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ABSTRACT: Gas diﬀusion electrodes (GDEs) with high electrochemically
active surface areas (ECSAs) and triple-phase boundaries for eﬃcient gas,
electron, and ion transport oﬀer a unique opportunity for high-rate electrochemical CO reduction (COR) in relative to traditional aqueous conﬁgurations.
Cu-nanoparticle-based GDEs were fabricated by applying a mixture of carbon
powders, copper acetate aqueous solution, and Teﬂon onto a Cu gauze substrate.
The catalyst-coated substrate was air-dried, mechanically pressed, and
subsequently annealed under forming gas to produce GDEs. Two distinctive
types of GDE conﬁgurations, a ﬂow-through conﬁguration and a ﬂow-by
conﬁguration, were constructed, characterized, and tested to quantitatively
evaluate the eﬀects of reactant gas transport on the activity and the selectivity of
the GDE materials for COR. In the ﬂow-through conﬁguration, a high partial
current density of 50.8 mA cm−2 for COR to C2H4 was achieved at −0.85 V vs
RHE in 10 M KOH at −15 °C, while in the ﬂow-by conﬁguration with the same catalyst materials the partial current
density for C2H4 generation was limited to <1 mA cm−2.

U

One advantage of using the tandem strategy is that each reactor
can be optimized individually in terms of electrocatalysts,
electrolytes, and membrane separators. For instance, high-pH
solutions are preferred electrolytes for both CO2R and carbon
monoxide reduction (COR) due to suppression of the
hydrogen evolution reaction (HER). However, because of the
acid−base equilibrium of CO2 in the solution, the concentration of dissolved CO2 at the electrode surface quickly
approached zero in high-pH electrolytes,15−17 which signiﬁcantly limited the partial current density for CO2R. Similarly,
when CO2 was bubbled into high-pH electrolytes in a GDE
conﬁguration, the pH of the solution would decrease
continuously, and in many cases, the reaction rate between
CO2 and the solution would be much higher than that of the
desired electrochemical reduction. As a result, CO2R in highpH electrolytes is not a sustainable cathode reaction and would
result in very low CO2 utilization in the reactor. In contrast,
COR in alkaline conditions would not have those issues
because CO does not react with high-pH electrolytes.
While CO is one of the important intermediate species for
CO2R into hydrocarbons, formate is widely considered as a
dead-end product for further reduction.18 For COR, Cu

tilizing solar energy to transform carbon dioxide
(CO2) into value-added fuels has the potential to
reduce the greenhouse gas (GHG) emission and to
produce sustainable fuels at large scale. Electrochemical
reduction of CO2 is one of the promising approaches with
near-room-temperature operation and mild reaction conditions;1−9 however, signiﬁcant challenges remain in discovering
new catalyst materials and understanding fundamental reaction
mechanisms for the multielectron and multiproton coupled
reactions. Eﬃcient, selective, and stable electrocatalysts for CO2
reduction (CO2R) that involves more than two electrons and
two protons, such as methanol, ethylene (C2H4), and ethanol,
have yet to be identiﬁed. In contrast to the poor selectivity for
the higher-order reduction products, many catalyst systems
demonstrated eﬃcient and selective CO2R to carbon monoxide
(CO) or formate.10,11 For instance, high Faraday eﬃciency
(FE) and high reaction rates were reported for CO2R to CO in
nanostructured metal dichalcogenides12 and silver electrodes13
in ionic liquids. Near-unity FE for electrochemical CO2R to
formate at an operating current density of ∼10 mA cm−2 was
also demonstrated in Pd/C nanoparticle-based electrodes.14
Hence, one alternative strategy for eﬃcient CO2R is to use a
tandem reactor: the ﬁrst catalytic reactor eﬃciently and
selectively converts CO2 into CO or formate, and the second
catalytic reactor converts CO or formate into higher-order
reduction products, such as methane, ethylene, and ethanol.
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Figure 1. (a) Partial current density vs the FE for COR reported in the literature. (b) Simulated limiting current density for COR to C2H4 or
C2H6O at unity FE as a function of hydrodynamic boundary layer thickness based on Fick’s law of diﬀusion.

