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ABSTRACT: The  electrochemical  CO2  reduction  reaction  (CO2RR)  is  a
promising  approach  for  converting  CO2  into  valuable  chemicals  and
promoting carbon cycling. Among the products of CO2RR, ethylene (C2H4),
as  a  crucial  chemical  feedstock,  holds  significant  market  demand  and
economic  value.  The  design  of  an  electrolyte-free  cathode  in  membrane
electrode  assemblies  (MEAs)  can  effectively  mitigate  mass  transfer
limitations, reduce ohmic losses, and enhance interfacial efficiency, thereby
significantly  improving  current  density  and  product  selectivity.  The
integration of copper-based catalysts into MEAs is considered a promising
strategy  for  the  industrial-scale  production  of  C2H4  via  CO2RR.  However,
comprehensive  reviews  on  the  application  of  copper-based  catalysts  in
MEAs for CO2RR to C2H4  remain limited, particularly regarding systematic
analyses  of  catalyst  design  strategies,  optimization  of  MEA  components
and  operating  conditions,  and  MEA  device  configurations.  This  review
systematically  summarizes  the  latest  research  progress  on  copper-based
catalysts  in  MEAs  for  CO2RR to  C2H4.  Firstly,  the  reaction  mechanism  of
CO2RR  to  C2H4  was  summarized  and  the  role  of  intermediate  adsorption  regulation  was  highlighted  in  MEA  systems.
Secondly, strategies applied to optimize ethylene production using copper-based catalysts in MEAs were also summarized
accordingly. Next, the influence of components, operational conditions, and device design for MEA was discussed. Finally,
the opportunities and challenges of using copper-based catalysts in MEAs for C2H4 production were outlined. This review
aims to provide insights and inspire further research efforts toward optimizing the performance of CO2RR to C2H4 in MEAs.
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1    Introduction
The widespread use of fossil fuels has disrupted the natural carbon
cycle, leading to increased atmospheric CO2 levels and exacerbating
environmental  issues  such  as  global  warming,  ocean  acidification,

and  extreme  weather  events  [1−4].  To  address  these  challenges,
many  countries  have  set “peak  carbon” and “carbon  neutrality”
targets,  with  the  USA,  Germany,  and  Japan  aiming  for  carbon
neutrality by 2050, and China targeting peak emissions by 2030 and
neutrality  by  2060 [5, 6].  Carbon Capture,  Utilization and Storage
(CCUS)  technology  is  a  key  issue  in  achieving “peak  carbon” and
“carbon  neutrality” [7, 8],  with  electrochemical  CO2 reduction
reaction  (CO2RR)  emerging  as  a  promising  approach  due  to  its
mild  reaction  conditions,  diverse  product  spectrum,  and
compatibility with renewable energy [9, 10].

From  a  thermodynamic  perspective,  CO2 is  a  highly  stable
molecule under ambient conditions with the dissociation energy of
the C=O double bond reaching up to 750 kJ/mol [11−13], making
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it difficult to activate during the reduction process, resulting in low
reactivity [14]. Nevertheless, through the electroreduction technique
coupling  with  renewable  energy,  CO2 can  be  transformed  into
valuable  chemicals,  demonstrating  its  great  potential  for  green
chemistry  and  sustainable  energy  [15].  There  are  various  reaction
pathways for CO2RR reduction products, which mainly include the
following  processes:  (i)  adsorption:  CO2 molecules  adsorb  on  the
catalyst surface to form *CO2

−;  (ii) activation and reduction: *CO2
−

is  activated  by  electron  and  proton  transfer  reactions  to  form
intermediates; (iii) desorption: intermediates are further reduced to
form products  (e.g.,  CO, HCOOH, CH4,  C2H4,  etc.)  and desorbed
from  the  catalyst  surface  [16].  At  the  cathode,  with  the  aid  of  a
catalyst  and  an  applied  electric  potential,  CO2 undergoes  a
complicated  process  which  involves  multi-proton  and  electron
transfer  to generate  various products  (Table  1)  [17, 18],  which are
primarily  classified  as  C1 and  C2.  C1 products  include  HCOOH,
CO, CH4, CH3OH, and others, while C2 products are mainly C2H4
and C2H5OH, etc.  [19−21].  Among which,  C2H4 stands out for its
well-established  industrial  applications  and  its  cost-effective  and
efficient  separation  process  compared  to  ethanol,  n-propanol,  and
acetic acid [22−24].

In  CO2RR  catalysts,  copper-based  electrocatalysts  are  widely
investigated for their superior ability to selectively produce ethylene
compared with Ag-, Au-, Zn-, and Pd-based materials, which bear
high C1 yields and tend to be poisoned. On account of the unique
electronic  structure  and  the  corresponding  moderate  *CO
adsorption  strengths,  Cu-based  materials  demonstrate  superior
catalytic performance in CO2 conversion to ethylene (Fig. 1) [25].

However, the current Cu-based electrocatalysts used for ethylene
production are still in its dilemma [26]. Firstly, it is often difficult to
achieve  high  selectivity  for  ethylene  during  the  CO2RR,  which  is
often  accompanied  by  the  generation  of  a  variety  of  by-products,
such  as  methane,  carbon  monoxide,  and  alcohols,  resulting  in  a
lower ethylene yield [27]. What’s more, the structure of the catalysts
may change or deactivate during the reaction process, affecting the
catalytic  performance  and  reaction  efficiency,  thus  limiting  their
long-term stability and economy in industrial applications [28].

Numerous  studies  have  confirmed  that  Cu+ species  are  crucial
active sites for enhancing C2H4 activity and selectivity [29, 30]. For
example,  Kim  et  al.  [31]  demonstrated  that  dendritic  CuO
nanoparticles achieved over 70% Faradaic efficiency (FE) for C2H4,
attributing  this  to  Cu+ as  the  key  active  center.  Xiao  et  al.  [32]

highlighted the synergistic effect of Cu+ and Cu0 in promoting CO2
activation and *CO dimerization, further boosting C2H4 selectivity.
Mistry  et  al.  [33]  found  that  plasma-treated  oxide-derived  Cu
catalysts  retained  stable  Cu+ species,  lowering  the  onset  potential
and increasing the FE of C2H4. Additionally, Cu(100) facets exhibit
superior C2H4 selectivity compared to Cu(111) and Cu(211), as they
favor  *CHO  intermediate  formation  and  C–C  coupling  [34, 35].
Jiang et al. [36] also showed that Cu(100) and (211) facets are more
favorable  for  the formation of  dimeric  *OCCHO intermediates  by
C–C coupling and treated copper foil  by redox cycling of  Cu ions
to obtain a cubic Cu electrode exposing a large number of Cu(100)
facets, which significantly enhanced the FE of C2H4.

In  addition  to  the  rational  design  of  the  electrocatalyst,  the
reactor  also  has  a  decisive  impact  on  the  performance  of  CO2RR
[37−40].  Currently,  H-cells  (Fig.  2(a)) are widely used due to their
ease of assembly and suitability for catalyst screening. However, the
low solubility of CO2 in these cells limits the mass transfer rate and
hinders  large-scale  industrial  conversion  of  CO2 [41, 42].  To
address  this  challenge,  researchers  have  developed  the  flow  cell
(Fig.  2(b))  [43],  in  which  gaseous  CO2 was  introduced  into  the
catalytic  layer  via  a  gas  diffusion  electrode  (GDE)  (Fig.  2(c))  to
avoid  the  mass  transfer  limitation  [44].  However,  the  electrolyte
between  the  cathode  and  anode  in  the  flow  cell  results  in  high
electrical  resistance,  limiting  energy  efficiency,  and  is  prone  to
flooding  and  salting  [45].  If  the  liquid  electrolyte  between  the
electrodes  could  be  eliminated,  the  internal  resistance  would  be
significantly reduced, while flooding and salt precipitation problems
could  be  avoided.  To  address  this  issue,  the  researchers  have
developed membrane electrode assemblies (MEAs) (Fig. 2(d)) [46]
that eliminate the need for an electrolyte at the cathode. This design
enables  direct  contact  between  the  catalyst  layer  (CL)  and  the  ion
exchange  membrane,  significantly  reducing  the  internal  resistance
of  the  electrolyzer.  As  a  result,  energy  efficiency  is  improved,  and
current  densities  and  cell  voltages  can  be  optimized  to  meet
industrial requirements [47, 48].

Researchers  have  integrated  various  copper-based  catalysts  into
MEAs, achieving notable performance enhancements. For instance,
optimizing  catalyst  structure  and  composition  in  MEAs  has
significantly  boosted  ethylene  production,  as  summarized  in
Table 2. These advancements demonstrate that MEA reactor design
combined with tailored catalysts offers an efficient and industrially
viable platform for CO2RR. MEAs hold great potential to improve

 

Table 1    The  potentials  corresponding  to  the  CO2RR  half-reaction  and  its
various products in aqueous solution [18]

CO2 reduction half-reactions Electrode potentials (V vs. RHE)
at pH = 7

CO2(g) + 2H+ + 2e− → CO(g) + H2O(l) −0.10

CO2(g) + 2H+ + 2e− → HCOOH(l) −0.12

CO2(g) + 6H+ + 6e− → CH3OH(l) + H2O(l) 0.03

CO2(g) + 8H+ + 8e− → CH4(g) + 2H2O(l) 0.17

2CO2(g) + 8H+ + 8e− → CH3COOH(l) +
2H2O(l) 0.11

2CO2(g) + 12H+ + 12e− → C2H4(g) +
4H2O(l) 0.08

2CO2(g) + 12H+ + 12e− → C2H5OH(l) +
3H2O(l) 0.09

2CO2(g) + 14H+ + 14e− → C2H6(g) +
4H2O(l) 0.14

 

Figure 1    The  binding  energies  of  the  intermediates  *H  and  *CO.  Reproduced
with  permission  from  Ref.  [25],  ©  Wiley-VCH  Verlag  GmbH  &Co.  KGaA,
Weinheim 2017.
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Figure 2    Schematic illustration of three types of electrocatalytic reactors. (a) H-cell.  (b) Flow cell.  Reproduced with permission from Ref. [49], © The Royal Society of
Chemistry 2021. (c) Gas diffusion electrode. Reproduced with permission from Ref. [44], © Dinh, C. T. et al. 2018. (d) MEA. Reproduced with permission from Ref. [49],
© The Royal Society of Chemistry 2021.
 

Table 2    Summary of the performance of Cu-based catalysts to synthesize ethylene by CO2RR in MEA

Catalyst Ion exchange membrane GDL Electrolyte Active area
(cm2)

Potential
(V)

FEC2H4

(%)
jC2H4

(mA/cm2)
Stability (h) Ref.

Cuδ+NCN AEM (Fumasep-FAA-3-50)/PEM (N212) — 1 M KOH 1 −3.6 66.8 400 80 [52]

Cu NPs AEM (Sustainion®X37-50 Grade RT,
pre-activated in 1 M KOH for 12 h) Sigracet 39BB 0.1 M

KHCO3
5 — 55.6 175 — [53]

Cu (OH)BTA PEM (Nafion 115) Sigracet 29 BC 1 M KOH 4 −3.8 54 130 67 [54]

Cu-SiOx
AEM (Sustainion®X37-50 Grade RT,
pre-activated in 1 M KOH for 24 h) PTFE substrate 0.1 M

KHCO3
5 −4.1 65 215 50 [55]

Cu/Molecule-12 AEM (Sustainion®, pre-activated in 1 M
KOH for 24 h)

PTFE membrane
(450 nm)

0.1 M
KHCO3

5 −3.65 64 77 190 [56]

Cu2O-Cu0 AEM (QAPPT, 15 μm) YLS-30T 0.1 M
KHCO3

5 −3.85 ~ 60 600 350 [57]

TS-Cu AEM (Fumapem FAA-3-PK-130) YLS-30T 1 M KOH 1 −3.5 72 576 230 [58]

CuCubes AEM (Sustainion®X37-50 Grade RT) Sigracet 39BC 0.1 M
KHCO3

2.25 — 40 80 6 [59]

Cu-KOH AEM (Sustainion X37-50, pre-activated
in 1 M KOH for 48 h) Sigracet 39 BCE 1 M KOH 10 −3.5 54.5 153 6 [60]

C/HKUST-
1/Cu/PTFE AEM (Sustainion X37-50) PTFE substrate 0.1 M

KHCO3
5 — 52 220 — [61]

Sputtered Cu AEM (Sustainion®X37-50 Grade RT) PTFE membrane
(0.45 μm)

0.1 M
KHCO3

5 −3.75 50 90 100 [39]

GB-Cu AEM (Sustainion®X37-50 Grade RT) Freudenberg 22BB 0.5 M
KHCO3

5 or 25 −3.8 68 206 168 (5 cm2),
70 (25 cm2) [62]

SS-Cu AEM (Fumasep FAA-3-PK-75)/
PEM (Nafion 117) Sigracet 39 BB Pure H2O 30 — 43 240 1000 [63]

Cu/CIPH AEM PTFE (450 nm) 0.1
MKHCO3

— −4 65 825 60 [64]

Cu/CTPI AEM (Sustainion®X37-50) PTFE substrate
(450 μm)

0.1 M
KHCO3

5 −3.9 66 208 100 [65]

CuO-NPs@GDL AEM (Sustainion®X37-50) Sigracet 28 BC 0.5 M
KHCO3

5 −3 80 160 — [66]
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CO2RR  efficiency  and  support  sustainable  energy  solutions.  As
research  progresses,  MEAs  are  expected  to  expand  into  broader
CO2RR  applications,  aiding  global  carbon  reduction  and  energy
transition [50, 51]. As far as we concerned, there are no systematic
and  comprehensive  reviews  on  the  development  of  Cu-based
catalysts  in  MEA  for  CO2RR.  Here  we  summarized  the  recent
advancements and proposed the challenges and perspectives in this
field.  We  hope  this  timely  issue  will  pave  the  way  for  the  further
development  of  MEA  in  efficient  CO2RR  and  the  exploitation  of
high-performance electrocatalysts. 

2    Reaction mechanism
To enhance the selectivity of CO2RR toward ethylene production, it
is  essential  to  study  and  understand  the  reaction  mechanisms
involved  in  CO2RR  to  ethylene  using  Cu-based  electrocatalysts  in
MEAs.  This  knowledge  is  crucial  for  designing  efficient  catalysts
tailored  to  key  reaction  steps.  To  date,  extensive  research  utilizing
density  functional  theory  (DFT)  calculations  and  advanced
characterization  techniques  has  elucidated  several  primary
reaction pathways for ethylene formation [74−77],  as  illustrated in
Fig. 3 [78].

In  the  first  pathway,  *CO  species  dimerize  to  form  *CO*CO
intermediates,  which  are  subsequently  converted  into  *CO*COH
through proton and electron transfer steps. The introduction of OH
groups  disrupts  the  charge  distribution  equilibrium  of  the
symmetric *CO*CO structure, potentially leading to the formation
of  *CH*COH  or  *OCHCH2 intermediates  [79].  In  the  second
pathway,  *CHO  couples  with  *CO  to  form  *COCHO
intermediates, which are further transformed into *OCHCH*O and
CH2CH*O  via  proton/electron  transfer  [79, 80].  In  the  third
pathway, *CO undergoes electron transfer and protonation to form
*CHO,  followed  by  the  dimerization  of  *CHO  to  form  the
*OCHCHO*  intermediate.  This  intermediate  is  then  converted
into  CH2CH*O  through  additional  proton  and  electron  transfer
steps  [81].  From  these  intermediates,  CH*COH  undergoes
hydrogenolysis  to  produce  *C*CH,  which  is  protonated  to  form
ethylene  [82],  while  the  protonation  of  *CH*COH to  *CHCHOH
can also lead to the formation of ethanol [83−85].

Among these three pathways, the reaction path is determined by
the binding energy of intermediates on different catalysts, with the
adsorption energy of *CO being a critical factor [76, 86]. The key to

regulating  the  ethylene  reaction  pathway  in  MEA  lies  in
controlling  the  adsorption  and  generation  of  *CO.  For  instance,
Burdyny  et  al.  [87]  optimized  the  residence  time  and  local
concentration of CO in the catalyst layer by adjusting the gas flow
channels  (serpentine,  parallel,  and interdigitated) and flow rates  in
MEA, thereby promoting C–C coupling reactions. Additionally, the
formation of a localized high pH environment in MEA can increase
*CO coverage, further facilitating *CO dimerization and enhancing
the FE of ethylene production [44, 88, 89]. In addition to the critical
factor  of  localized  pH  environment,  the  regulation  of  other
conditions in MEA can also promote *CO formation.  Wang et  al.
[57] enhanced the formation of *CO and *CHO by controlling the
partial pressure of water (P (H2O)) on the cathode side of the MEA
and synergistically leveraging the water activation capability of Cu-
based  catalysts  (Cu2O-Cu0).  This  optimization  facilitated  the
generation  of  the  key  intermediate  *OCCHO  for  C–C  coupling,
thereby  improving  ethylene  selectivity.  Understanding  and
optimizing  these  parameters  is  crucial  for  developing  high
selectivity and stability electrocatalysts for MEA systems. 

3    Design of catalysts in MEA
 

3.1    Modulation  strategies  for  Cu-based  catalysts  on
cathodes
Bare  copper  catalysts  have  been  demonstrated  to  exhibit  the
capability  of  producing  high-value  products,  a  characteristic  that
has also been confirmed in MEA [44, 90]. However, during CO2RR
in  MEA,  bare  copper  catalysts  often  face  challenges  such  as  high
hydrogen evolution reaction (HER) activity and low FE for ethylene
production, leading to suboptimal overall performance [91−94]. To
address  these  issues,  researchers  have  developed  strategies  such  as
morphology and size control, crystal structure regulation, molecular
doping,  and  heterojunction  interface  design  to  enhance  ethylene
selectivity  [95].  These  approaches  aim  to  optimize  catalyst  surface
properties,  electronic  structure,  and  crystalline  arrangement,
improving  activity  and  selectivity.  This  section  reviews  recent
advances  in  these  strategies  for  boosting  ethylene  selectivity  in
copper-based catalysts. 

3.1.1    Morphology control

The  morphology  of  catalysts,  encompassing  physical  structure,

(Continued)
 

Catalyst Ion exchange membrane GDL Electrolyte Active area
(cm2)

Potential
(V)

FEC2H4

(%)
jC2H4

(mA/cm2)
Stability (h) Ref.

N2SN-Ag-Cu AEM (Fumasep FAA-3-50) Freudenberg,
H23C6

0.1 M
KHCO3

4 −4.55 51 816 100 [67]

Cu CF AEM (FAA-3-PK-130) SGL carbon 1 M KOH 4 −2.7 43.8 131.4 400 [68]

Cu2P2O7 AEM (QAPPT) Toray TGP-H-060 0.1 M
KOH 4 −3.36 41.8 83.6 30 [69]

HRS-Cu AEM (FAA-3-PK-75) — 0.1 M
KHCO3

4 or 25 −2.43 55.8 67 3.5 (25 cm2) [70]

Cu-PTFE AEM (Sustainion®X37) Sigracet 39 BC 0.1 M
KHCO3

5 −3.8 55 96.8 157 [71]

Cu (X) AEM (Sustainion®X37-50) — 0.1 M
KHCO3

— −3.8 62.5 93.75 180 [72]

AP-Cu AEM (Sustainion®X37-50 Grade60,
pre-activated in 1 M KOH for 48 h)

PTFE membrane
(400 nm)

0.1 M
KHCO3

5 −3.8 50 400 35 [73]
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surface characteristics, and shape, plays a crucial role in modulating
catalytic  activity and selectivity [31].  Morphology control  is  one of
the key strategies for enhancing ethylene selectivity in copper-based
catalysts  within MEA. By regulating the physical  structure,  surface
features,  and  geometric  shapes  of  catalysts  (such  as  nanoparticles,
nanorods,  and  porous  structures),  the  distribution  of  active  sites,
specific  surface  area,  and  crystalline  structure  can  be  optimized,
thereby significantly improving catalytic performance. For instance,
Jiang et  al.  [96]  constructed a Cu@Ag-63 nanonetwork catalyst  by
incorporating silver nanoparticles into copper nanowires (Fig. 4(a)).
This  structure,  characterized  by  a  high  specific  surface  area  and
unique nanostructure, facilitated efficient mass and charge transfer,
achieving 60% FE for ethylene at a current density of 153 mA/cm2.
Similarly,  Seger  et  al.  [59]  synthesized  nanocubic  copper  catalysts
(CuCubes)  using  a  colloidal  method,  where  the  high  proportion  of
Cu(100)  facets  (Figs.  4(b) and 4(c))  demonstrated high FE toward
ethylene.  Additionally,  porous  structures  can  significantly  enhance
catalytic performance by improving mass transport properties. For
example,  Suk et  al.  [60]  prepared a  Cu-KOH catalyst  with  a  spiky
morphology  (Fig.  4(d))  by  ultrasonically  treating  commercial
copper  black  with  KOH  in  isopropanol  (Fig.  4(c)).  This  structure
provided  optimized  gas  transport  micropores,  achieving  54.5%
ethylene FE at 200 mA/cm2 with stable operation for 6 h (Fig. 4(f)).
Morphology  control  strategies  are  particularly  important  in  MEA,
as  they  enhance  mass  transport  and  charge  transfer  efficiency,
thereby improving ethylene selectivity and reaction stability. 

3.1.2    Crystal structure modulation

Crystal  structure  could  influence  active  site  properties,  atomic
arrangements,  and  catalytic  pathways.  Surface  reconstruction  and
defect  engineering  are  key  techniques  for  enhancing  catalytic
performance  [97].  In  the  research  related  to  MEA,  Xia  et  al.  [58]
synthesized Cu2O polyhedral catalysts with different morphological
facets  via  the  wet-chemical  method  (Fig.  5(a)).  The  coordination
number of the Cu2O polyhedron affects the adsorption of CO2 and
the  coupling  energy  barrier  of  *CO–*CO.  At  a  current  density  of
700 mA/cm2,  the FE of ethylene exceeds 70%, and the catalyst can
operate stably for 225 h (Fig. 5(b)). Additionally, Sargent et al. [61]
prepared  a  catalyst  (metal-organic  framework  (MOF)/Cu/
polytetrafluoroethylene  (PTFE))  functionalized  by  a  MOF,  where

the  number  of  Cu–Cu  coordination  sites  (CN)  increases  with
increasing  CO2RR  time  in  the  MEA.  The  remodelling  exposes
active  sites  with  different  coordination  numbers,  endowing  the
MOF/Cu/PTFE  with  a  more  than  50%  FE  of  ethylene  at
250  mA/cm2 for  65  h.  Crystal  defect  regulation  is  an  effective
strategy  to  improve  catalytic  activity  and  selectivity  by  optimizing
the  adsorption  energies  of  reactants  and  intermediates  on  the
catalyst  surface.  Gao et  al.  [98]  reported a  CuO nanosheet  catalyst
with a large amounts of oxygen vacancies (p-CuO) (Figs.  5(c) and
5(d)).  Research  shows  that  this  catalyst  can  effectively  reduce  the
dimerization  energy  barrier  of  *CO.  At  a  current  density  of
400  mA/cm2,  the  full-cell  energy  efficiency  of  the  MEA  reaches
23.4%,  the  FE  for  ethylene  exceeds  60%,  and  the  stability  exceeds
70 h. The grain boundary density can provide more reaction space
and sites  due to their  different  atomic arrangements  and chemical
environments, thus improving the reactivity and catalytic efficiency.
Voiry  et  al.  [62]  prepared  dendritic  Cu  catalysts  (GB-Cu)  with  an
adjustable  density  of  grain  boundaries  on  the  GDE  surface  by
pulsed  electrochemical  deposition.  A  high  density  of  low-
coordination  sites  can  be  obtained  using  the  direct  timed
amperometric pulse method to maximize the exposure of the grain
boundary active sites. The in-situ Raman spectroscopy showed that
the presence of grain boundary density could effectively regulate the
adsorption  of  the  critical  intermediate  *CO,  thus  optimizing  the
dimerization of *CO. At a specific current density of 303.6 mA/cm2,
the  FE  of  ethylene  was  more  than  60%.  Strategies  should  be
developed  in  optimizing  the  selectivity  and  stability  of  Cu-based
catalysts in MEAs by crystal structure modulation. 

3.1.3    Composite materials

Composites strategy provides an efficient approach for constructing
high-performance  catalyst  by  assembling  materials  with  distinct
intrinsic  properties.  The  interfacial  sites  in  composites  offer
opportunities  to  enhance  catalytic  performance,  which  is
particularly  critical  in  MEA  systems.  These  interfaces  not  only
provide  additional  reactive  sites  to  promote  catalytic  reactions  but
also  enhance  electron  and  mass  transfer  between  the  catalyst  and
the  support,  thereby  accelerating  the  reaction  rate  [99, 100].  This
efficient  reaction  rate  is  crucial  for  the  practical  performance  of
MEA,  significantly  improving  CO2 conversion  efficiency  and

 

Figure 3    Three pathways of ethylene production by CO2RR. Reproduced with permission from Ref. [78], © Qu, J. P. et al. 2023.
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reducing  energy  consumption.  Modifying  catalysts  with  molecules
or  polymers  can  tune  interfacial  properties,  thereby  regulating  the
specific pathways for electrochemical CO2RR to ethylene [101, 102].
In  MEA  systems,  the  molecule-catalyst  interface  can  act  as  a  gas
diffusion  pathway,  increasing  the  diffusion  distance  of  reactants
across the catalyst surface, optimizing CO2 diffusion, and enhancing
catalytic performance [64]. This characteristic helps improve the FE
of  ethylene  production  in  MEA,  reducing  side  reactions  and
enabling  the  system  to  operate  more  efficiently  and  stably.  For
instance,  Sargent  et  al.  [64]  reported  a  three-dimensional  (3D)
catalyst  of  Cu  nanoparticles  and  perfluorinated  sulfonic  acid
(PFSA):  a  heterojunction  3D  Cu/PFSA  (CIPH)  structure  of
ionophilic  and  hydrophobic  structural  domains  for  ionophilic
objects  (Figs.  6(a) and 6(b)).  This  heterojunction  promotes  the
decoupling  of  gas,  ion,  and  electron  transport,  extends  the  gas
diffusion distance,  and optimizes  mass  transfer  (Fig.  6(c)).  The FE
of  ethylene  exceeds  65%  at  a  current  density  of  1.32  A/cm2.  In
addition,  Sargent  and  coworkers  [65]  proposed  a  hierarchical
stacked/catalyst/tetrahydrophenanthroline/ionomer  (Cu/CTPI)
structure.  The hierarchical  stacking layer enhances the accessibility
of CO2 and the binding strength of  *CO, thereby promoting C–C
coupling  and  improving  ethylene  selectivity.  At  a  potential  of

−4.4  V,  the  FE  for  ethylene  reaches  a  maximum  of  69%,  with  a
partial current density of ethylene as high as 304 mA/cm2.

Oxides,  as  electron  donors  or  carriers,  can  modulate  interfacial
properties  and  enhance  the  activity  of  copper  catalysts.  By
optimizing  the  composition  and  content  of  oxides,  the  catalyst-
oxide interface can be tailored to improve activity. Gong et al. [66]
synthesized  a  Cu/Cu2O  heterointerface  catalyst  (DVL-Cu)
(Figs.  6(d) and 6(e))  that  enhances  the  adsorption  of  *OCCOH
intermediates,  achieving an ethylene FE of  ~ 80% at  200 mA/cm2.
Zhu  et  al.  [103]  prepared  nano-nested  Cu/calcite  oxide
heterostructure  electrocatalysts  (Cu/La0.3−xSr0.6+xTiO3−δ, x =  0,  0.1,
0.2,  and  0.3)  with  strong  metal-support  interactions  (SMSIs)  by  a
sol–gel/calcination composite process (Fig. 6(f)). The modulation of
A-site  cation  valence  regulates  the  concentration  of
surface/interface  oxygen  vacancies.  The  high  oxygen  vacancy
concentration in Cu/Sr0.9TiO3−δ suppresses the HER and promotes
the  conversion  of  CO2 to  C2H4 products,  demonstrating  excellent
ethylene  selectivity  at  industrial  current  densities.  Furthermore,
Sargent’s  team [55]  reported that  the  Cu-SiOx interface  modulates
the  ratio  of  Cu0 to  Cu+ through  strong  electronic  interactions,
enhancing  *CO  coverage  and  promoting  C–C  coupling.  They
demonstrated that the Cu-SiOx interface, by forming Si–C or Si–O

 

Figure 4    (a)  SEM  image  of  Cu@Ag-63.  Reproduced  with  permission  from  Ref.  [96],  ©  American  Chemical  Society  2023.  (b)  TEM  image  of  the  as-synthesized  Cu
nanocubes. (c) SEM image of the surface of Cu nanocube GDE (CuCubes). Reproduced with permission from Ref. [59], © American Chemical Society 2022. (d) Scheme
illustrations of KOH-incorporated Cu (Cu-KOH) electrodes in zero-gap electrolyzers for electrochemical CO2 reduction. (e) HR-TEM image of Cu-KOH nanoparticles.
(f) Electrolyzer stability tests of Cu-KOH at 200 mA/cm2 for 6 h in the MEA. Reproduced with permission from Ref. [60], © Lee, W. H. et al. 2021.
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bonds,  lowers  the  formation  energy  of  *OCCOH  intermediates,
significantly  improving  ethylene  production  efficiency  in  MEA.
Composite  heterojunction materials  significantly  enhance  ethylene
selectivity  and  FE  in  MEA  by  optimizing  interfacial  electronic
structures,  improving  reactant  transport,  regulating  intermediate
adsorption, and suppressing side reactions. In the future, screening
new  composite  components  and  further  exploring  the
multifunctional  synergistic  effects  of  composite  heterojunction
materials, combined with theoretical calculations and experimental
validation,  will  help  improve  ethylene  selectivity  and  stability  in
MEA. 

3.1.4    Doping

Doping  strategies  are  widely  employed  to  enhance  catalyst
performance,  significantly  improving  activity,  selectivity,  and
stability.  By  introducing  specific  dopants,  the  active  sites  and
catalytic  efficiency  of  the  catalyst  can  be  precisely  modulated.  In
MEA,  doping  optimizes  the  electronic  structure  and  surface
properties  of  the  catalyst,  thereby  enhancing  the  performance  of
CO2RR  to  ethylene.  For  instance,  Voiry  et  al.  [104]  proposed  a
precise  molecular  doping  strategy  by  functionalizing  a  copper
catalyst  with  aromatic  diazonium  salts  (Cu-NN).  This  doping
approach  effectively  modulates  the  electron  density  and  oxidation
state of  the copper catalyst,  lowering the *CO dimerization energy
barrier and promoting C–C coupling (Fig. 7(a)). When Cu-NN was
employed as a CO2RR catalyst in MEA cell  at −3.55 V vs.  RHE, it
could  steadily  run  for  120  h  under  about  1  A  with  an  average
ethylene  FE  of  79%  (Fig.  7(b)).  Additionally,  Sargent  et  al.  [105]
employed  molecular  doping  to  modify  copper  catalysts  (Cu-
TCNQ)  using  the  strong  electron  acceptor  7,7,8,8-
tetracyanoquinolinedimethane  (TCNQ)  (Fig.  7(c)).  The  strong
interaction between Cu and TCNQ has been demonstrated by DFT
to  enhance  water  adsorption  and  dissociation  (Fig.  7(d)).  The
reduced  charge  density  of  the  C–O  bond  in  *CHCOH  on  the

Cu(111)-TCNQ surface indicates that TCNQ modification weakens
the C–O bond (Fig. 7(c)). Due to the accelerated water dissociation
kinetics  induced  by  TCNQ,  the  reaction  pathway  converting
*CHCOH to *CCH for ethylene production is  thermodynamically
more  favorable  compared  to  its  hydrogenation  to  *CHCHOH  for
ethanol  formation.  As  a  result,  the  Cu-TCNQ  catalyst  achieves
approximately 70% FE for ethylene at  500 mA/cm2 and maintains
stable  operation  for  over  100  h.  The  doping  strategy  exhibits
significant  advantages  in  improving  the  performance  of
electrocatalyst. The product selectivity for CO2RR in MEAs may be
further  developed  via  the  application  of  novel  functional
components.  For  example,  the  reasonable  introduction  of  groups
with strong CO2 adsorption ability  may increase the local  reactant
concentration,  thus  the  subsequent  catalysis  processes  could  be
promoted. 

3.2    Mechanistic study of catalysts in MEA
From the discussion in the previous section, we have learned about
the  regulatory  strategies  for  copper-based  catalysts  in  the  MEA
aiming  to  improve  the  performance  of  ethylene  production.  It  is
worth  noting  that  when  the  same  catalyst  is  used  for  CO2RR  in
different types of reactors (e.g., H-cell, flow cell, and MEA), it may
result in significant changes in product selectivity. In the MEA, the
morphology change and surface remodeling processes of Cu-based
catalysts differ from those in H-cells and flow cells due to its unique
operating  conditions  (e.g.,  gas  supply  through  gas  diffusion
electrodes  without  cathodic  liquid  and  zero-gap  configuration
between  anode  and  cathode)  [45, 50, 106, 107].  These  differences
result  in  the  Cu-based  catalysts  in  MEA  exhibiting  different
microenvironments during the CO2RR process, thus affecting their
remodeling  mechanisms  and  product  distributions  [108, 109].
Recent  studies  have  revealed  the  dynamic  evolution  process  of
catalysts  by  designing operando characterization  tools  that  mimic
the reaction conditions of various real electrolytic cells. For instance,

 

Figure 5    (a)  Schematic  synthesis  of  Cu  catalyst  via  wet  chemistry  method.  (b)  Stability  test  of  TS-Cu  at  a  cell  voltage  of  3.5  V  in  the  MEA  cell.  Reproduced  with
permission from Ref. [58], © Wiley-VCH GmbH 2024. (c) Schematic illustration of the synthesis of p-CuO. (d) O 1 s XPS spectra of o-CuO and p-CuO. Reproduced
with permission from Ref. [98], © Zhang, Y. C. et al. 2024.
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Bao  et  al.  [110]  conducted operando X-ray  absorption  near-edge
structure (XANES) measurements in a custom MEA electrolyzer at
industrial  current  densities,  demonstrating  that  CuO  nanosheets
were reduced to metallic Cu during CO2/CO electrolysis regardless
of  feed  composition.  Concurrent operando Raman  spectroscopy
revealed that the *CO adsorption configuration (atop/bridge/hollow
sites)  varied  with  CO  pressure,  with  stronger  *CO  adsorption
(*CObridge + *COhollow) favoring C2H4 formation. Sargent et al. [111]
revealed  significant  differences  in  the  reduction  behavior  of  Cu2O
catalysts in MEA and flow cell systems through operando XAS and
time-resolved  XANES  studies.  Under  industrial  current  densities,
the  zero-gap  configuration  of  MEA exposes  catalysts  to  a  strongly
reductive environment, leading to rapid reduction of Cu2O to Cu0.
This  process  disrupts  the  critical  Cu+/Cu0 active  interface,  thereby
suppressing  C–C  coupling  while  enhancing  HER  selectivity.  In
contrast,  the  liquid  electrolyte  in  flow  cell,  along  with  its
concentration gradients and temperature fluctuations, induces non-
uniform reduction that effectively stabilizes Cu+ oxidation states and
preserves partial  active sites,  with the alkaline environment further
promoting  C–C  coupling.  To  mitigate  catalyst  reconstruction,  the
research  team employed  an  Ag  doping  strategy  that  stabilizes  Cu+

sites  through  spatial  confinement  effects.  Experimental  results
demonstrated that the Cu2O-Ag catalyst significantly improves *CO
coverage and the FE of C2H4 in flow cell. Although the FE of C2H4
also  increases  in  MEA,  the  mechanical  stress  introduced  during
compression  assembly  still  accelerates  catalyst  reconstruction.
Therefore, distinct design strategies are required for MEA and flow
cell  systems.  For  MEA,  the  focus  should  be  on  improving  the
catalyst’s  reduction  resistance  and  mechanical  stability.
Additionally, since the MEA adopts a zero-gap configuration where
the catalyst is in direct contact with the ion exchange membrane, it
is necessary to consider how structural changes or mechanical stress
in the catalyst during operation may compromise the membrane’s
structural  integrity,  thereby  affecting  system  performance  and
service  life.  For  flow  cell,  precise  regulation  of  electrolyte
concentration  and  *CO  coverage  is  essential  to  maintain  efficient
C–C  coupling  while  preventing  adverse  effects  on  ion-exchange
membrane  performance  caused  by  local  environmental  variations.
To  better  understand  the  influence  of  cell  configurations  on  the
reconstruction  of  Cu  catalysts  and  the  conversion  of  CO2RR  to
C2H4,  Won  et  al.  [112]  combined operando XAS  technology  to
reveal the dynamic reconstruction processes of Cu catalysts in MEA

 

Figure 6    (a) Schematic representation of metal-ionomer bulk heterojunction catalysts on a PTFE support. (b) Perfluorinated ionic polymers have different hydrophilic
and hydrophobic properties, imparted by -SO3

− and -CF2 functionalities, respectively. (c) Schematic of metal catalyst deposited onto a PTFE hydrophobic fiber support. A
flat ionomer layer conformally coats the metal. Reproduced with permission from Ref. [64], © García de Arquer, F. P. et al. 2020. (d) Schematic illustration of morphology
changes during the electrochemical reduction of CuO-NPs changes during the electrochemical reduction of DVL-Cu and CuO-NPs. (e) STEM BF image (left) of DVL-
Cu and FFT patterns (right) of the corresponding area in the BF image. Reproduced with permission from Ref. [66], © Liu, W. et al. 2022. (f) Schematic illustration of
nano-socketed  Cu/perovskite  heterostructures  and  their  surface  oxygen  vacancy  concentrations  tuned  by x values  in  Cu/La0.3−xSr0.6+xTiO3−δ or  A-site  cation  valences.
Reproduced with permission from Ref. [103], © Wiley-VCH GmbH 2024.
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and  H-cells.  The  study  showed  that  the  high  current  density  and
unique reaction environment in MEA (such as local pH, CO2/H2O
ratio,  and  *CO  coverage)  accelerate  the  reduction  of  Cu2O,
generating  abundant  Cu+/Cu0 interfaces. Operando XAS  analysis
showed  that  these  interfaces  stabilized  during  the  reaction’s  initial
stage.  By  promoting  C–C coupling  through higher  *CO coverage,
they significantly enhanced C2H4 FE. In contrast, the reduction rate
of Cu2O in H-cells was slow, and the catalyst mainly existed in the
form  of  Cu2O,  which  was  not  conducive  to  C–C  coupling  and
resulted  in  a  low  FE  of  C2H4.  According  to  their  results,  the
reduction rate in the MEA was much faster than that in the H-cell,
which  resulted  in  a  significant  difference  in  the  surface  structure
and  oxidation  state  of  the  catalyst.  The  higher  current  density
makes  the  catalyst  in  the  MEA  more  susceptible  to  deactivation,
compared to the more stable catalyst in the H-cell. Therefore, when
designing  catalysts  for  MEAs,  emphasis  should  be  placed  on
structural  stability  and  *CO  reservoirs,  whereas  when  designing
catalysts for H-cells, emphasis should be placed on optimizing Cu+

retention  and  grain  boundary  density.  These  findings  not  only
clarify  the  reconstruction  mechanism  of  Cu  catalysts  in  MEA  but
also directly correlate the dynamic structure of the catalysts with the
ethylene  production  performance  through operando
characterization  techniques,  providing  an  important  basis  for
optimizing the design of CO2RR catalysts. 

3.3    Anode catalysts in MEA
In  MEA,  the  design  and  performance  of  anode  catalysts  have  a
critical  impact  on  the  efficiency  of  ethylene  generation  by  CO2RR
[113].  The  main  role  of  anode  catalysts  is  to  promote  the  oxygen
evolution  reaction  (OER),  i.e.,  to  provide  the  necessary  reactants
(protons and electrons) for CO2RR at the cathode by decomposing
water into oxygen, protons, and electrons [114]. The anode catalysts
with high activity could significantly reduce the OER overpotential,

provide sufficient protons and electrons for the CO2RR [115],  and
minimize energy loss, thereby improving overall reaction efficiency
and  indirectly  boosting  the  rate  and  selectivity  of  ethylene
production.  Precious  metal  catalysts  (e.g.,  IrO2 and  RuO2)  have
been widely investigated for their excellent OER activities, but their
high  cost  and  scarcity  limit  their  large-scale  applications  [116].  In
contrast, non-precious metal catalysts (e.g., NiFeOx, CoOx, etc.) are
usually  less  active  and  stable  than  the  precious  metal  catalysts,
despite  their  lower  cost  [117, 118].  Since  the  OER  reaction  takes
place in a strongly oxidizing environment, the anode catalysts need
to  have  excellent  chemical  and  electrochemical  stability  to  avoid
performance degradation during long-term operation [119].  It  has
been  shown  that  in  alkaline  media,  NiFe  hydroxide  is  one  of  the
most highly active OER catalysts with good stability [118]. In acidic
media,  Ir- and  Ru-based  materials,  two  widely  studied  materials
with  activity  and  stability,  are  oxidized  to  form  IrO2 and  RuO2
phases in response to anodic potentials, and the activity is increased
[120]. Carbon-based materials (e.g., nitrogen-doped carbon, carbon
nanotubes,  etc.)  have  been  widely  studied  for  their  high  electrical
conductivity and tunable surface chemistry,  but their  OER activity
is  usually  low  [121−123].  Highly  conductive  anode  catalysts  can
effectively  reduce  ohmic  losses  and  improve  electron  transfer
efficiency,  thereby  enhancing  the  overall  reaction  rate.  Therefore,
combining  highly  conductive  materials  with  highly  active  catalysts
(e.g.,  loading  NiFeOx onto  carbon  nanotubes)  can  enhance  the
catalytic activity while ensuring high conductivity [124]. Improving
the  performance  of  the  anode  catalyst  will  also  indirectly  regulate
the  product  distribution  of  CO2RR  by  affecting  the  local  pH  and
reaction environment [125]. An efficient OER reaction generates a
large  number  of  protons,  leading  to  a  decrease  in  pH  near  the
anode,  while  the  pH  near  the  cathode  increases  due  to  the
consumption of protons by CO2RR [125]. This pH gradient affects
the  reaction  path  and  product  selectivity  of  CO2RR  [126].  Under

 

Figure 7    (a) Energy profiles for initial states (ISs), transition states (TSs), and final states (FSs) of CO dimerization on Cu(111) and Cu(111)-NN. (b) CO2RR performance
of NN-Cu at a full-cell potential of −3.55 V and with a 10 sccm feed in CO2 over 120 h in MEA. Reproduced with permission from Ref. [104], © Wu, H. L. et al. 2024. (c)
Schematic illustration of copper with TCNQ modification during the CO2RR. (d) H2O dissociation energy barrier over Cu(111)-TCNQ and Cu(111) surfaces. IS, TS, FS.
(e) Schematic representation of the mechanism depicting the influence of carbon-oxygen bond strength in *CHCOH on the selectivity of C2H4 and ethanol. Reproduced
with permission from Ref. [105], © Liang, Y. X. et al. 2024.
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strong  alkaline  conditions,  CO2RR  is  more  likely  to  generate
ethylene; whereas under acidic conditions, the product distribution
of CO2RR may be more inclined to generate C1 products [127]. In
addition  to  the  traditional  OER,  novel  small  molecule  oxidation
reactions substituting for OER are rapidly emerging in the CO2RR
[128].  These  substitution  reactions  include  the  oxidation  of
inorganic substances (such as chloride ions, sulfides, and ammonia)
[129−131]  and  organic  substances  (such  as  methanol,  aldehydes,
and amines) [132−134]. They not only reduce energy consumption
but  also  produce  high-value-added  chemicals,  significantly
enhancing the economic viability and environmental benefits of the
electrolysis  process  [51, 135].  Moreover,  new  anode  technologies
such  as  photo-assisted  and  bio-assisted  anodes  are  constantly
evolving  [136],  further  driving  the  innovation  of  CO2RR
technologies  and  providing  more  possibilities  for  achieving  the
carbon neutrality goal. Therefore, by optimizing the anode catalysts,
the  local  reaction  environment  of  MEA  can  be  modulated  to
further improve the selectivity of ethylene. 

4    Optimization of the MEA component system
The performance of copper-based catalysts for ethylene production
in MEA is  affected by  a  variety  of  factors.  This  section focuses  on
four  key  factors  in  MEA:  ion  exchange  membrane,  gas  mass
transfer,  electrolyte  composition,  and  voltage.  These  factors  not
only  affect  the  catalytic  performance  individually,  but  also  interact
with  each  other  in  a  complex  manner.  In  order  to  gain  a  deeper
understanding  of  how  these  factors  work  together  and  affect  the
efficiency of ethylene production, we will discuss the mechanism of
action and their interrelationships one by one in detail. 

4.1    Ion exchange membrane
As  a  core  component  of  the  MEA,  the  ion  exchange  membrane
allows the transport of specific ions between the anode and cathode
while  separating  the  reaction  environments  of  the  cathode  and
anode [51, 137]. This prevents direct contact between the reactants
or  products  of  the  two  half-reactions,  thereby  avoiding  the
occurrence of side reactions [137]. The commonly used membranes
in  MEA  are  categorized  into  anion  exchange  membrane  (AEM),
cation exchange membrane (CEM), and bipolar membrane (BPM)
[138].  In  addition  to  conventional  ion  exchange  membranes,
researchers  have  developed  solid  polymer  electrolytes  as
membranes  for  MEA  electrolysis  cells  [139, 140].  The  choice  of
membrane  significantly  affects  the  pH  on  both  sides  of  the
membrane,  thereby  influencing  the  reactant  availability  and
reaction  potentials  of  the  cathode  and  anode  reactions  [47].  To
avoid  creating  an  acidic  environment  on  the  cathode  side,  AEMs
are typically employed in alkaline MEAs. Compared to other types
of  membranes,  AEMs  can  significantly  suppress  the  HER.
However,  due  to  the  presence  of  a  large  amount  of  OH−,  AEMs
tend  to  facilitate  the  formation  of  CO3

2− or  HCO3
−,  leading  to

carbonate  deposition  issues  that  hinder  CO2 transport  and
ultimately  reduce  overall  reaction  efficiency  [64, 141, 142].  While
the  use  of  CEMs  under  acidic  conditions  can  effectively  suppress
OH− migration  and  thereby  reduce  carbonate  deposition  [143],  it
concurrently  exacerbates  the  HER.  Notably,  even  in  bulk  acidic
electrolytes,  there  forms  a  local  strong  alkaline  microenvironment
at  the  electrode  interface  due  to  proton  consumption  during
electrochemical  reactions,  promoting  the  conversion  of  CO2 to
carbonate  ions.  This  local  alkalization  effect  becomes  particularly

pronounced  when  employing  high  concentration  alkali  metal
cation  electrolytes  to  enhance  product  selectivity,  significantly
aggravating  the  formation  of  carbonate  deposition  [144, 145].  To
address  the  issues  of  product  crossover  and  carbonate  deposition,
researchers have proposed the use of BPMs in MEAs. BPM consists
of  an  AEM  and  a  CEM  sandwiched  between  catalytic  layers
[146, 147]. In an alkaline environment, the BPM is able to dissociate
H+ and OH− produced by hydrolysis  within it  [148].  These  H+ are
able to react with carbonates or bicarbonates and reconvert them to
CO2,  thereby  reducing  salt  deposition  and  increasing  CO2
utilization [149]. Despite the advantages of BPM in preventing salt
deposition,  it  may  also  trigger  HER on  the  catalyst  surface  due  to
high  H+,  which  may  compete  with  CO2RR  and  affect  ethylene
selectivity [150]. Therefore, the selection of appropriate membrane
materials  and  design  is  crucial  to  improve  the  efficiency  and
selectivity  of  CO2RR  to  ethylene  in  MEA.  Wang  et  al.  [151]
developed  a  three-layer  polymer  membrane  (TPE)  (Fig.  8(a))
consisting  of  a  porous  anion  exchange  membrane  (PAEM)  and  a
BPM, which dramatically improved the efficiency of conversion of
CO2RR  to  C2H4 in  an  alkaline  electrolyzer.  The  PAEM  acts  as  a
proton  barrier,  creating  a  highly  localized  alkaline  environment
around  the  Cu  that  is  conducive  to  the  conversion  of  CO2RR  to
C2H4.  Meanwhile,  at  the  interface  of  PAEM  and  BPM,  CO3

2−

formed  on  the  Cu  surface  reacts  with  H+ provided  by  BPM  to
realize  the in  situ regeneration  of  CO2.  Compared  with  the
conventional  AEM-MEA,  TPE-MEA exhibited  higher  CO2 in  situ
regeneration flux and more stable pH value of the anode solution in
the  CO2RR.  This  suggests  that  the  TPE  structure  effectively
promotes CO2 regeneration and inhibits transmembrane migration
of CO2. TPE-MEA exhibited CO2 loss below 7% and achieved a FE
of  C2H4 for  46%  at  140  mA/cm2,  with  stable  operation  for  47  h.
Membrane  thickness  not  only  affects  the  conductivity  and  ion
selectivity  of  the  reaction,  but  also  plays  a  key  role  in  the  stability
and effective runtime of the system [152]. Thinner membranes can
reduce  ohmic  losses  and  increase  reaction  rates,  but  may  reduce
mechanical  strength;  thicker  membranes  may  increase  mass
transfer  resistance [153, 154].  Studies  have shown that  the  thinner
the  membrane,  the  greater  the  water  flux,  which  can  effectively
reduce cathode flooding. On the contrary, thicker membranes lead
to  a  decrease  in  water  flux,  which  increases  the  risk  of  cathode
flooding.  Therefore,  when  designing  and  optimizing  the  reaction
system,  the  thickness  of  the  membranes  should  be  selected
reasonably  according  to  the  specific  application  requirements.
Kibria et al. [155] deposited Nafion solution directly on the surface
of  the  Cu  catalyst  by  the  direct  spraying  method  to  form  an
ultrathin solid polymer electrolyte (USPE) of about 3 μm thickness
(Fig.  8(b)).  The  use  of  USPE  instead  of  a  conventional  thick
membrane  effectively  reduces  the  water  transport  capacity.  The
close contact  between the USPE and the catalyst  surface promotes
the optimal migration of K+ and CO3

2− between the electrodes, thus
reducing  the  problems  of  water  flooding  and  salting  out.  It  was
shown that the presence of alkali metal cations in the electrolyte is
crucial  for  improving  the  selectivity  of  CO2RR  [156].  To  further
improve the selectivity and stability of CO2RR, K+ were doped into
the USPE (CISPE). By optimizing the electrolyte concentration and
controlling  the  K+ concentration  in  CISPE,  the  effect  of  OH−

diffusion  on  CO2 availability  was  reduced,  and  K+ migration  was
reduced,  and  HER  was  suppressed,  resulting  in  improved  CO2
electrolysis. The CISPE design enabled the use of MEA for CO2-to-
C2H4 conversion, achieving a full-cell energy efficiency of 28% and
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reducing  the  overall  energy  cost  of  CO2RR  and  carbonate
regeneration to  290 GJ per  tonne of  C2H4.  The electrode achieved
66% FE for ethylene and operated stably for 110 h at 100 mA/cm2

(Fig. 8(c)). In addition, when the ion exchange membrane in MEA
is  structurally  dense  (e.g.,  conventional  Nafion  membranes)  or
excessively  hydrophobic,  the  limited  CO2 mass  transfer  leads  to  a
decrease in the localized CO2 concentration at the cathode surface,
forcing the reaction to divert to the pathway of HER or C1 products
(e.g.,  CO),  and  inhibiting  the  C–C  coupling  process  required  for
ethylene. The above studies show that the ion exchange membrane
has  an  important  influence  on  the  performance  of  Cu-based
catalysts for CO2RR to C2H4 in MEA. To address the key issues in
the  experiments,  the  researchers  effectively  regulated  the  reaction
microenvironment  and suppressed  the  side  reactions  by  screening
different  ion  exchange  membranes  and  developing  new
membranes,  thus  enhancing  the  selectivity  and  efficiency  of
ethylene production. From the above discussion we know that ion
exchange membranes can affect the mass transfer and transport of
gases  and  thus  the  efficiency  and  path  of  products.  Next,  we  will
discuss  the  gas  mass  transfer  and  transport  process,  which  is
directly related to the distribution of reactants and products on the
electrode  surface,  which  in  turn  affects  the  rate  and  selectivity  of
electrochemical reactions.
 

4.2    Gas diffusion and mass transfer
 

4.2.1    Design of GDE

GDE  can  affect  the  diffusion  path  and  local  concentration
distribution  of  CO2 molecules,  which  in  turn  affects  the  catalytic
conversion  efficiency  [157−159].  How  to  optimize  CO2 mass
transfer,  catalyst  distribution,  three-phase  interface  formation,  and
hydrophobicity  of  GDE  to  enhance  ethylene  selectivity  and
operation stability is crucial for constructing a highly efficient MEA
electrolyzer  [61, 160−163].  Sun  et  al.  [164]  significantly  enhanced
the  CO2 diffusion  rate  at  the  catalyst−electrolyte  interface  by
designing  a  GDE  with  an  ultrathin,  superhydrophobic,  and  large-
aperture  vertical  structure  (Cu-GDE).  This  design  overcomes  the
limitations  of  conventional  gas  diffusion  layer  (GDL)  in  CO2
diffusion  while  maintaining  high  selectivity  for  ethylene.  Effective
mass  transfer  management  is  important  to  construct  an  efficient
MEA  electrolyzer  for  CO2 to  C2H4.  C–C  coupling  relies  on
abundant CO2 to enrich *CO intermediates, which is considered to
be a critical step for the deep reduction of CO2 to C2H4 [165, 166].
Moreover,  the  efficient  hydrogenation  of  CO2 necessitates  an
adequate supply of protons [167]. This is particularly challenging in
the  MEA,  where  the  GDE  operates  in  a  cathodic-free  liquid
environment  characterized  by  significant  resistance  to  H2O
transport [168]. Therefore, it is crucial to ensure sufficient supply of

 

Figure 8    (a) Schematic of the TPE-MEA system. Reproduced with permission from Ref. [151], © Wiley-VCH GmbH 2024. (b) Schematic of MEA using USPE. (c) The
cell voltage and Faradaic efficiency using CISPE at 100 mA/cm2 during the reaction for 110 h. Reproduced with permission from Ref. [155], © Wiley-VCH GmbH 2023.
(d)  Schematic  diagram  of  the  scalable  and  durable  Cu-GDE.  Reproduced  with  permission  from  Ref.  [176],  ©  O’Brien,  C.  P.  et  al.  2024.  (e)  Schematic  of  the  MEA
configuration  with  the  full operando X-ray  setup  with  WAXS  and  XRF  detectors.  Reproduced  with  permission  from  Ref.  [185],  ©  Elsevier  Inc.  2024.  (f)  Structural
illustration  of  the  MEA  electrolyzer  with  QAPEEK.  Reproduced  with  permission  from  Ref.  [192],  ©  Li,  W.  Z.  et  al.  2022.  (g)  Schematic  of  carbonate  formation  and
operation of self-cleaning CO2 reduction strategy in MEA CO2 electrolyzer. (h) Selectivity of alternating operation sample (60 s at operational voltage of −3.8 V and 30 s at
regeneration voltage of −2.0 V) during long-term operation. Reproduced with permission from Ref. [71], © American Chemical Society 2021.
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CO2 and  H2O  for  the  electrolytic  conversion  of  CO2 to  C2H4.
Establishing  a  proper  equilibrium  between  CO2 and  H2O  is  also
crucial  to  facilitate  the  production  of  C2H4 [169].  Excess  CO2
molecules  will  reduce  CO2 utilization  and  increase  carbonate
production.  Similarly,  excess  protons  can  lead  to  HER,  disrupting
selectivity  and  stability  [167, 169].  Therefore,  the  mass  transfer
equilibrium  between  H2O  and  CO2 must  be  effectively  regulated,
especially  at  the  three-phase  reaction  interface.  The  CL,  an
important  component  of  MEA,  consists  of  catalyst  nanoparticles
and  coated  ionic  polymers,  which  has  a  significant  impact  on  the
construction  of  the  three-phase  catalytic  interface  [167, 170, 171].
The  coated  ionic  polymers  mainly  act  as  binders  and  ionic
conductors  for  the  catalyst  particles  on  the  electrodes,  which
directly affects the performance of the catalysts.  When the content
of ionic polymers is too low, it leads to a significant increase in ionic
resistance, which reduces the conductivity and reaction efficiency of
the catalyst;  however, excessive ionic polymers may trigger catalyst
blocking and limit mass diffusion, which in turn affects the overall
performance  of  the  catalyst  [119, 172, 173].  Therefore,  the
interfacial mass transport of the electrolytic catalyst layer for CO2RR
to  C2H4 in  MEA  needs  to  be  rationally  designed  and  precisely
adjusted.  Wang  et  al.  [167]  constructed  effective  CO2 and  H2O
transport  channels  by  rationally  designing  the  CL.  The  local
equilibrium of CO2 and H2O was optimized by adjusting the length
and content of the side chains of the catalyst-coated ionic polymer
to form an effective mass transfer network. With this novel CL, the
ethylene FE of Cu-GDE can reach 50%. The GDL, as one of the key
components  of  MEA,  is  characterized  by  its  pore  structure,
hydrophobicity,  electrical  conductivity,  and  thickness,  which
directly  affect  the  transport  efficiency  of  CO2 gas  and  reaction
intermediates  [174].  Higher  porosity  and  suitable  hydrophobicity
help the CO2 gas to be uniformly distributed to the catalyst surface,
which  improves  the  reaction  activity.  At  the  same  time,  the
electrical  conductivity  of  the  GDL  affects  the  electron  transfer
efficiency,  which  in  turn  affects  the  reaction  rate  and  ethylene
selectivity [175]. The optimal design of the GDL can also suppress
the HER during the reaction process and avoid the clogging of the
catalyst surface, which further improves the ethylene selectivity and
stability  [163].  By  regulating  the  hydrophobicity  of  the  GDL,  the
rapid drainage of liquid products can be promoted, and its coverage
of  the  reaction  interface  can  be  reduced  to  maintain  an  efficient
CO2 transport pathway [163]. Commercial carbon-based GDL and
Cu nanoparticle CL are frequently used in MEA, but after 30 h of
experimentation,  the FE of  HER increased and the CO2 reduction
efficiency  decreased  [175, 176].  It  was  shown  that  this  was  due  to
water accumulation in the microporous layer (MPL) that hindered
CO2 diffusion.  Sinton  et  al.  [176]  developed  a  scalable,  detachable
GDL with a  hydrophobic PTFE network in the MPL, achieved by
high  PTFE  content  (Fig.  8(d)).  This  design  resists  water  flooding
and  salt  precipitation.  Using  array  tomography,  scanning  electron
microscope  (SEM),  and  energy-dispersive  X-ray  (EDX)  mapping,
they  constructed  a  3D  model  of  the  GDE  to  study  PTFE  and
carbon domain distributions,  optimizing  transport  properties.  The
separated  GDL structure  segregates  PTFE and  carbon  domains  in
the  MPL,  preventing  salt  crystallization  and  water  intrusion  while
enhancing  CO2 transport  through  high-porosity  carbon  domains
(~  80%).  The  design  achieved  49%  FE  for  ethylene  with  500  h  of
stable  operation  and  240  h  in  both  800  and  8000  cm2 MEA  cells.
Existing  GDE  designs  face  limitations,  such  as  insufficient  CO2
supply  at  high  current  densities,  reduced  catalyst  active  site

exposure,  and  unstable  three-phase  interfaces,  leading  to
performance degradation [91, 177].  To address these issues,  future
efforts  should  focus  on  developing  novel  porous  materials  (e.g.,
MOFs,  carbon  nanotubes)  to  construct  high-precision  mass-
transfer  channels.  These  materials  can  enhance  CO2 transfer
efficiency and C2H4 product selectivity by precisely regulating local
concentrations  [178].  Such  innovations  are  crucial  for  advancing
CO2RR technology,  overcoming  current  bottlenecks,  and  enabling
more efficient and stable electrochemical reduction reactions. 

4.2.2    Water management

Water management and mass transfer in the MEA electrolyzer are
closely  related  to  each  other,  and  together  they  affect  the  reaction
efficiency  and  product  selectivity  of  CO2RR.  There  is  no  liquid
electrolyte on the cathode side of the MEA, and the cathode catalyst
is  pressed  directly  onto  the  ion  exchange  membrane,  and  CO2
needs  to  be  transported  to  the  surface  of  the  catalyst  through  a
porous  hydrophobic  GDL  [179].  The  H2O  molecules  required  for
the  cathodic  reaction  are  usually  obtained  from  the  anodic
electrolyte  by  permeation  through  the  ion-exchange  membrane,
and the thickness of the ion-exchange membrane directly affects the
amount of water permeation and gas mass transfer efficiency [57].
Thin  membranes  reduce  the  internal  resistance  of  the
electrochemical  system during  operation,  and their  shorter  proton
conduction  path  enhances  the  rate  of  water  molecule  permeation,
thereby  reducing  carbonate  deposition  problems  caused  by  water
depletion  at  the  MEA  cathode  [180].  By  slowing  down  the  water
permeation  rate,  thicker  membranes  can  prevent  excess  liquid
water  from  clogging  the  pores  of  the  GDL  and  maintain  effective
mass  transfer  of  gases  such as  CO2 [181].  Therefore,  the  choice  of
ion  exchange  membrane  thickness  is  a  trade-off  between  water
permeability  and  flooding  resistance.  In  addition,  the  dynamic
equilibrium  of  water  also  directly  affects  the  physicochemical
properties  and  reaction  efficiency  of  the  ion  exchange  membrane.
Studies  have  shown  that  the  protons  in  C2H4 mainly  come  from
H2O molecules permeating through the membrane from the anode
[182],  and  the  H2O  consumption  required  to  generate  C2+
products  (e.g.,  ethylene)  is  about  twice  as  much  as  that  of  C1
products  [50, 57].  Therefore,  a  localized  shortage  of  H2O  on  the
cathode  side  at  high  current  densities  may  trigger  membrane
dehydration and contraction [183], leading to a decrease in proton
conductivity  and  directly  limiting  the  kinetics  of  ethylene
production [184]. Conversely, if the H2O supply is compensated by
increasing  the  humidity  at  the  anode,  this  may  result  in
delamination  at  the  catalyst-membrane  interface  and  hinder  CO2
transfer due to excessive membrane swelling, potentially shifting the
reaction  towards  the  HER  or  the  C1 pathway.  The  synergistic
transport  mechanism  of  water  and  cations  in  the  actual  reaction
system further  complicates  the  water  supply  equilibrium issue.  Xu
et al. [185] found through in situ characterization that Cs+ migrates
from  the  anode  across  the  anion-exchange  membrane  to  the
cathode  under  the  driving  force  of  the  electric  field,  while  the
electroosmotic  drag  effect  drives  the  H2O  molecules  to  move
(Fig. 8(e)). The diffusion of H2O to the cathode pushes Cs+ deeper
into the macroporous layer of the GDE. However, when the applied
voltage  is  removed,  Cs+ is  prevented  from  penetrating  into  the
porous layer of the GDE. When the applied voltage is canceled, Cs+

rapidly returns to the anode due to the concentration gradient, but
the  H2O  in  the  macroporous  layer  still  exists,  thus  leading  to
flooding.  Although  high  concentration  electrolyte  (e.g.,  Cs+
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enrichment)  can  enhance  ethylene  selectivity  by  optimizing  the
local  reaction  potential,  excessive  Cs+ tends  to  generate  carbonate,
which in turn inhibits the CO2RR efficiency. Lee et al. [186] used an
AEI-C  buffer  layer  at  the  cathode  to  neutralize  the  protons  and
retain the cations, while applying high-pressure CO2 on the cathode
side,  which  not  only  improved  CO2 adsorption,  but  also  reduced
water  penetration  through  the  phenomenon  of  reverse  osmosis,
and maintained the cathode’s water permeability. Water infiltration
maintains  the  alkaline  environment  at  the  cathode  side,  which
significantly  improves  the  performance  and  stability  of  CO2RR.
This  strategy  also  provides  a  new  research  direction  for  ethylene
production from Cu-based catalysts. In addition to this, Wang et al.
[57]  synergistically  improved  the  performance  of  ethylene  by
optimizing the catalyst layer in the MEA electrolyzer and regulating
the  water  partial  pressure  strategy.  They  pointed  out  that  the
Cu+/Cu0 interface in the Cu-based catalyst activates water molecules,
which  enhances  the  formation  of  adsorbed  *CO  and  *CHO
intermediates  and  promotes  the  C–C  coupling  reaction.  When  P
(H2O) was increased from 0 to 2.7 kPa, the FE and current density
of  ethylene  were  synchronously  increased,  while  HER  was
effectively  suppressed.  This  reveals  the  role  of  precise  control  of
H2O  content  in  optimizing  the  CO2 mass  transfer  pathway  and
suppressing  the  side  reactions,  which  provides  a  key  guideline  for
the  design  of  the  MEA  electrolyzer.  Despite  significant
advancements in CO2RR, challenges such as GDL failure caused by
salinity  effects  and  water  flooding  remain  unresolved.  Efficient
water  management  requires  synergistic  strategies,  including  novel
functional materials, optimized electrolyzer parameters, and precise
control of water–gas transport kinetics within MEAs. Establishing a
balanced  mechanism  for  water  transfer,  ion  migration,  and  CO2
mass transfer is essential to overcome material transport limitations
in current systems. 

4.3    Electrolyte
Currently, most of the studies on ethylene production by CO2RR in
MEA  have  been  conducted  in  alkaline  or  neutral  electrolytes
[53, 89, 187].  Under  these  two  media,  a  localized  alkaline
environment  is  formed  on  the  catalyst  surface,  which  helps  to
improve  the  CO2 adsorption  and  activation  efficiency  and  inhibit
the  HER.  It  has  been  shown  that  strong  alkaline  conditions  can
promote  the  C–C  coupling  reaction  more  effectively,  thus
improving  the  FE  of  ethylene  [44].  However,  alkaline  and  neutral
media  are  prone  to  carbonate  deposition,  which  hinders  CO2
transport  and  reaction  [56, 188, 189].  And  the  generated  CO3

2−

tends  to  migrate  across  the  ion-exchange  membrane  to  the  anode
side of the MEA and recombine with the locally generated H+ in the
OER to form CO2 again [139]. These crossover CO2 cannot be used
directly in the CO2RR because they will  mix with the O2 from the
anode,  leading  to  a  significant  loss  of  carbon  and  ultimately
affecting  the  overall  energy  efficiency  of  the  conversion  of  the
CO2RR to C2H4 [190, 191]. To mitigate the carbonate and crossover
problems,  researchers  have  also  proposed  a  number  of  strategies.
Zhu et al. [63] designed an AEM and PEM integrated MEA system
(APMA)  to  inhibit  carbonate  formation  and  precipitation  using
pure water as the anode electrolyte. In the APMA system, the AEM
was  connected  to  the  cathode  to  provide  an  alkaline  cathodic
environment  for  CO2RR.  The  introduction  of  a  PEM  in  contact
with  the  anode  effectively  prevents  crossover  of  all  anions.  Under
positive  bias,  this  system  reduces  CO2 to  ethylene  and  can
effectively  inhibit  carbonate  formation  and  prevent  salt

precipitation.  The  catalyst  SS-Cu  of  this  system  was  operated  at  a
current of 10 A without CO2 loss and electrolyte loss, and the FE of
ethylene reached 50% and was stable for 1000 h. Zhuang et al. [192]
developed a novel MEA electrolyzer by introducing QAPEEK ionic
polymer  as  a  solid  electrolyte  to  achieve  high  performance  of
CO2RR  to  ethylene  under  pure  water  conditions  (Fig.  8(f)).  The
ionic  polymer  not  only  improves  the  ionic  conductivity  and
enhances  the  activation  of  CO2,  but  also  avoids  the  problems  of
water  flooding  and  carbonate  deposition  associated  with
conventional  liquid electrolytes,  thus  improving the  selectivity  and
production  efficiency  of  ethylene.  Current  studies  on  ethylene
production  from  CO2 in  acidic  systems  are  mostly  based  on  flow
cell  reactors,  whereas  MEA  electrolyzers  mainly  produce  C1
products  due  to  the  limitation  of  insufficient  localized
concentration  of  cations  and  the  intensification  of  HER  side
reactions with copper catalysts [193−196]. In acidic MEA, although
CEM  (e.g.,  Nafion)  can  inhibit  carbonate  deposition,  the  selective
sequestration effect of their fixed-charge groups on cations (e.g., K+,
Cs+) leads to an insufficient concentration of cations on the surface
of  the  catalysts  [197],  which  makes  it  difficult  to  stabilize  the
localized  high-pH  microregions  required  for  C–C  coupling  [198].
Moreover,  the  rapid  migration  of  H+ within  the  membrane  may
exacerbate  the  HER,  and the mechanism of  ionic  redistribution at
the  membrane-catalyst  layer  interface  is  still  unclear,  leading  to  a
serious  challenge  in  the  selectivity  of  CO2 electroreduction  for  the
generation of C2H4 [199, 200]. In the acidic flow cell, the researchers
focused  on  acidic  microenvironment  modulation  strategies.
Different additives in the electrolyte, including alkali metal cations,
and  surfactants,  have  been  used  to  manipulate  the  interfacial
microenvironment  to  improve  catalytic  efficiency  and  selectivity
[89, 201−203]. Therefore, the researchers considered optimizing the
reaction  pathway  to  promote  multicarbon  product  generation  by
constructing  a  cathodically  localized  alkaline  environment  and
increasing  the  cation  concentration  (e.g.,  K+,  Cs+)  on  the  catalyst
surface [204, 205].  If  a  high concentration of cations is  introduced
into  the  acidic  MEA  to  enhance  the  C–C  coupling  efficiency,  the
cations  may  migrate  to  the  cathode  through  the  ion  exchange
membrane  during  long-term  electrolysis,  which  may  cause
carbonate  deposition  problems  instead,  forming  a  new
technological  bottleneck.  Therefore,  the  production  of  C2H4
products  in  acidic  MEA still  needs  to  be  further  investigated.  The
synergistic design of the electrolyzer configuration and the reaction
pathway is also a strategy for the directed product production. For
example,  Bao  et  al.  [206]  proposed  a  tandem  acidic/alkaline  dual
MEA electrolyzer system, which realizes the efficient conversion of
CO2 to C2H4 products by coupling the two-step reactions of acidic
MEA (CO2 → CO) and alkaline MEA (CO → C2H4). The electrolyte
effects (e.g., pH, cation effects, etc.) in MEA are complex and have
not  been  fully  investigated  yet,  especially  under  acidic  conditions.
Therefore,  further  studies  on  the  interfacial  properties  of  the
catalysts are needed to realize the directed CO2RR products. 

4.4    Voltage
Voltage,  as  a  critical  operational  parameter  in  MEA,  profoundly
influences  reaction  rates,  product  selectivity,  and  system  energy
efficiency [91]. Specifically, voltage regulation not only controls the
driving  force  of  reactions  but  also  modulates  reaction  pathways,
intermediate stability, and side reactions, thereby affecting ethylene
production rates  and selectivity [207–208].  At the level  of  reaction
kinetics,  voltage  is  closely  related  to  mass  transfer  processes:  At
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lower voltages, the current density is smaller, and the reaction rate
is primarily governed by electrochemical kinetics [209]; whereas at
higher  voltages  with  increased  current  density,  the  reaction  rate
becomes predominantly dependent on mass transfer processes such
as  CO2 diffusion  and  proton  transport  [210].  Notably,  the
production  of  ethylene  via  CO2RR  involves  multiple  steps,
including  CO2 adsorption,  *CO  formation,  C–C  coupling,  and
ethylene  generation  [78, 211].  Among  these,  voltage  regulation
significantly impacts the relative rates of these steps, thereby altering
product  distribution.  For  instance,  Hori  et  al.  [212]  found  that  at
lower  voltages,  *CO  formation  is  the  rate-limiting  step,  leading  to
reduced  ethylene  selectivity,  whereas  at  higher  voltages,  C–C
coupling is  accelerated,  significantly  enhancing ethylene selectivity.
However, in practical reactions, high voltages usually correspond to
high current densities,  which speeds up the reaction but also leads
to  an  increase  in  the  rate  of  liquid  water  generation.  If  the  liquid
water is  not promptly removed,  it  accumulates  in the pores of  the
catalyst layer or GDL, leading to flooding. In addition, high voltages
may  disrupt  the  interfacial  compatibility  between  the  catalyst  and
the membrane in the MEA, hindering ion conduction and further
exacerbating flooding issues [175, 213]. The MEA aims to minimize
the  ohmic  overpotential  of  the  reactor  by  directly  pressing  the
catalyst  layer  onto  one  side  of  the  ion-exchange  membrane  and
omitting  the  design  of  the  catholyte  [50–51, 190].  Although  this
strategy  has  achieved  some  progress,  the  energy  efficiency  of  the
CO2RR  remains  at  a  relatively  low  level,  particularly  under  high
current  density  conditions [44, 213, 214].  Studies  have shown that
one  of  the  primary  reasons  for  low  energy  efficiency  is  the  high
concentration overpotential caused by the instability of the catalyst
layer  (e.g.,  flooding)  during  electrocatalysis  [185].  To  address  this
issue, Wang et al.  [213] developed a low activation energy catalyst,
which reduced the operating voltage and thereby mitigated flooding
risks.  Specifically,  they  doped  Cu  with  low  electronegativity  Ga,
increasing the electron density of Cu and weakening the adsorption
strength  of  *CO  on  Cu  sites,  thus  lowering  the  activation  energy.
Simultaneously, the partial dissolution of Ga created defect-rich Cu
sites,  further  promoting  C–C  coupling.  To  reduce  liquid  water
retention and maintain  the  porosity  of  the  catalyst  layer,  they  also
enhanced the hydrophobicity of the GDL through PTFE treatment.
As a result, by combining MEA with high-pressure operation at low
voltages, the catalyst significantly suppressed the HER and reduced
water generation rates, achieving a FE of ~ 50% for ethylene and a
full-cell energy efficiency of 30%, while demonstrating excellent anti-
flooding  capability  and  stable  operation  for  120  h.  On  the  other
hand, at high voltages,  cathode reactions may lead to localized pH
increases  within  the  MEA,  promoting  carbonate  precipitation  and
further  clogging  pores  [215, 216].  Traditionally,  carbonate
formation has been addressed by flushing the electrode with water,
but this impedes CO2 transport to the catalyst layer, promotes HER,
and  reduces  CO2 electrolysis  efficiency  [217, 218].  To  address  this
issue, Sargent et al. [71] proposed an alternating voltage strategy in
the MEA, combining working and regeneration voltages (Fig. 8(g)).
In  this  strategy,  the  catalyst  (Cu-PTFE)  operates  at  a  working
voltage  of −3.8  V  for  60  s,  followed  by  a  regeneration  voltage  of
−2.0  V  for  30  s.  This  alternating  voltage  approach  stabilizes
carbonate concentrations below the solubility limit,  preventing salt
deposition. During the regeneration voltage phase, the reaction rate
drops  nearly  to  0  mA/cm2,  eliminating  OH− generation  while
maintaining sufficient cathodic polarization to transport  carbonate
ions  to  the  anode  via  electromigration.  Using  this  alternating

voltage method, the FE for ethylene in the MEA reached 50%, with
significantly  improved  stability.  Experiments  showed  that
continuous  operation  of  the  Cu-PTFE  electrode  lasted  only  about
10  h,  whereas  the  alternating  voltage  strategy  extended  the
operation time to 236 h (Fig. 8(h)).

From the above discussion, it is evident that the synergistic effect
of these factors significantly influences the mass transfer process in
the  reaction  system.  The  structural  optimization  of  the  ion
exchange membrane and GDE can reduce mass transfer resistance
and  improve  the  efficiency  of  reactant  transport  to  the  catalyst
surface.  Meanwhile,  an  effective  water  management  strategy  helps
maintain a stable three-phase interface, ensuring efficient transfer of
gases  and  ions.  Voltage  modulation  further  optimizes  reaction
kinetics  and  product  distribution,  thereby  enhancing  ethylene
selectivity  and  yield.  It  is  worth  noting,  however,  that  MEAs  in
practical  testing  scenarios  are  subject  to  a  broader  array  of
influencing  factors,  such  as  localized  pH  gradients,  mechanical
stress during operation, and long-term material degradation, which
necessitate  a  comprehensive  investigation.  Future  studies  should
prioritize synergistic optimization among these factors, particularly
under  practical  operating  conditions.  A  critical  challenge  lies  in
balancing the ion selectivity of the ion exchange membrane, the gas
transport  capability  of  the  GDE,  the  stability  of  the  water
management  system,  and  the  economic  feasibility  of  voltage
application. These aspects are pivotal to achieving scalable ethylene
production  using  high-efficiency  copper-based  catalysts.  By
combining  multiscale  modeling  with in  situ characterization
techniques,  the  interaction  mechanisms  between  these  factors  can
be elucidated more thoroughly, providing both theoretical guidance
and  a  practical  basis  for  designing  high-performance  MEA
electrolyzers. 

5    Device design of MEA
In  recent  years,  researchers  have  significantly  enhanced  the
performance of copper-based catalysts in the CO2RR to ethylene by
optimizing  key  components  of  the  MEA,  such  as  catalysts,  gas
diffusion layers, and ion exchange membranes, as well as operating
conditions  [50, 51].  However,  beyond  these  core  components,  the
optimization of MEA device design, particularly innovations in gas
flow  field  design  and  series  stack  configuration,  has  profoundly
influenced  the  mass  transfer  processes,  reaction  efficiency,  and
product selectivity in CO2RR. The design of gas flow fields not only
determines  the  distribution  and  flow  patterns  of  CO2 within  the
reactor  but  also  directly  impacts  pressure  differentials,  water
management, and electrolysis stability, thereby playing a critical role
in the production efficiency and selectivity of  target  products such
as  ethylene  [219].  Furthermore,  the  series  stack  design,  through
cascade  reactions  or  multi-layer  stacking  structures,  has  further
improved  CO2 conversion  efficiency  and  energy  utilization,
providing essential technical support for the scalable application of
CO2RR.  In  the  following  sections,  we  will  separately  discuss  these
two  aspects:  How  optimization  of  gas  flow  field  design  enhances
CO2 mass transfer and reaction performance, and how series stack
configurations improve the overall efficiency and product selectivity
of CO2RR through integrated design. 

5.1    Design of gas flow field in MEA
The design of  the flow field affects  the flow patterns and diffusion
behavior of CO2, thereby impacting its mass transfer and the overall
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electrochemical  reduction  performance.  Currently,  three  primary
types  of  gas  flow  fields  are  commonly  utilized:  interdigitated,
serpentine,  and  parallel  flow  fields  [220].  Each  design  distinctly
affects  CO2 distribution,  pressure  differentials,  water  removal
capability,  and  electrolysis  stability  within  the  MEA.  Theoretical
simulations  by  Zhang  et  al.  [221]  have  demonstrated  that  the
parallel  flow  field,  characterized  by  the  lowest  pressure  differential
(0.3  Pa),  exhibits  weaker  CO2 transport  capabilities,  leading  to
uneven  CO2 distribution  and  potential  insufficiency.  However,  it
benefits  from  minimal  water  accumulation,  resulting  in  optimal
electrolysis  stability.  The  serpentine  flow field  presents  a  moderate
pressure  differential  (5.3  Pa),  ensuring  uniform  CO2 distribution
and  balanced  water  removal  and  accumulation  properties,
positioning  it  as  a  compromise  between  the  parallel  and
interdigitated designs. Conversely, the interdigitated flow field, with
the  highest  pressure  differential  (37.2  Pa),  offers  uniform  CO2
distribution  and  superior  water  removal  capabilities.  Nonetheless,
its  propensity  for  significant  water  accumulation  may  exacerbate
hydrogen  evolution  issues  at  high  current  densities,  adversely
affecting  electrolysis  performance.  Therefore,  selecting  or  tailoring
the  flow  field  design  based  on  its  inherent  characteristics  can
significantly  enhance  the  performance  of  CO2RR.  For  instance,
Shan  et  al.  [222]  improved  the  stability  of  the  MEA  reactor  by
applying  a  hydrophobic  coating  to  the  cathode  serpentine  flow
channels  (Fig.  9(a)),  increasing  the  surface  contact  angle  from
approximately  91°  to  about  123°.  This  modification  facilitates  the
expulsion  of  bicarbonate  droplets  before  they  dry  and  precipitate,

thereby  preventing  salt  deposition  in  the  gas  channels.  Further
studies  by Burdyny et  al.  [87]  highlight  that  the  parallel  flow field,
with  its  parallel  path  design,  features  low pressure  drops  and slow
gas  velocities,  substantially  increasing  the  residence  time  of  gases
within  the  reactor.  This  structural  attribute  allows  CO  to  linger
longer  on  the  Cu  catalyst  layer,  promoting  further  dimerization
reactions to yield more C2H4 products, such as ethylene. To achieve
a  similar  increase  in  CO  residence  time  within  a  serpentine  flow
field, Burdyny et al. found that reducing the gas flow rate effectively
extends  the  CO’s  presence  in  the  reactor.  The  synergistic  effect  of
the  serpentine  flow field  and  reduced  gas  velocity  more  efficiently
facilitates  CO  dimerization.  These  findings  provide  critical  design
insights  for  ethylene  production  via  MEA,  suggesting  that  future
optimizations  in  the  design  and  operational  conditions  of  MEA
cathode  gas  flow  channels  could  lead  to  enhanced  ethylene  yield
and selectivity. 

5.2    Electrolyzer cascading and stacking
The cascade reaction strategy has emerged as a promising method
to  enhance  the  overall  efficiency  of  CO2RR  to  ethylene.  This
strategy  involves  the  sequential  reduction  of  CO2 to  CO,  followed
by  the  conversion  of  CO to  ethylene,  leveraging  different  catalytic
sites to optimize each step of the reaction. For example, Ozden et al.
[223]  developed  a  cascade  approach  combining  a  solid  oxide
electrochemical  cell  (SOEC)  for  the  CO2RR  to  CO  and  a  high-
performance MEA system, which further converted CO to ethylene
(Fig. 9(b)). The method effectively avoids carbonate formation and

 

Figure 9    (a)  A  schematic  illustration  depicting  the  process  of  coating  the  cathode  flow  channels  using  parylene  (coloured  shading  represents  the  area  covered  with
parylene coating). Reproduced with permission from Ref. [222], © Hao, S. Y. et al. 2025. (b) Schematic illustration of the SOEC-MEA cascade approach for carbonate-
formation-free CO2-to-ethylene conversion. (c) Introducing additives to improve CO diffusion and stabilize *CO intermediates leads to enhanced ethylene selectivity and
activity. Reproduced with permission from Ref. [223], © Elsevier Inc. 2021. (d) The MEA stack contains 5 cells for CO2RR. Reproduced with permission from Ref. [172],
© American Chemical Society 2024.
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energy loss, resulting in superior overall performance and enhanced
feedstock utilization. In the study, the researchers first evaluated the
performance of CO2 conversion to CO in SOEC. When operated at
800 °C,  the  SOEC obtained a  FECO of  95% at  a  current  density  of
815  mA/cm2 and  a  CO2 flow  rate  of  20  sccm.  Based  on  this,  the
researchers designed a layered catalyst for MEA electrolyzers, which
was  composed  of  metal  Cu,  N-toluene-tetrahydro-bipyridine  (Py)
and  SSC  ionomer  (Cu/Py/SSC)  (Fig.  9(c)).  Among  them,  SSC
improved the diffusion of CO in the outer layer, while Py provided
more bound CO on the surface of Cu, which efficiently converted
CO to ethylene. In the complete SOEC-MEA cascade approach, the
researchers  successfully  achieved  a  FE  of  65%  for  ethylene  at
150 mA/cm2 and stable operation for 110 h, with no CO2 converted
to  carbonate  during  this  process,  indicating  that  this  cell  cascade
strategy  can  significantly  improve  the  performance  of  CO2RR  to
ethylene.  In  practical  research,  computational  modeling  plays  a
crucial role in deepening the understanding and optimization of the
ethylene  production  process  in  MEA  electrolyzers.  Traditional
direct CO2 electrolysis faces issues with carbonate byproducts, while
CO reduction can avoid this problem. Sinton et al. [224] established
a  CO2-to-CO-to-C2H4-MEA  system  and  conducted  systematic
simulations  of  the  CO-MEA  electrolyzer  using  multiphysics
modeling, revealing key pathways to reduce the energy intensity of
ethylene  production.  Calculations  indicate  that  optimizing  the
cathode  catalyst  (e.g.,  lowering  the  C2H4 activation  energy  to
<  40  kJ/mol),  using  ultrathin  anion  exchange  membranes
(<  25  μm),  improving  ion  exchange  capacity  (1.7–3.4  mmol/g),
enhancing  anode  activity  (>  56%  overpotential  reduction)  and
thickness  (100–400  μm),  and  optimizing  operation  (1–4  M KOH,
25–75  °C,  >  300  mA/cm2)  can  reduce  the  energy  intensity  of  the
CORR  to  ethylene  production  step  from  110  to  56.9  GJ/tonne,
providing quantitative guidance for the industrial design of cascade
systems.

While  MEA  is  a  favourable  option  in  various  types  of
electrolyzers,  it  is  worth  noting  that  traditional  MEAs  in  the
laboratory  need  to  be  scaled  up  to  meet  the  needs  of  industrial
applications  [60].  There  are  two  configurations  of  electrolyzer
stacking: parallel connection and series connection [216]. A parallel
connection connects the positive and negative terminals of multiple
electrolysis tanks separately when the voltage is consistent across all
electrolyzers and the current is distributed between electrolyzers. In
the  parallel  configuration,  the  electrolyzers  are  interconnected  to
ensure  an  even  distribution  of  gas  between  the  layers,  with  each
cathode  receiving  a  dedicated  CO2 supply.  On  the  other  hand,  a
series  connection  usually  implies  interconnecting  a  plurality  of
electrolyzers  in  sequence  so  that  the  current  is  the  same  in  each
electrolyzer and the voltage is  cumulative between electrolyzers.  In
the  series  connection  configuration,  the  whole  gas  flow  enters  the
first  layer,  while  the  exhaust  gas,  consisting  of  residual  CO2 and
reaction  products,  continues  to  the  subsequent  layers.  In  terms  of
electrochemical  equipment,  the  series  connection  show  higher
conversion  efficiencies  than  parallel  electrolyzers.  Zhu  et  al.  [172]
assembled a COF/PFSA catalyst into an MEA and achieved a high
FE  of  ethylene  more  than  70%  with  a  stable  operation  of  760  h.
Furthermore, an industrial current of 15 A was achieved in a large-
area MEA electrolyzer  and a  5-unit  MEA stack with a  continuous
ethylene  generation  rate  of  more  than  19  mL/min,  marking  an
important step in the industrial feasibility of the conversion of CO2
to ethylene (Fig. 9(d)). For larger-scale applications, Bao et al. [225]
synthesized a Cu nanoparticle catalyst (Cu-nc) enriched with grain

boundaries  (GB).  The  catalyst  exhibited  excellent  performance  in
experiments at  a 4 cm2 electrode, with FE of C2H4 above 40% at a
low cell voltage of (2.78 ± 0.01) V, CO conversion of (85±3)%, and
full-cell  energy  efficiency  of  over  32%.  Theoretical  calculations
showed  that  stronger  *CO  adsorption  and  lower  C–C  coupling
reaction energy on GBs improved the C2H4 selectivity. To verify the
feasibility  of  large-scale  electrolysis  of  CO  to  synthesize  C2H4
chemicals  using  Cu-nc  catalysts,  they  assembled  a  100  cm2 MEA
electrolysis cell. The cell voltage was stabilized at about −2.5 V and
the  FE  of  C2H4 was  maintained  at  about  40%  after  32  h  of
continuous testing at an applied total current of 100 A. They further
assembled  an  electrolyzer  stack  with  five  100  cm2 MEA
electrolyzers, and the FE of C2H4 could reach 35% at a total current
of 300 A and the highest C2H4 generation rate reached 1.2 L/min at
a  total  current  of  400  A,  highlighting  the  great  promise  of  CO
electrolysis  as  an  electrochemical  synthesis  of  C2H4 chemicals.
Despite the great potential of tandem CO2 electrolysis for practical
applications, there is a need to scale up the tandem CO2 electrolysis
technology  from  the  watt  scale  to  the  kilowatt  scale,  which  is
essential  for  its  commercialization.  Jiao  et  al.  [226]  developed  a
kilowatt-scale  two-step  tandem  CO2 electrolysis  system.  They
optimized  the  design  of  a  CO2-MEA  electrolyzer  and  a  CO-MEA
electrolyzer,  optimized  the  tri-serpentine  flow  field  to  reduce  the
pressure  drop,  improved  the  GDL  to  enhance  their  performance,
and then integrated the two. A 0.71 kW CO-MEA electrolyzer with
an area of 1000 cm2 and a 0.40 kW CO2-MEA electrolyzer with an
area of 500 cm2 were successfully constructed. The system achieved
a FE of over 35% for C2H4 at −2.25 V and operated stably for 200 h. 

6    Summary and outlook
This  review systematically  summarizes  the  latest  research  progress
on  copper-based  catalysts  for  the  CO2RR  to  C2H4 in  MEAs.  We
first  outline  the  reaction  pathways  for  ethylene  generation  and
elucidate  the  importance  of  intermediate  adsorption  regulation  in
steering  the  ethylene  formation  pathway  within  MEAs.  Next,  we
delve into the design strategies of copper-based catalysts in MEAs,
focusing  on  optimization  methods  to  enhance  ethylene  FE.
Additionally,  we  analyze  the  impact  of  MEA  components  and
operational  conditions  on  ethylene  performance,  including  ion-
exchange membranes, electrolytes, GDE design, water management
strategies,  and  voltage  regulation.  Finally,  we  discuss  the  key
elements  of  MEA  device  design,  particularly  the  influence  of  gas
flow  field  configurations,  MEA  stacking  methods,  and  reactor
integration on ethylene production performance.

Although  current  research  primarily  focuses  on  catalyst  design
strategies  and  reaction  mechanisms,  significant  challenges  remain
in  practical  applications.  Existing  catalyst  modulation  strategies,
such as morphology control, crystal structure modification, element
doping, and material compositing, have improved catalytic activity
and ethylene selectivity to some extent.  However,  studies on long-
term  stability  under  industrial  conditions  are  still  insufficient.
Therefore,  further  research  is  needed  to  investigate  mechanisms
such  as  catalyst  poisoning,  salt  deposition,  and  structural
degradation  to  address  stability  issues.  Moreover,  future  studies
should integrate in situ characterization techniques and theoretical
calculations  to  deeply  uncover  the  dynamic  interactions  between
catalyst  active  sites  and  the  reaction  microenvironment  within
MEAs.  Simultaneously,  optimizing  MEA  device  design  and
operational  conditions  is  crucial  for  achieving  efficient,  stable,  and
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scalable  CO2RR  to  C2H4 technologies.  Through  these  efforts,  the
advancement  of  CO2RR  to  C2H4 technology  toward  industrial
application can be anticipated. 
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