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High-Rate and Selective CO, Electrolysis to Ethylene via
Metal-Organic-Framework-Augmented CO, Availability

Dae-Hyun Nam, Osama Shekhah, Adnan Ozden, Christopher McCallum, Fengwang Li,
Xue Wang, Yanwei Lum, Taemin Lee, Jun Li, Joshua Wicks, Andrew Johnston, David Sinton,*

Mohamed Eddaoudi,* and Edward H. Sargent*

High-rate conversion of carbon dioxide (CO,) to ethylene (C;H,) in the CO,
reduction reaction (CO,RR) requires fine control over the phase boundary of
the gas diffusion electrode (GDE) to overcome the limit of CO, solubility in
aqueous electrolytes. Here, a metal-organic framework (MOF)-functionalized
GDE design is presented, based on a catalysts:MOFs:hydrophobic substrate
materials layered architecture, that leads to high-rate and selective C;H,
production in flow cells and membrane electrode assembly (MEA) electro-
lyzers. It is found that using electroanalysis and operando X-ray absorption
spectroscopy (XAS), MOF-induced organic layers in GDEs augment the local
CO, concentration near the active sites of the Cu catalysts. MOFs with dif-
ferent CO, adsorption abilities are used, and the stacking ordering of MOFs
in the GDE is varied. While sputtering Cu on poly(tetrafluoroethylene) (PTFE)
(Cu/PTFE) exhibits 43% C,H, Faradaic efficiency (FE) at a current density of
200 mA cm™2 in a flow cell, 49% C,H, FE at 1 A cm2 is achieved on MOF-
augmented GDEs in CO,RR. MOF-augmented GDEs are further evaluated in
an MEA electrolyzer, achieving a C,H, partial current density of 220 mA cm™2
for CO,RR and 121 mA cm™ for the carbon monoxide reduction reaction
(CORR), representing 2.7-fold and 15-fold improvement in C;H, production
rate, compared to those obtained on bare Cu/PTFE.

1. Introduction

tivity. To achieve economically compelling
CO,RR, technoeconomic analysis (TEA)
highlights the pressing need for industri-
ally relevant productivity (>200 mA cm™2)
and energy efficiency (>50%) for CO,
to ethylene (C,H4) conversion.**l This
emphasizes the importance of high selec-
tivity, high energy efficiency, and high
product yield." There exists an urgent
need to find electrocatalysts and reactors
enabling to produce a specific chemical
efficiently at a low cost.

Understanding the CO,RR electro-
lyzer is crucial for this purpose. In an
H-cell, CO, is bubbled into the electro-
lyte and the low CO, solubility limits the
production rates of C,H, to several tens
of mA cm™2 in CO,RR.1 In the flow cell,
where catholyte, anolyte, and CO, flow
independently in separate chambers,
CO, gas is supplied from the backside of
a porous gas diffusion electrode (GDE),
overcoming the mass transport limita-
tion and achieving C,H, productivities
of >100 mA cm2 Membrane electrode

Electrochemical carbon dioxide reduction reaction (CO,RR),
powered by renewable electricity, is a promising route to
achieve net-zero emissions for the production of chemicals and
fuels.'3l Due to the similar thermodynamic reductive potential
range for chemical formation in CO,RR, C; and C, chemicals
are usually generated simultaneously, resulting in poor selec-

assembly (MEA) electrolyzers are newly emerging systems,
where cathode:membrane:anode are stacked together to mini-
mize ohmic loss.[1213]

Electrocatalysts are deployed typically on hydrophobic
and porous substrates to form GDEs. The design of GDEs is
important to achieve efficient transport of CO, to the local reac-
tion environment."!3 Three mass transport regions, which
include the electrolyte phase reaction (bulk reaction), reaction
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at double-phase boundary of catalyst—electrolyte (DPB, surface
reaction), and reaction at triple phase region of catalyst—elec-
trolyte—gas (TPR, triple phase region) can affect the CO,RR
of GDEs according to current density and pore size.'®"] For
example, ionomer as gas transport channel for active site is
required for efficient electroreduction of carbon monoxide
(CORR) at GDE because of poor CO solubility in aqueous elec-
trolyte. For CO,RR, achieving a strict control on the local CO,
availability, i.e., through CO,-absorbing porous materials placed
underneath the catalyst layer, could be key to suppress the com-
peting hydrogen evolution reaction (HER) and achieve high
reaction rates in CO,-to-C,H, conversion.

In the last three decades, metal-organic frameworks
(MOFs) as a new crystalline porous material have emerged and
gained remarkable attention in light of their unique proper-
ties. MOFs, constructed from metal-containing nodes linked
by organic ligand bridges, have well-defined crystallographic
and geometric microporous structures.'® MOFs are designed,
synthesized, and tuned using various approaches, enabling
facile optimization of their pore structures and surface func-
tions making them versatile. Recently, due to the higher CO,
storage capacity of MOFs—based on physical adsorption—rela-
tive to traditional porous materials, MOFs are one of the widely
used porous materials in carbon capture technologies.!'’)

Many MOFs are applied to selectively adsorb gases ben-
efiting from the molecular sieving effect, suggesting only the
molecules with suitable pore kinetic diameters pass through
the pores. This gas-selective diffusion is also driven by the dif-
ferences in affinities/interactions among the frameworks and
the targeted probe molecules, where the structure and chemical
functionality of the pores are variable on the length of organic
linkers, functionalization, and integration of coordinative unsat-
urated metal sites, etc. Recently, we have successfully deployed
a molecular-building-block approach and isoreticular chemistry
to synthesize various analogs of special class of fluorinated
MOFs. These MOFs include [M}(M?F,),(L),], family, which is
based on diverse organic ligands (L) like pyrazine, metal nodes
(MY like Cu?*, and pillars (M?F,) like SiF¢%. Many of these
fluorinated MOFs have shown exceptional properties for CO,
capture and separation.[?9-23 Their excellent gas separation per-
formance is associated with their crystal structures consisting
of square lattice layers (sql) of metal nodes and organic linkers.
These layers are pillared by fluorinated anions that generate
a 3D coordination framework with a primitive cubic (pcu)
topology and the resultant MOF exhibits uniformly distributed
adsorption energetics sites. Isoreticular chemistry enables us to
alter the structural pore-aperture size by controlling the length
and functional groups of organic linkers along with the natures
of both the metal nodes and the pillars.?! These MOFs can be
easily tuned to enhance the adsorption energetics and hence
achieve high CO, uptake and selectivity even at very low partial
pressures relevant to air capture.

Recently, we studied the size effect of pore-aperture on gas
separation by studying adsorption properties of MOFs.? We
discovered a new gas-separation concept based on kinetics
and thermodynamics that leads to selective CO, adsorption 24
These materials perform better at CO, adsorption since the
physisorption mechanism of the adsorbents requires much
lower regeneration energy. Accordingly, we postulate that this
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MOF platform’s ability to selectively adsorb CO, makes it an
excellent candidate to be employed as an underlayer to precon-
centrate CO, in the local reaction environment and eventually
achieve high CO,RR productivities.

In this work, we focus on harnessing MOFs in GDE to
maintain high CO, concentration near the catalytically active
sites, and thereby achieve high-rate and selective CO,RR. We
investigated the effect of MOF-augmented GDE on the exten-
sion of current density range for selective C,H, production.
We investigated two types of Cu-based MOFs (HKUST-1 and
SIFSIX-Cu-3) with different CO, gas adsorption affinity and
capacity. Operando X-ray absorption spectroscopy (XAS) study
enabled investigation of the MOF stability during CO,RR. We
successfully verified the effect of MOF layer on enhancing
C,H, productivity of CO,RR in flow cell and CO,RR/CORR in
MEA electrolyzer systems.

In previous reports, CO,RR studies of Cu-based MOFs
applied MOFs as active materials and as templates to fabricate
porous carbon with Cu species. In Cu-based MOFs used as
active materials, previous reports focused on Cu reconstruction
in MOFs and resultant control over selectivity to methane (CH,)
and C,H,.”>?’ For CO,RR using a GDE in a flow cell, nano-
structured Cu with controlled size, shape, and oxide-derived
Cu strategies were investigated.2*3l Cu alloys and molecu-
larly enhanced Cu increased selectivity to C,H 24361 Recently,
studies of GDE structures including hybrids with a polymer
layer, ionomers, and PTFE, have been reported to enhance
CO, mass transport.*3738 To enhance CO,RR stability, MEA
electrolyzers have received recent attention, and strategies
for Cu active materials design have focused on C,H, produc-
tion.123942 To the best of our knowledge, MOF-augmented
GDEs that enable CO,RR at high current density represent a
new topic for investigation:*>* we explored whether MOF-
induced local CO, concentration control can enhance CO,
availability and thus aid in achieving high-rate C,, product for-
mation and overcoming mass transport limitations in CO,RR.

2. Results and Discussion

We fabricated MOF-sandwiched multilayer GDEs by forming
a highly porous and continuous MOF layer between Cu active
materials and hydrophobic poly(tetrafluoroethylene) (PTFE).
In contrast with carbon paper-based GDEs, PTFE prevents
flooding of the electrolyte and electrowetting. Since HER dom-
inates following flooding, it is desirable to maintain hydropho-
bicity during CO,RR.#4] This GDE design enabled us to
study the role of MOF in the preconcentration of CO, near the
catalytically active sites. In the flow cell, catholyte and anolyte
are circulated in independent compartments, and CO, gas is
supplied to the active materials from the backside of the GDE
(Figure 1a). In our GDE configuration, CO, gas directly flows
from the back side of the PTFE through the MOF underlayer to
reach the catalytically active sites (Figure 1b). The MOFs were
deposited on the PTFE substrate, and Cu layer with 300 nm
thickness was sputtered on top of the MOF layer for CO,RR
at the flow cell (Figure 1c). If the Cu thickness is too thin, the
electrical conduction is hindered by the rough surface of the
MOF layer on polymer-based PTFE. If the Cu is too thick,
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Figure 1. Fabrication of MOF-augmented GDE for electrochemical CO,RR. a) Components of the flow cell for CO,RR. b) Cross-sectional schematic
diagram of bare GDE (Cu/PTFE) and MOF-augmented GDE (Cu/MOF/PTFE) during CO,RR in the flow cell. ¢) Schematic of MOF-augmented GDE
components (C/Cu/MOF/PTFE). d) Structures of HKUST-1 and SIFSIX-3-Cu MOFs for capturing the CO, in the cathode. e-h) SEM images of PTFE
(e), the MOF layer (f), sputtered Cu (g), and carbon black (h), which show surface morphology according to the electrode fabrication step.

it will be difficult to apply the MOF underlayer effect to the
CO,RR of sputtered Cu. We then deposited a carbon (C) layer
by spray coating carbon black powder-dispersed ink onto the
Cu layer of the GDE to perform the role of current collector.[*’]
The thickness of C layer was =7 um (Figure S1, Supporting

Information).
We used two types of MOFs as HKUST-1 (Figure S2,
Supporting  Information),”>*  namely ~ Cuj(btc),.xH,0

(btc = benzene-1,3,5-tricarboxylate) with moderate CO, affinity
and SIFSIX-3-Cu (Figure S3 and S4, Supporting Information)2%l
which has a higher affinity and can selectively adsorb and store
CO, in its pores (Figure 1d). To optimize the coordinatively
unsaturated open metal sites in the secondary building unit
(SBU), the synthesized MOF was dehydrated by thermal treat-
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ment.)] The activation temperatures were chosen according to
thermogravimetric analysis (TGA) of the MOFs.[?%2l Because
abrupt thermal decomposition of HKUST-1 initiates at 300 °C,
we calcined HKUST-1 at 250 °C for 3 h and sought to preserve
the structural integrity of HKUST-1 during dehydration and
carboxylate group decoupling near Cu dimer.?’! SIFSIX-3-Cu
was activated by thermal treatment at 100 °C for 1 h. Plane-
view scanning electron microscopy (SEM) images revealed
the successful deposition of each layer (Figure le-h). Thus, in
such a GDE, gaseous CO, transports to the catalytically active
sites through the CO,-selective MOF underlayer. In the carbon
layer/sputtered Cu/PTFE (C/Cu/PTFE) GDE, we found that Cu
was sputtered on the PTFE homogeneously and continuously
covered the fibers (Figure S5, Supporting Information).
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Figure 2. Electrochemical CO,RR of MOF-augmented GDE in the flow cell. a) Comparison of C,H, and H, product selectivities of Cu/PTFE, C/Cu/PTFE,
and C/Cu/HKUST-1/PTFE according to the current density in 1 m KOH electrolyte. b,c) Effect of MOF type on the CO,RR of MOF-augmented GDE
electrode in 1 M KOH electrolyte: b) C/Cu/HKUST-1/PTFE (MOF amount: 0.6 mg cm~2), and c) C/Cu/SIFSIX-3-Cu/PTFE (MOF amount: 0.3 mg cm™2).

Maintaining the original structures of the MOFs during the
GDE fabrication is essential to utilize selective gas permeability
of MOFs for CO,RR. We investigated the crystallinity of the
MOF-augmented GDE using X-ray diffraction (XRD) analysis
to track the MOF stability (Figure S6, Supporting Informa-
tion). Sputtered Cu exhibited Cu (111) and (200) crystalline
peaks at 43.6° and 50.7°. We also found XRD peaks for (220)
and (222) of HKUST-1 at 9.6° and 11.8° in Cu/HKUST-1/PTFE.
This reveals the preservation of MOFs during the deposition
of Cu catalyst and C adlayer. Grain-incidence wide-angle X-ray
scattering (GIWAXS) also shows the uniform alignment of
HKUST-1 on the PTFE substrate upon deposition of Cu catalyst
and C adlayer (Figure S7, Supporting Information). SIFSIX-
3-Cu-augmented GDE was fabricated in the same way with
HKUST-1-augmented GDE.

To investigate the effect of MOF on underlayer-augmented
local CO, concentration, we compared the CO,RR perfor-
mances of Cu/PTFE, C/Cu/PTFE, and C/Cu/MOF/PTFE
at various current densities in a flow cell (Figure 2). On Cu/
PTFE, C,H, Faradaic efficiency (FE) with a peak value of 43%
was obtained at —0.84 V (vs RHE) with a current density of
200 mA cm™2 (Figure 2a, Figure S8a, Supporting Informa-
tion). As the current density increased to 400 mA cm~2, C,H,
FE decreased to 31% and H, FE increased to 15% (H, FE at
200 mA cm™ = 76%), indicating that the conventional GDEs
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suffer from lack of CO, availability even at a moderate reaction
rate (200 mA cm™2).*18 The C,H, partial current density was
capped at around 122 mA cm™.

When the carbon adlayer composed of carbon black and
perfluorosulfonic (PFSA) acid ionomer (Nafion) was deposited
on the Cu/PTFE, C,H, FE at 400 mA cm? increased to 44%
whereas C,H, FE on Cu/PTFE decreased to 30%. C,H, FE on
C/Cu/PTFE increased from 36% to 48% and C,H, partial cur-
rent density reached 241 mA cm™ when the current density
increased from 300 to 500 mA cm™. At the current density of
600 mA cm™2, C,H, FE decreased to 43% and H, FE increased
to 17%. Enhanced CO FE at a lower potential range is attrib-
uted to the carbon adlayer, and the generated *CO was fur-
ther reduced to C,H, with the increase of applied potential
(Figure S8b, Supporting Information).**! Furthermore, the
PFSA ionomer has extra channels, through which CO, gas
transports to the catalytically active sites."! The PFSA-ionomer
augmented CO, availability in C/Cu/PTFE extends the current
density range for C,H, formation compared to Cu/PTFE, con-
sistent with our previous work.[

We noted a dramatic increase in the C,H, partial current
density when calcined-HKUST-1 is sandwiched between the
sputtered Cu and PTFE (Figure 2a). Unlike GDEs without MOF
layer, the C,H, FE increased from 43% to 51% as the current
density increased from 400 to 525 mA cm™? with an H, FE of
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only 5% in the C/Cu/HKUST-1/PTFE (MOF mass loading =
0.6 mg cm™%). The GDE maintained C,H, FEs above 48% up
to a current density of 1 A cm™ at —1.3 V (vs RHE) with a C,H,
partial current density of 491 mA cm™2. Nearly 2-fold enhance-
ment of C,H, production rate on C/Cu/HKUST-1/PTFE com-
pared to C/Cu/PTFE shows the merit of improved local CO,
concentration for facilitating high-rate CO,RR.% When as-
synthesized HKUST-1 was placed between sputtered Cu and
PTFE, the C,H, production rate degraded as the current density
increased over 200 mA cm™2, and the C,H, FE was below 25%
at 400 mA cm™2 (Figure S8c, Supporting Information). This can
be explained by increased HER obtained using as-synthesized
HKUST-1.2l This reveals that HKUST-1—MOF underlayer—
boosts the production rates toward C,H, by leveraging the
locally improved CO, availability.

We studied the effect of mass loading of MOF underlayer on
the C,H, selectivity under different current densities (Figure 2b,
Figure S9a and S9b, Supporting Information). When the mass
loading of HKUST-1 was 0.3 mg cm™2, we noted a CO,RR
gaseous product distribution similar to that of C/Cu/PTFE
(Figure S9a, Supporting Information). However, when the mass
loading of MOF was 0.6 mg cm™2, we observed the extension
of the current density to 1 A cm™2 for stable C,H, production
(Figure 2b). Compared to Cu/PTFE, C/Cu/PTFE, and C/Cu/
HKUST-1 (0.3 mg cm™2)/PTFE, we noted a promoted CO FE of
30% at 200 mA cm™ on C/Cu/HKUST-1 (0.6 mg cm~2)/PTFE.
Promoted CO production, for C-C coupling, could be attributed
to the increased CO, captured by MOF underlayer. When the
MOF amount is increased to 1.2 mg cm™2, we obtained a C,H,
FE of 33%, albeit with the H, FE remained at 10% at a current
density of 800 mA cm™ (Figure S9b, Supporting Information).
In MOF mass loading of 1.2 mg cm™2, the MOF amount is too
high for efficient CO, mass transport.

To understand the correlation between the MOF’s CO,
storage/diffusion capability, mass loading, and catalytic activity,
we substituted a MOF with higher CO, affinity (SIFSIX-3-Cu) for
HKUST-1 and investigated the CO,RR performance of SIFSIX-
3-Cu augmented GDE.?Y It was reported that CO, capacity of
SIFSIX-3-Cu was 2.4 mmol g™, whereas HKUST-1 exhibited
CO, capacity of 0.3 mmol g% When the mass loading of
SIFSIX-3-Cu was 0.3 mg cm™2, C,H, FE maintained over 50%
up to a current density of 900 mA cm™ at —1.3 V (vs RHE)
(Figure 2c). Despite lower MOF content compared to HKUST-1
case, gaseous CO,RR product distribution of C/Cu/SIFSIX-
3-Cu (0.3 mg cm™2)/PTFE was similar to that of C/Cu/HKUST-1
(0.6 mg cm™?)/PTFE (Figure 2b,c). The correlation between the
CO,RR activity and MOF’s CO, storage capability/mass loading
supports the hypothesis of controlling local CO, concentration
by augmenting MOFs in GDE. Also, we may expect that CO FE
increase at high current density region in both C/Cu/HKUST-1/
PTFE and C/Cu/SIFSIX-3-Cu/PTFE is related to the increased
local CO, concentration by MOFs and CO,RR at DPB, TPR.
This can be an interesting topic for future study.

We investigated the geometrical aspect of MOF layer in the
GDEs by changing its position and uniformity. We began by
forming an adlayer of HKUST-1 (0.6 mg cm™2) on Cu/PTFE
and achieved a C,H, FE of 56% at 400 mA cm (Figure S9c,
Supporting Information). However, H, FE also increased from
11% to 20%. This might be due to the instability of HKUST-1
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when it directly contacts the flowing catholyte in the flow
cell.P?l We also sought to form an adlayer composed of carbon
black and HKUST-1 mixture on Cu/PTFE. This resulted in a
poor C,H, FE of 34% and a high H, FE of 33% at 500 mA cm™?
(Figure S9d, Supporting Information). We found that a nonuni-
form MOF layer is formed when we deposit carbon black and
HKUST-1 simultaneously (Figure S10, Supporting Informa-
tion). This nonuniform MOF layer did not provide the needed
consistently high local CO, concentration to achieve high cur-
rent density CO,RR. Taken together, these results suggest that
the hierarchy and uniformity of MOF in a GDE are critical to
achieving high-rate CO,-to-C,H, conversion.

We then showcased the concept of MOF-augmented CO,
availability in a catholyte-free, zero-gap MEA electrolyzer (Figure
3).1213] This includes an iridium oxide-supported titanium mesh
(IrO,-Ti) as the anode, an anion exchange membrane, and a
GDE with the MOF (HKUST-1, SIFSIX-3-Cu) of interest as the
cathode electrode. We operated the MEA electrolyzer under
ambient temperature and pressure. In CO,RR, humidified
CO, gas was supplied from the back side of the GDE, whereas
0.1 v KHCOj3 was circulated in the anodic chamber (Figure 3a).
Recently, it was reported that the protons C,H, are supplied by
the aqueous anolyte; and that water in humidified CO, increases
water activity and affects the GDE microenvironment, providing
enhanced CO,RR kinetics.*?l We studied the effect of MOF layer
(mass loading = 0.6 mg cm™) by varying the MOF position
(overlayer or underlayer) in GDE according to 165 nm sputtered
Cu since the micro-environment in MEA electrolyzer could be
very different from the flow cell during CO,RR (Figure 3b).

We began with investigating the CO,RR performance of
unmodified Cu/PTFE (Figure 3c). The performance was inves-
tigated by gaseous products in CO,RR of MEA electrolyzers. We
noted a gradual decrease in CO FE from 74% to 17% and a gradual
increase in C,H, FE from 11% to 43% with the full-cell potential
increasing from -3 to —3.8 V. At —3.8 V, the system delivered a
peak C,H, FE of 42% at a total current density of 175 mA cm™.
We then sought to modify the surface of the Cu/PTFE with an
adlayer composed of carbon black and PFSA ionomer—a strategy
to improve the C,H, productivities at the expense of increasing
applied potential.'>#] We observed a peak C,H, FE of 54% at a
total current density of 400 mA cm™ and at a full-cell potential of
—4.0 V (Figure 3d, Figure S11, Supporting Information).

We further studied the effect of MOF layer by varying its
hierarchical order with respect to Cu catalyst in the GDE. In the
C/Cu/HKUST-1/PTFE, a peak C,H, FE of 54% was achieved at
a total current density of 255 mA cm™ and a full-cell potential
of —3.8 V (Figure 3e). Herein, we note that the full-cell poten-
tial required to achieve peak C,H, FE on C/Cu/HKUST-1/
PTFE was lower than that on C/Cu/PTFE. On C/Cu/SIFSIX-
3-Cu/PTFE, the peak C,H, FE was below 50% (Figure 3f).
When the MOF layer was used as the adlayer, increased C,H,
FE was observed at higher full cell potentials compared to Cu/
PTFE and C/Cu/PTFE. On C/HKUST-1/Cu/PTFE, we noted a
gradual increase in C,H, FE as the full-cell potential increased
to —4.1 V. At —4.2 V, C/HKUST-1/Cu/PTFE exhibited a C,H, FE
of 52%, while the C,H, FE decreased to 45% at —4.2 V in C/
Cu/PTFE (Figure 3g). C/SIFSIX-3-Cu/Cu/PTFE—compared to
C/Cu/SIFSIX-3-Cu/PTFE—showed higher C,H, FEs in a wider
range of full-cell potentials from —3.4 to —3.8 V (Figure 3h).
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Figure 3. Electrochemical CO,RR of MOF-augmented GDE in a zero-gap, catholyte-free MEA electrolyzer. a) Components of the CO,RR MEA electro-
lyzer. b) Cross-sectional schematic diagram of C/Cu/PTFE, C/Cu/MOF/PTFE, C/MOF/Cu/PTFE which shows the difference in MOF layer position.
c—h) CO,RR FEs in MEA electrolyzer with 0.1 m KHCO; anolyte according to GDE structure: c¢) Cu/PTFE, d) C/Cu/PTFE, e) C/Cu/HKUST-1/PTFE,
f) C/Cu/SIFSIX-3-Cu/PTFE, g) C/HKUST-1/Cu/PTFE, and h) C/SIFSIX-3-Cu/Cu/PTFE.

To investigate the CO,RR activities of GDEs in the MEA
electrolyzer, partial current densities of H, (i), CO (Jco), and
C,H, (Joan4) were compared according to the type of GDEs
(Figure 4, Figure S12, Supporting Information). In the Cu/
PTFE, as the full-cell potential increased over —3.6 V, we noted
a rapid increase of [y, and decrease of Jco. A peak Jcop of
80 mA cm~2 was achieved on Cu/PTFE at —3.9 V (Figure 4a—).
Although C/Cu/PTFE promoted the C,H, production with
Jcana of 231 mA cm™ at —4.1 V, a rapid increase of J;, was
observed as the potential increased over —3.9 V. As the poten-
tial reached —4.2 V, Jeo4 decreased to 220 mA cm™ because
of elevated HER. Among various GDEs, C/HKUST-1/Cu/PTFE
exhibited the lowest Jy, at —3.8 V and the highest [y, of C/
HKUST-1/Cu/PTFE was only 58 mA cm™ at —4.3 V. In com-
parison, [y, of C/Cu/PTFE was 88 mA cm™ at —4.2 V. Jeous
of 220 mA cm™? was obtained at —4.3 V on C/HKUST-1/Cu/
PTFE—this represents a 2.7-fold improvement in C,H, pro-
duction rate compared to that of Cu/PTFE (Figure 4c). This is
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correlated with the highest Jco of C/HKUST-1/Cu/PTFE due to
the numerous CO population and promoted *CO dimerization
in the high-current-density region. Comparing partial current
densities according to the MOF type and position in the MEA
electrolyzer, we found that MOFs placed on the sputtered Cu/
PTFE were able to suppress the HER and enabled the highest
C,H, production rate (Figure S13, Supporting Information).

The working principle of CO,RR in MEA electrolyzers is
similar to that in flow cell: the MOF layer improves CO, avail-
ability near the catalytic active sites and hence improves C,H,
production. Interestingly, when used as the overlayer, the MOF
enables higher C,H, production compared to the case where
it is used as the underlayer in MEA electrolyzer. This trend is
opposite to that observed in alkaline flow cells and may origi-
nate from the microenvironment differences between the flow
cells and MEA electrolyzers, i.e., the absence of electrolyte,
water vapor, and CO, supply from the backside of GDE, and
site difference where CO,RR occurs in GDE.
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Figure 4. Partial current densities of CO,RR and CORR versus full cell potential according to GDE structure in an MEA electrolyzer; CO,RR partial cur-
rent density comparison between bare GDE and MOF-augmented GDE. a—c) Partial current densities of H, (a) CO (b), C,H, (c) in MEA electrolyzer
with 0.1 M KHCO; anolyte, and d) CORR partial current densities of C,H, in MEA electrolyzer with 3 M KOH anolyte. e) CO,RR stability of C/HKUST-1/

Cu/PTFE in MEA electrolyzer with 0.1 m KHCOj3 anolyte.

We further extended the application of MOF-augmented
GDEs to CORR in MEA electrolyzers with 3 M KOH anolyte
(Figure 4d, Figure S14, Supporting Information). In the Cu/
PTFE, H, was a major CORR product and H, FE kept increasing
from 37% to 63% as the full cell potential increased to —2.5 V
(Figure S14a, Supporting Information). C,H, FE of Cu/PTFE
was lower than 17%. However, in the C/HKUST-1/Cu/PTFE,
major CORR product was C,H, with the maximum FE of
41% and H, FE was lower than 20% until —2.7 V (Figure S14b,
Supporting Information). While Jc,p, of Cu/PTFE was lim-
ited to 8 mA cm™? at —2.4 V, C/HKUST-1/Cu/PTFE exhibited
121 mA cm™ as a maximum Jcyyy at —2.7 V (Figure 4d). This
reveals that MOF-augmented GDEs with ionomer improve the
C,H, production rate by a factor of 15 compared to bare GDE.
Higher enhancement of C,H, productivity in CORR compared
to CO,RR might be related to the difference in gas solubility
(CO, solubility at 1073 M anion concentration: 34 x 107 m, CO
solubility at 1073 m anion concentration: 0.95 x 10~% m). This
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shows that the effect of MOF-augmented GDEs is dominant in
the DPB reactions where gas solubility in the electrolyte is low.

The Main CO,RR products of MOF-augmented GDEs were
gas phase (H,, CO, CH,, and C,H,), and we focused on ana-
lyzing gas products in this work (Figure 2, Figure 3). To identify
the overall CO,RR products of C/HKUST-1/Cu/PTFE in MEA
electrolyzer, we analyzed liquid products with extra experi-
ments and samples during CO,RR with the electrolyte of 0.1 m
KHCOj; and 1 m KOH. We confirmed that formate, acetate, eth-
anol, and n-propanol are formed during CO,RR (Figure S15a
and S15b, Supporting Information). We investigated the effect
of electrolyte pH by comparing CO,RR performances of C/
HKUST-1/Cu/PTFE in MEA electrolyzers according to the type
of electrolyte such as 1 M KOH for alkaline and 0.1 m KHCO;
for neutral (Figure S15, Supporting Information). As the poten-
tial increased for high current density, CO FE decreased, and
C,H, FE increased by the dimerization of *CO in both cases.
When we compared the energy efficiency for ethylene and C,,
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Figure 5. Operando XAS as a function of CO,RR duration. The operando XAS measurements provide insights into the stability of MOF during CO,RR.
a—c) Comparison of operando Cu-K EXAFS of C/Cu/PTFE (a) and b,c) C/Cu/HKUST-1/PTFE with 0.3 mg cm? (b) and 0.6 mg cm™2 (c) HKUST-1 at a
constant CO,RR current density of 300 mA cm~2. d—f) 3D contour maps of operando EXAFS tracks the changes in Cu-O bonding and Cu-Cu bonding
during the reaction time of 0-160 s: d) C/Cu/PTFE and e,f) C/Cu/HKUST-1/PTFE with 0.3 mg cm™2 (e) and 0.6 mg cm™? (f) HKUST-1.

products, CO,RR of C/HKUST-1/Cu/PTFE at 1 m KOH exhib-
ited higher energy efficiency compared to CO,RR at 0.1 m
KHCO; (Figure S15c and S15d, Supporting Information).
Although alkaline electrolytes (KOH) promote the C, product
formation, reaction with CO, and hydroxide ion (OH") makes
carbonate (CO;%>7).1*033 This carbonate formation lowers single-
path conversion of CO, and induces CO, input loss. CO,RR
under neutral electrolyte (KHCO3) can mitigate this carbonate
formation. Despite the improved CO,RR activity at lower full
cell potentials (higher energy efficiency toward ethylene and
C,, products) in alkaline electrolytes, we sought to use neutral
electrolytes (0.1 M KHCO3) to mitigate carbonate formation and
stable CO,RR.

The CO,RR stability of C/HKUST-1/Cu/PTFE was investi-
gated in MEA electrolyzer with 0.1 M KHCOj; anolyte (Figure 4e).
At the current density of 250 mA cm™2, C/HKUST-1/Cu/PTFE
exhibited superior C,H, production with FE over 50% for 65 h.
We further measured FEs for C,, products including ethylene,
acetate, ethanol, and n-propanol by analyzing liquid products
according to reaction time. Total FEs for C,, products were
maintained at over 70% for 59 h.

We investigated the stability of MOFs during CO,RR
(Figure 5). We implemented operando XAS analysis of Cu
K-edge to track the status of Cu atoms in HKUST-1 during
electrochemical reaction. SBU of HKUST-1 is composed of
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paddle-wheel structured Cu dimer where Cu atoms are coordi-
nated with oxygen (Figure S2, Supporting Information). Thus,
studying the Cu K-edge provides information about HKUST-
1.5 Figure 5 shows the operando extended X-ray absorption
fine structure (EXAFS) during CO,RR at a current density of
300 mA cm™ in 1 M KOH electrolyte. Due to Cu reconstruc-
tion under reductive potential range of CO,RR, we detected
an increase in the Cu—Cu coordination number (CN) in Cu/
PTFE with increasing time of CO,RR (Figure 5a).l2>264 With
the HKUST-1 mass loading of 0.3 and 0.6 mg cm™2, Cu~Cu CN
of C/Cu/HKUST-1/PTFE before CO,RR was lower than that of
C/Cu/PTFE due to the contribution of Cu atoms in both sput-
tered Cu and Cu dimers in HKUST-1 (Figure 5b,c).

We compared the operando EXAFS spectra for Cu K edge
during CO,RR (Figure 5d-f). Before CO,RR, Cu-O CN of
C/Cu/HKUST-1/PTFE was higher and Cu—Cu CN was lower
than those of C/Cu/PTFE, due to the oxygen-coordinated Cu
single atoms in the SBU of HKUST-1 (Figure S2, Supporting
Information).”” During CO,RR, Cu-Cu CN increased and
Cu-O CN decreased, likely due to the reconstruction of the Cu
catalyst under reductive potential and the formation of Cu clus-
ters from Cu dimer in HKUST-1.°) When the mass loading of
HKUST-1 was increased to 0.6 mg cm 2, Cu—Cu CN was main-
tained low until 60 s and then rapidly increased. We found that
higher loading of HKUST-1 induces a slower increasing rate
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of Cu—Cu CN because it takes more time for reconstruction of
Cu dimer at higher mass loading of MOFs. This phenomenon
was confirmed by operando X-ray absorption near edge struc-
ture (XANES) comparison between C/Cu/PTFE and C/Cu/
HKUST-1/PTFE (Figure S16, Supporting Information). XRD
of C/Cu/HKUST-1 (0.6 mg cm~2)/PTFE supports the recon-
struction of HKUST-1 (Figure S17, Supporting Information).
When we analyzed XRD of C/HKUST-1/Cu/PTFE, we found
a decrease of (220) and (222) XRD peaks for HKUST-1 after
CORR in the flow cell with 3 M KOH (Figure S18, Supporting
Information). This reveals that Cu reconstruction in MOFs
can be induced by not only CO,RR, but also CORR. Therefore,
MOF-induced organic layers, formed by the reconstruction of
Cu in SBU, contribute to the CO, adsorption and the control
of local CO, concentration, which enables high current density
CO,RR in MOF-augmented GDEs.

To investigate the role of MOF underlayer with other
metal-based MOFs, we synthesized ZIF-8 with Zn centers
(Figure S19, Supporting Information). When we investigated
the CO,RR of ZIF-8 on carbon paper, formate (HCOO™) was
the main product. As the current density increased from 200
to 600 mA cm™2, H, FE increased from 5 to 8%, and HCOO~
FE decreased from 81 to 65% (Figure S19e, Supporting Infor-
mation). However, when the ZIF-8 layer was incorporated
between sputtered Cu and PTFE (C/Cu/ZIF-8/PTFE), the H,
FE was less than 3% and HCOO™ FE was 88% at 600 mA cm™
(Figure S19f, Supporting Information). It means that Zn-based
MOF underlayer also shows enhanced CO, mass transport and
high-rate CO,RR for HCOO™ production. We confirmed that
MOF layers in GDE can have a bifunctional effect on CO,RR
as: (1) increasing local CO, concentration by MOF-induced
organic layer, and (2) acting as CO,RR active sites by metallic
species in MOFs.

3. Conclusion

We present MOF-modified GDEs that enable selective and high-
rate CO,-to-C,H, conversion in the flow cell and MEA electro-
lyzers. The design principle relies on pre-concentration of the
CO, near the catalytically active sites via CO,-absorbing MOF-
induced organic layers as the adlayer or underlayer depending
on the electrolyzer configuration. Implementing this strategy
in flow cell electrolyzers, we achieved a C,H, FE of 49% and
an H, FE of 11% at current densities of 1 A cm™. We success-
fully translated the concept to neutral media MEA electrolyzers
and achieved a C,H, FE of 52% at a full-cell potential of —4.2 V.
Jeons as high as 220 mA cm™ was achieved at —4.3 V, repre-
senting a 2.7-fold enhanced C,H, productivity compared to that
of Cu/PTFE (80 mA cm™ at —3.9 V). For CORR, where gas sol-
ubility in the electrolyte is lower than CO,RR, MOF-augmented
GDEs exhibited Jcyp4 of 121 mA cm™ at —2.7 V, 15-fold higher
than that of bare GDE. Operando EXAFS analysis of MOEF-
augmented GDE during CO,RR reveals the reconstruction of
Cu atoms in MOFs to form Cu clusters with MOF-induced
organic layers, which promotes the current density in CO,RR.
We found a correlation between CO, capture ability (HKUST-1,
SIFSIX-3-Cu) and mass loading of MOFs with CO,RR activi-
ties. It was revealed that the CO, capture ability of MOF can
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be transferred to MOF-induced organic layers with Cu clusters.
The phenomena presented herein showcase electrode design
principles that are not limited by prior local CO, availability
obstacles. The MOF-augmented GDEs pave the way to the reali-
zation of renewable electrosynthesis of ethylene: the world’s
most produced chemical.

4. Experimental Section

Synthesis of HKUST-1: HKUST-1 (Cujs(btc),-xH,0, btc = benzene-1,3,5-
tricarboxylate) was fabricated using the reaction between Cu nitrate
(Cu(NO3),) solution and benzene-1,3,5-tricarboxylic acid (CoHgOg)
solution. Cu nitrate containing methanol solution (50 mL) was mixed
with 50 mL benzene-1,3,5-tricarboxylic acid at room temperature and
the mixed solution was stirred for the HKUST-1 formation. The resulting
solution was washed by centrifuge and mixing with methanol. The
washed HKUST-1 was dried in a vacuum oven overnight. Activation of
HKUST-1 was proceeded by the calcination at 250 °C.[2%

Synthesis of SIFSIX-3-Cu MOFs: The SIFSIX-3-Cu MOF was synthesized
by layering a methanolic solution of pyrazine onto a methanolic of
CuSiFg x H,O solution. Upon this layering, a fast formation of light
violet powder was perceived, which was left for 24h in the solution.
The powder was collected and washed with methanol, then dried under
vacuum 85 °C overnight and characterized using powder XRD (PXRD)
(Figure S4, Supporting Information). The PXRD diagram of SIFSIX-3-Cu
in this work is found to match with that of the structure studied in the
previous report.?% Activation of SIFSIX-3-Cu was proceeded by the
calcination at 100 °C.

Synthesis of ZIF-8 MOFs: Pristine ZIF-8 was synthesized by mixing
metal precursor solution and ligand solution.’ 1.37 g of zinc acetate
(Zn(Ac)-2H,0, 6.25 mmol) was dissolved in 50 mL methanol. 2.05 g of
2-methylimidazole (2-Mel, 25 mmol) was dissolved in 50 mL methanol.
After mixing metal precursor and ligand solution, the mixed solution
was stirred for 10 h in room temperature. It was washed three times
with methanol and dried in a vacuum oven at 50 °C overnight. 100 mg
of as-synthesized ZIF-8 was calcined at 240°C for 3 h in ambient air
condition.

Fabrication of GDE: Cu/PTFE was fabricated by sputtering 300 nm Cu
onto a PTFE substrate, and C/Cu/PTFE was fabricated by spray-coating
an ink containing carbon black powder and Nafion binder (D520 Nafion,
1000 EW) on the Cu/PTFE. For the MOF-augmented GDE fabrication,
MOF powder-dispersed ink containing Nafion binder (D520 Nafion,
1000 EW) and methanol was spray-coated, and the mass loading
of MOFs was varied between 0.3 and 1.2 mg cm=2. For the flow cell
experiment, the thickness of Cu was 300 nm. For the MEA electrolyzer
experiment, the thickness of Cu was 165 nm.

Material Characterization: XRD analysis of MOFs and MOF-augmented
GDEs was carried out with a Rigaku MiniFlex 600 diffractometer using
Cu Ko radiation (A = 1.54 A). Hitachi FE-SEM S-5200 was used for SEM
analysis. Operando XAS of Cu K edge was analyzed at 9 BM of Advanced
Photon Source (APS) in Arbonne National Laboratory. Operando
XAS was carried at flow cell type reactor with the current density of
300 mA cm~2in 1 m KOH electrolyte.

Electrochemical CO, Reduction: CO,RR activities of MOF-augmented
GDEs were measured by potentiostat and current booster (Autolab) with
flow cell and MEA electrolyzer. For the CO,RR of flow cell, nickel foam,
anion exchange membrane, and MOF-augmented GDEs were used.
PTFE was used with the pore size of 0.45 um for all GDEs fabrication,
which had merit of high CO production and conversion to C,H, in the
CO,RR of Cu/HKUST-1/PTFE (Figure S20, Supporting Information). 1 m
KOH was flowed in the cathode and anode chamber, separated by anion
exchange membrane (Fumasep FAA-3-PK-130). CO, with controlled flow
rate of 50 sccm was supplied from the backside of the GDE in the flow
cell. The outlet gas flow rate was measured from the electrolyzer to
calculate the FE of CO,RR products. Ag/AgCl (3 m KCl) potentials were
converted to RHE based on Egye = Epgjagci + 0.210 + 0.059 X pH with
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iR correction. For the CO,RR of MEA electrolyzer, cathode, anode flow
fields were used with the active area of 5 cm?. Iridium-oxide-supported
titanium mesh (IrOx-Ti) was used as the anode, an anion exchange
membrane (Sustainion X37-50), and a GDE as the cathode electrode.
The cell was operated under ambient temperature and pressure.
Humidified CO, (g) was supplied from the back side of the cathode, and
0.1 M KHCO; was circulated in the anode part. Gas products of CO,RR
were analyzed by gas chromatography (GC, Perkin Elmer Clarus 600).
Thermal conductivity detector (TCD) + a flame ionization detector (FID)
in GC analyzed H,, CO, CH,, and C,H,. The gas products of CO,RR
were collected from the cathodic product stream in 1 mL volumes via
gas chromatography syringes. The samples were then injected into
the GC. To analyze liquid products, '"H NMR spectroscopy (Agilent
DD2 600 MHz) was used using dimethyl sulfoxide (DMSO) as internal
standard (Figure S15, Supporting Information). For the CORR of MEA
electrolyzers, 3 M KOH was used as an electrolyte for the anode, and
humidified CO (g) was supplied to the cathode.
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