Figure 2. Fabrication process for Cu-nanoparticle-based GDEs: (a) Cu gauze was used as the substrate; (b) Slurry I containing carbon
powders, Teﬂon, and water was applied onto the Cu gauze substrate and mechanically pressed after being dried in air; (c) Slurry II containing
carbon powders, Teﬂon, and copper acetate solution was applied onto the previous layers and mechanically pressed after being dried in air;
(d) Cu nanoparticles were formed when the copper acetate in the sample was reduced in forming gas at 325 °C for 7 h.

materials in various forms have been investigated.19−22 Figure
1a summarizes the performance of Cu-based materials for
COR. Various reduction products, including ethanol, acetoxy,
1-propanol, ethylene, methane, etc., were generated with FEs
ranging from 0.49 to 42.42%. While some notable FEs (>40%)
for COR were demonstrated, due to the low solubility and low
diﬀusion coeﬃcient of CO in aqueous solution, the geometric
partial current densities for COR were limited to <1 mA
cm−2.19−22 Figure 1b shows the calculated limiting current
density for COR to ethylene or ethanol with unity FE as a
function of hydrodynamic boundary layer thickness. Unlike
CO2R in the aqueous solution, in which dissolved CO2 is
replenished from the CO2/bicarbonate equilibrium during the
electrochemical reaction and the local pH and CO 2
concentration at the electrode surface are related to the
acid−base equilibrium in the electrolyte,15,23,24 COR is much
more straightforward as CO does not participate in any
electrolyte reactions. The limiting current density for a planar
electrode for COR simply follows Fick’s law of diﬀusion (eq 1),
in which j is the partial current density, D0 and C0 are the
diﬀusion coeﬃcients (D0 = 2.1 × 10−9 m2 s−1 at 20 °C) and the
solubility of CO in aqueous solution (C0 = 1 mM at 20 °C),
respectively, L is the hydrodynamic boundary layer thickness, n
is the number of electrons involved in the COR (n = 4 for CO
to (1/2)C2H4 or (1/2)C2H6O), and F is the Faraday constant.
j = nFD0

C0
L

surface-area catalyst systems in aqueous solutions would have
the same transport limitations for the attainable geometric
current densities due to the overlap of the diﬀusion layers
extended into the bulk region during operation.25 In order to
achieve the geometric partial current density for COR in the
tens or hundreds of mA cm−2 range, an eﬀective boundary layer
thickness of <10 μm is required, which is equivalent to the
thickness of the hydrodynamic boundary layer in a rotating disk
electrode (RDE) at a rotating speed of 7 × 106 rpm.25 As a
result, a high partial current density for COR in a planar system
is extremely diﬃcult to obtain with traditional aqueous
transport approaches. To circumvent the transport limitation
of CO, gas diﬀusion electrodes (GDEs) oﬀer a unique
opportunity to achieve high geometric current densities. The
concept of a gas/vapor-fed device for electrochemical reaction,
such as nitrogen reduction and CO2R, can be traced back to
1980s.26 Since then, various conﬁgurations of GDEs have been
employed to obtain high rates for CO2R reactions in a range of
operating pHs and electrolytes.26−38 For instance, highly active
and stable Sn-based GDEs have been reported for selective
formate generation,27 and Cu-based GDEs have shown
enhanced selective and activity for CO 2 R in mixed
solvents.26−34 These GDEs are often comprised of nanostructured catalyst materials with extremely high electrochemically active surface areas (ECSAs), and the reactants were
directly fed into the electrodes in the gas phase. In general, two
distinctive types of GDEs were reported, both of which
improved the operating current densities signiﬁcantly. One type
of GDE utilized liquid electrolyte, such as aqueous bicarbonate
electrolyte for CO2R, as the proton source for electrochemical
reduction,23,28,39 and the other type of GDE directly deposited
the catalyst materials onto ion-exchange membranes and

(1)

For planar systems at moderate stirring/convection conditions, the mass transport-limited current density was
calculated to be ∼0.81 mA cm−2 at a boundary layer thickness
of ∼100 μm. It is also noted that microstructured or high856
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to be 0.26 nm, which agreed well with the lattice constant of Cu
material as a typical face-centered cubic system.
Two types of electrode conﬁgurations, a ﬂow-through GDE
conﬁguration and a ﬂow-by GDE conﬁguration, were fabricated
with the same GDE materials to quantitatively evaluate the
eﬀects of CO transport and delivery on the selectivity and
activity of electrodes. In the ﬂow-through conﬁguration (Figure
4a), the custom-made GDE materials with a diameter of 6 mm
were sealed at the end of a glass tube with epoxy. All of the
GDEs measured in this study had a geometric surface area of
∼0.3 cm2. The electrical connections to the GDE materials
were made by welding a ﬂexible Cu wire to the Cu gauze
substrate. The ﬂexible Cu wire was weaved through the sidewall
of the glass tube, while CO gas was introduced directly from
the top of the gas tube. In the ﬂow-by conﬁguration (Figure
4b), the previous gas inlet at the end of the glass tube was
sealed with epoxy, and the CO gas was injected from the side
inlet along with rapid stirring to provide fresh CO-saturated
electrolyte ﬂowing by the GDE surface. Figure 4c shows the
cyclic voltammetry of both electrode conﬁgurations from 0 to
−0.9 V vs RHE (from −0.8 to −2.4 V vs Ag/AgCl in the
experiment) at a scan rate of 40 mV s−1 in 10 M KOH. The use
of high-concentration KOH aimed to suppress the competing
HER in high-pH electrolyte and to lower the solution resistance
loss in the electrochemical cells. In addition, a high
concentration of KOH (25−30 wt %) is widely adopted in
commercial electrolyzers to promote the ionic transport and
oxygen evolution reaction (OER) at the anode chamber.40,41
For both conﬁgurations, the CO ﬂow rate was set to 20.0 sccm.
The whole cell was immersed in a cooling bath, and the
temperature was controlled at around −15 °C. The
uncompensated resistance (Ru) was measured using an IR
compensation (PEIS)-ZIR technique in a Biologic SP-300
potentiostat, and the Ru at −15 °C was measured to be 2.27 Ω.
The potentials due to the IR loss in each curve in Figure 4c
were compensated, and the curves were smoothened using the
Savitzky−Golay method in the ﬁfth polynomial order to reduce
the noise in the raw data (Figure S2) due to vigorous CO
bubbling. The J−V performances for the ﬂow-through
conﬁguration were relatively stable during ∼3.5 h of testing,
and the slight increase in the total current density (also see
Figure S2a) was likely due to the increase of the ECSAs as part
of clogged porous channels in the initial GDEs getting cleared
out during the CO bubbling. In contrast, a relatively large
increase of the total current density in the ﬂow-by conﬁguration
was observed (also see Figure S2b), which was likely due to the
continuous increase of the wetted area and the ECSAs after
immersing the electrodes in the solution. No visible catalyst
loss was observed during the testing period, and both
conﬁgurations exhibited a similar total operating current
density toward the end of the testing.
Figure 5 shows the FE, total operating current density, and
partial current density for COR to C2H4 as a function of the
applied voltage bias vs RHE in 10 M KOH at −15 °C. An
online gas chromatograph (GC) was connected in the
electrochemical system and was calibrated for H2 and a
majority of common hydrocarbon gases (Figure S3). The
electrodes for both conﬁgurations were poised at each potential
for ∼40 min, and the gaseous products were detected and
analyzed. In the ﬂow-through conﬁguration, a partial current
density of 50.8 mA cm−2 and a FE of 17.8% for COR to C2H4
were achieved at −0.85 and −0.74 V vs RHE, respectively. The
observed partial current density for C2H4 generation was

utilized membrane-based electrolyte, such as Naﬁon, as the
proton transport conduct.39
To our knowledge, COR using the GDE conﬁguration to
improve the reaction rates has yet to be demonstrated. In this
work, Cu-nanoparticle-based GDEs were fabricated, tested, and
characterized for COR in alkaline conditions. Two distinctive
types of GDE conﬁgurations, a ﬂow-through conﬁguration and
a ﬂow-by conﬁguration, were constructed, characterized, and
compared to quantitatively evaluate the eﬀects of reactant gas
transport on the activity and selectivity of the GDE materials.
We report a high C2H4 partial current density of 50.8 mA cm−2
at −0.85 V vs RHE in 10 M KOH at −15 °C in a ﬂow-through
GDE conﬁguration.
Figure 2 shows the fabrication process of the Cu-nanoparticle-based GDEs. The GDE fabrication process followed a
previously reported recipe.26 Brieﬂy, Slurry I containing C
powders, Teﬂon, and H2O was applied onto a Cu gauze
substrate, air-dried, and then mechanically pressed at 5000 psi
(2 min) three times (Figure 2b). Then, Slurry II containing
Cu(Ac)2 solution, C powders, and Teﬂon was applied onto the
previous C layers, air-dried, and then mechanically pressed at
1000 psi (2 min) three times, and the black sample with C
powders exhibited partly bluish, as presented in Figure 2c.
Finally, the catalyst-coated substrate was annealed under the
forming gas (5% H2 in N2) at 325 °C for 7 h. The color of the
catalyst-coated substrate changed from partly bluish to brown
after the annealing process (Figure 2d). The Cu-nanoparticlebased GDEs have a layer thickness of ∼0.1 mm with a Cu
loading of ∼7 mg cm−2. The details of the experimental
procedure are described in the Supporting Information.
The morphology and chemical composition of the GDEs
were characterized by a scanning electron microscope (SEM)
and energy-dispersive X-ray spectroscopy (EDX). To obtain
the cross-sectional SEM image and to prevent the catalyst
powders from peeling oﬀ during the characterization, the GDEs
were sandwiched between two epoxy layers before slicing the
cross section. Figure 3a shows the false-colored cross-sectional

Figure 3. Cross-sectional SEM images with elemental mapping
(a,b) and the HR-TEM image (c) of Cu-nanoparticle-based GDEs.

SEM/EDX image of the GDE (the original SEM image is
presented in Figure S1a). The C powders (green) were pressed
onto the Cu gauze substrate. Cu (purple) was found in the bulk
gauze substrate and also in the nanoparticles among the C
powders. Figure 3b shows a zoomed-in image of the Cu
nanoparticles in the GDEs. During the mechanical pressing and
annealing process, the Cu nanoparticles were diﬀused
throughout the carbon layers. High-resolution transmission
electron microscopy (HR-TEM) was utilized to characterize
the Cu particles that were peeled oﬀ from the GDEs. The
average size of the Cu nanoparticles in GDEs was 46.56 ± 4.61
nm (Figure 3c). By further analyzing the HR-TEM images
(Figure S1b), the distance between each lattice was determined
857
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Figure 4. Schematic illustration of the GDE materials in the ﬂow-through conﬁguration (a) and in the ﬂow-by conﬁguration (b). Cyclic
voltammetry for both conﬁgurations before and after 3.5 h of operation (c).

signiﬁcantly higher than those reported previously.19−22 The
FE for COR to C2H4 peaked at −0.74 V vs RHE (Figure 5a).
As the applied potential increased from −0.74 to −0.94 V vs
RHE while the total operating current density increased (Figure
5b), the FE for COR to C2H4 decreased signiﬁcantly and the
majority of the electrons contributed to HER. Domination of
the HER at signiﬁcantly high potentials was also observed by
others for both COR and CO2R in Cu-based electrocatalysts.19,42,43
In contrast, in the ﬂow-by conﬁguration, the maximum
partial current density and the maximum FE for C2H4
generation were 0.90 mA cm−2 and 0.94%, respectively. The
low COR current density (<1 mA cm−2) in the ﬂow-by
conﬁguration agreed well with the Fick’s law calculation (Figure
1b). The majority of the reduction product was hydrogen
(Figure S4) for both conﬁgurations; liquid products from COR,
such as ethanol, methanol, and acetaldehyde, were also detected
using a Thermo Scientiﬁc TRACE 1300 oﬄine GC. However,
quantitative FEs for those liquid products were challenging to
obtain in the ﬂow-through conﬁguration and were labeled as
unknown reduction products.
The high geometric current density and high rate for COR
observed in Cu-nanoparticle-based GDEs in the ﬂow-through
conﬁguration originated from the high ECSA and eