?, at -1.4 V vs. RHE), which far exceeded other most of Sn materials.
3.2.2  Strategies to Improve eCO2RR Performance

Particle size influence — An advantageous approach to rise active sites for eCO,RR and avoid mass transfer
limit issues is to employ smaller-size catalysts, for example, atoms on the corners, along the edges and in the crystal
planes on the surface of nanoparticles in electrocatalyst nanoparticles have more coordination numbers and chemical
interaction energy than their bulk electrocatalysts. Size-dependent eCO;RR investigations indicated that
undercoordinated corner sites produce Hy, and edge sites reduce CO, [115]. Nanomaterials with smaller sizes expose
a higher proportion of edge and corner sites, which might bind adsorbates stronger than terrace sites [116]. Such
adsorption could facilitate the improvement of FE and alter the rate determining step of eCO2RR. Consequently, it is
in principle possible to tune eCO.RR’s performance by adjusting the size of electrocatalysts and pore size, which
can be achieved from the multi-processing preparation. Sun et al. [117] explored monodispersed Au nanoparticles
with different sizes (4, 6, 8, 10 nm) toward eCO;RR, as shown in Fig. 12a. They found that among NPs with four
different particle sizes, the 8 nm Au NPs show the maximum FE (up to 90% at -0.67 V vs. RHE, Fig. 12b). The
smaller Au NPs produced higher overall mass activity, and a maximum CO partial mass activity of 14 A g-caaiyst iS
observed for 4 nm Au NPs at -0.9 V vs. RHE in 0.5 M CO;-saturated KHCO3 (Fig. 14c), however, smaller Au NPs

produce more H,. DFT investigations imply that more edge sites (active for CO production) than corner sites (active
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for the competitive HER) on the Au NP surface promote the stabilization of the reduction intermediates, such as
COOH*, and the conversion of CO (Fig. 12d-e).
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Free energy diagrams for electrochemical reduction of (d) CO, to CO and (e) protons to hydrogen on Au (111)
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Pore structures — Porous materials play an important role in the diffusion of CO; in aqueous solutions due to

their special porous structure [118]. The pore size, pore-volume, and interconnected structure, composed of the
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combination of different pore distributions (including macropores, mesopores, and micropores), affects the
adsorption and diffusion dynamics of CO, deeply [119]. Several carbon-based catalysts could present a number of
active sites for CO, adsorption owing to the increased pore amounts and decrease in pore size. For example, Jiang et
al. [120] reported that the Ni-N-doped porous interconnected carbon (NiNPIC) was rapidly synthesized by an
ultrasonic-assisted method for eCO2RR. The high surface area, as well as interconnected porous structures of the
catalysts, provide highly accessible Ni-N sites and convenient channels for mass diffusion, which gives rise to better

mass transfer, lower interface resistance and high electrolyte/gases transport in the eCO-RR [120].

Grain boundary — Metastable grain boundaries (GBs) can act as active eCO;RR sites and have motivated the
search for porous structures for better control of mass transfer and reaction routes [91]. As previously demonstrated,
Li et al. [91] reported the performance of eCO,RR can be improved by increasing the density of grain boundaries,
wire-in-tube (WIT) SnO; with higher surface area and larger portion of GBs than commercial NP SnO; is prepared
using electrospinning and calcination, which provided the special atomic structure and favourable electron transport
of GBs to stabilize the active surfaces of the electrocatalysts, as shown in Fig. 9g. Lou et al. [121] synthesized sub-2
nm SnO; quantum wires (QWSs) composed of individual QDs and various GBs on the surface and examined for
eCO2RR toward HCOOH conversion. The ultrathin SnO, QWs with exposed GBs show enhanced current density,
improved FE of over 80 % for HCOOH and ca. 90 % for C; products in a wide potential window than SnO, NPs.
Kumar et al. [118] also reported that the SnO, porous nanowires with a high density of GBs can improve CO;
reduction performance toward HCOOH. This improvement in FEncoon (=80%) is ascribed to the broken local
spatial symmetry near the GBs that regulated the binding energy of the reaction intermediate. Nevertheless, it
remains very challenging to explicitly clarify the correlation between GBs and the enhanced reactivity in
nanomaterials with low dimensions. Structural defects such as GBs can further create more active sites for
electrochemical reactions. Besides, theoretical calculations demonstrated that the broken local spatial symmetry
adjacent to the GB can adjust the binding energies of several intermediates, and consequently accelerate CO- toward

value-added chemicals conversion.

Heteroatom doping — Heteroatoms incorporation into electrocatalysts, which is also referred to as doping (e.g.
B, N, and S), is an approach to alter the electronic structure to achieve enhanced electrochemical activity of pristine
carbon [21, 89, 92, 95, 96, 98, 102, 105, 122]. Because the heteroatom incorporation (including heteroatom single-,
co-, and multiple-doping) effectively regulates the electronic structure of the carbon. The change of electronic
structure is advantageous to endow carbon with an optimized charge-carrier concentration and provide abundant
catalytic active sites, therefore, increasing the mass transport of eCO2RR. More recently, N-doped graphene has also
been demonstrated as an efficient catalyst for the electrochemical reduction of CO;, to C; products in aqueous
electrolytes, as depicted in Table 3. For example, just as the fore-mentioned example [102], the authors prepared
nitrogen-doped Fe-Graphene for eCO.RR by employing graphene oxide, FeCl; and Ar/NH3 atmosphere under high
temperature. Fe-N4 structure (M-Na, M refers to metal) and N-doping were considered efficient strategies in the
enhancement of CO- conversion from previous investigations [123, 124]. The introduction of trace Fe atoms in N-

doped graphene can generate Fe-N4 moieties, promoting the adsorption of intermediate COOH™ and accelerating the
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formation of CO (Fig. 10g) [102]. Apparently, heteroatom doping can be a powerful approach to adjusting the
structural, electrical, and physicochemical properties of 2D graphene and other similar structures, thereby fully

developing its potential for eCOzRR.

Table 3 eCO2RR performance of N-doped electrocatalysts.

Electrocatalysts FE/% Reduction product Ref.
Carbon nanotube arrays 80 Co [95]
Fe-graphene 80 CoO [102]
Sn-carbon nanofibers 91 CoO [125]
PC61BM? 91.2 HCOO [16]
Pt-GOP 41 CH3OH [126]

a: (6,6)-phenyl-C61-butyric acid methyl ester
b: graphene oxide

Anion vacancies — investigations on introducing anion vacancies in catalysts to improve eCO.RR performance
has been developed. As shown in Table 4. Zeng et al. [127] prepared ZnO catalyst with rich oxygen vacancies, and
this electrocatalyst exhibited the electrochemical reduction of CO- into CO with the FE of 83% at -1.1 V vs. RHE,
whereas it is only 44% (FE, measured under the same conditions) for pristine ZnO. Huang et al. [128] reported a
class of O-vacancy engineered InOx nanoribbons (NRs) for high performance of eCO2RR with different O-vacancy
concentrations through controlling calcination conditions. In their study, high O-vacancy concentrations give InOx
NRs with excellent FEncoon of over 80% at broad potential values and maximized FE of 91.7% with high current
density, the mechanistic study also suggested that the rich O-vacancies improve the activity of H-InOx NRs due to
the enhanced CO, adsorption and activation which was brought from vacancies. DFT analysis and experimental
results have demonstrated that the existence of anion vacancies in catalysts facilitates the CO; adsorption,
furthermore, the metal sites near to anion vacancies are more conducive to efficient activation of CO, to "CO,"". It is
also confirmed that the anionic vacancies can alter the electronic structure of the material surface and help to reduce
the reaction energy barrier. For example, Peng et al. [129] demonstrated sulfur vacancies (S-vacancies) are in-situ
produced on the catalyst (CdS-CNTSs) surface with a high FE of 95% in the electrochemical reduction of CO; to CO.
A possible reaction mechanism of eCO,RR on CdS-CNTs was proposed that the CO, molecule firstly adsorbs on
CdS-CNTs at the starting of eCO2RR. Then, the CO; is reduced to CO by the following three steps: (1) CO; is
reduced to COOH* by one proton and one electron; (2) The COOH* is converted into CO* and H.O by one proton
and one electron; (3) Finally, the CO* desorbs from CdS-CNTs and converts into CO. The catalytic activity of
eCO2RR to CO improves significantly and the charge-transfer resistance decreases as the increase of S-vacancies
due to the formation of S-vacancies. It tunes the electron density of the catalyst surface, and decreases the energy
barriers for the second step, promoting eCO;RR efficiently. DFT investigations verify that the electrochemical
CO2RR to CO is more thermodynamically feasible with the presence of S-vacancy, keeping consistent with the

experimental results of eCO2RR (Fig. 13a-b).
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formation of S-vacancy on the surface of CdS-CNTs during eCO;RR (e-g) DFT calculation results of relative
energy for possible intermediates during eCO,RR on CdS(111) without S-vacancy and CdS(111) with S vacancy
(Sv) at different potentials. [129] Copyright 2019, Elsevier.

Table 4 eCO2RR performance of anion vacancies in electrocatalysts.

Type of anion vacancy Electrocatalysts FE/%  Reduction product Ref.

Oxygen Zn0 nanosheets 83 Co [127]
Oxygen InOx 91.7  HCOOH [128]
Oxygen Cu-CeO 58 CH4 [130]
Oxygen Co0304 85 HCOOH [131]
Sulfur CdS-CNTs 95 CoO [129]

Other strategies — Many efforts have been developed for improving selectivity, efficiency, and durability for
eCO2RR. Not limited to the above strategies, several new approaches are also applied in eCO;RR
eCO2RRapplication, except the aforementioned heteroatom doping, anion vacancies, etc. The functionalized group
introduced on the electrocatalyst also can improve the performance of eCO,RR. For example, Gong et al. [132]
demonstrated surface hydroxy (-OH) groups have a great influence on the Cu,O octahedra electrocatalysts towards
eCO,RR and HER. Theoretically analysis was employed that the charge transfer from hydroxy groups to
coordination-unsaturated Cu sites which were assumed as active sites, stabilizing surface-adsorbed COOH*, which
is a crucial intermediate in multi-steps of eCO2RR. Furthermore, the performance of eCO;RR was assessed over
Cu20 octahedral catalysts with {111} facets and different surface coverages of -OH groups. As a result, catalysts

with mild coverage of -OH groups can indeed enhance the eCO2RR and repress HER by combing experimentally

29



and theoretical investigations. Similarly, Lv et al. [133] proposed a strategy of building fluorosilane-modified MoS;
nanosheets with a hydrophobic surface that exfoliated from bulk MoS,. First, the electron properties of the edge Mo
atom can be tuned through the introduced flurosilane group. And then, the hydrophobic surface can suppress HER,
whilst generating a great three-phase interface for eCO2RR. The above advantages facilitate the rate-limiting step of
CO desorption and enhance eCO2RR process. Another approach to enhance the performance of eCORR is through
alloying strategy [134, 135], with the background that bulk metals have been investigated widely as eCO2RR
electrocatalysts, as shown in Fig. 4. This strategy can alter the electronic and chemical properties of metals through
the intimate interaction and special structure configuration of metals. Here is a typical example, Cu is one of the
most widely studied metals for eCO;RR than other bulk metals because it produces a range distribution of useful
chemicals, including CO, formate, ethanol, and even larger C3-C4 chemicals. However, Cu does not produce those

chemicals with high selectivity.
3.3 Electrolyte

The electrolyte is a necessary component for typical electrochemical eCO;RR, it is to provide a medium to
transfer protons. The types and properties of electrolytes could affect the reactivity of eCO2RR. For instance, H,0 is
an electrolyte with a high proton concentration; the solubility of CO; in methanol is 5-fold more than that in water
under the same conditions [24]. lonic liquids (ILs) also can promote the eCO2RR in comparison with conventional
aqueous and organic electrolytes due to promoting the adsorption of CO, on the catalyst surface. In this section, the
electrolyte’s role and the relationship between the mass transfer of CO, and electrolyte will be discussed with

several examples.
3.3.1  Agueous Electrolyte

The most commonly used aqueous electrolytes are CO--saturated bicarbonate (NaHCO3; or KHCOgs, pH = 7.0)
with different concentrations, H2O is often selected as it maintains a high proton concentration. The pH value is
controlled for CO2RR, it means that proton concentration can be tuned and used for suppressing the undesired HER.
Here, the bicarbonate electrolyte was also selected considering it can act as a buffer to maintain the pH value to
some extent. However, the solubility of CO- in bicarbonate electrolytes is not favourable, this is not good for CO,
transportation in electrolytes and catalysts compared with organic electrolytes. Saveant et al. [136] studied the effect
of cations (Mg?*, Li*, Na*, etc.) on electrochemical eCO,RR by Fe-based porphyrins. They concluded that the
performance of eCO;RR was in the sequence Mg?*= Ca?*> Ba?*> Li*>Na* due to the introduction of Lewis acid
cations provided electrophilic assistance to promote the breaking of one of the C=0 bonds of carbon dioxide
molecules. However, the selectivity of reduction products is unchanged through the change in the electrolyte, which
indicates that the cations did not affect the reaction pathways and negligible impact on the mass transfer of CO;
during eCO2RR [137].

3.3.2  Non-aqueous Electrolyte

Organic electrolyte has good advantages, such as good solubility of CO,, and less mobility of proton. For

example, methanol (CH3sOH) is a kind of popular organic electrolyte in eCO2RR, especially, the solubility of CO; in
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CH3OH is approximately 5-fold higher than that in water under the same conditions [24]. In methanol solution, HER
could also be suppressed due to the decreased concentration of H* ions [138]. As a result, selecting methanol-based
electrolytes for eCO2RR is a beneficial option. Kaneco et al. [138] demonstrated that the FE of hydrocarbons on Cu
electrodes could reach more than 80% compared with eCO2RR in an aqueous solution (30% FE) as methanol was
selected as an electrolyte under the same conditions, especially, the introduction of secondary electrolytes could
change obviously the mass transport and the selectivity of reduction targets. Before that, Kaneco and co-workers
continued to investigate the effect of anionic species on the electrochemical eCO,RR with Cu electrodes in
methanol/aqueous electrolyte, as shown in Table 5. And they found the selectivity of ethylene formation over
methane increased in the sequence bromide>iodide>chloride>thiocyanate>acetate [139]. However, the selectivity of
eCO2RR is also limited in several organic solvents due to the reason of low proton concentration [140]. A typical
example is, the formation of formate that CO; reacted with protons was severely suppressed in 0.1 M TEAP/H,0

(tetraethylammonium perchlorate, TEAP) [141].

Table 5 Ratios of typical faradaic efficiency of methane and ethylene in the electrochemical reduction of CO, at Cu
electrode [138].

Cation of supporting salts FE/%
Methanol Water
CHs; CyHs Total Ratio CHs CyHs Total Ratio
Li (—503,-100.8) 63.0 14.7 7.7 4.3 26 4 30 6.5
Na (404, —69) 63.0 17.6 80.6 3.6 19 11 30 1.7
K (=320, -34) 16.0 37.5 53.5 0.43 16 14 30 1.1
Rb (290, —22) 46 310 356 015 - - - -
Cs (—259, —18) 41 32.7 36.8 0.13 15 13 28 1.2

3.3.3  lonic Liquid Electrolyte

lonic liquids (ILs) and ILs with supporting electrolytes of inorganic salts and organic solvents have been
intensively used as liquid electrolytes in eCO2RR [142]. ILs can definitely facilitate the eCO,RR compared with
typical aqueous (bicarbonate salts) or organic electrolytes (methanol/alcohol, etc.). ILs also can establish a possible
complex based on their cations and the intermediates CO,~ to decrease the reaction energy barrier that eCO2RR
needs, the reaction rate will be enhanced due to the favourable solubility of CO2in IL solutions. The structure of ILs
can coordinate with CO, molecules, further enhancing the adsorption of CO; on the catalyst surface and then
promoting the mass transfer of CO, on the two phases or three phases interface. [10] Therefore, the CO, conversion
efficiency and the selectivity of the reduction product could be improved during the reaction pathways. However,
highly porous electrode materials or layered materials with a small interlayer distance were limited and suitable for
eCO2RR due to the low ion mobility and high viscosity of ILs [143, 144]. The anions or cations will also affect the

electrochemical activity of CO2RR.
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4. Summary and Outlook

Electrochemical reduction of CO; (eCO.RR) into value-added carbon-containing products via green energy
(solar, wind and hydrogen, etc.), plays an important role in improving environmental issues and optimizing
sustainable energy structure in the future. The mass transfer of CO; is a non-negligible issue in the eCO2RR
application. In this article, we provide a systematic and comprehensive review of the mass transfer of CO, and
discuss the effect of all components’ (system design, electrode, electrocatalyst, and electrolyte) effect on the mass
transfer of reduction reaction of CO,. In the end, the following strategies may provide new paossibilities for the

improvement of eCO2RR.

i) Alternative eCO2RR reactor structure. Gaseous CO; is pumped into the cathode side and then diffused to
the catalyst layer where CO- will convert into carbon-based products. A specifically designed reactor can facilitate
CO; diffusion and retain the maximum amount intimately adjacent to the active catalyst sites. The consequence is
the increase in eCO;RR mass transfer, resulting in an improved efficiency/reaction rate of eCO2RR. In addition,
tuning the pump circular pace, gas pressure of CO,, and pH value of the electrolyte can also improve the CO;

solubility issue to improve the mass transfer of eCO,RR. mass transfer.

i) New eCO:2RR electrocatalyst. The key reaction of eCOzRR is that CO; reacts with electrocatalyst to form
the intermediate product, CO,". Experimental and theoretical investigations for catalysts should perform together to
get insights on the mechanism of eCO,RR. More active sites on the catalyst can make eCO.RR more efficient.
Strategies on introducing active sites will facilitate the reaction process, such as defects engineering (e.g., grain
boundary, heteroatom doping, anion vacancies, etc.), and surface engineering (e.g. size effect) on the nanostructured
catalysts. Several catalysts can adsorb CO- on its surface due to molecular interaction, this phenomenon can also
improve the mass transfer of CO,, then increase CO, conversion efficiency. Therefore, developing new catalysts

with adsorption capacity is another realm for eCO2RR research.

iii) Optimized electrode and electrolyte. The choice of electrode and electrolyte can affect the performance of
eCO2RR. Because the formation of adsorbed intermediates and rate-determining steps are influenced by various type
of electrolytes. Different electrodes (foil, mesh and GDE) also alter the activity and stability of the catalyst. For

more efficient CO, conversion, the electrode and electrolyte should be further addressed.

iv) In-depth understanding of the eCO2RR mechanism. In eCO;RR, how COs- is reduced on the surface of the
catalyst is still under discovery. A comprehensive understanding of the reaction mechanism of eCO;RR may provide
answers to these critical questions and allow the rational design of the next generation of eCO.RR reactor and
catalyst. Oppositely, studies on HER are regarded as providing a reverse insight to understand eCO2RR. To further
demonstrate the possible reaction mechanism and intermediates of catalysts for eCO,RR, experimental and
theoretical investigations should also be made. Coupling with the common characterization techniques (e.g., in situ
XPS or operando characterization), is highly recommended as they enable us to probe catalytical reaction occurring

at the two phases or three phases interface.
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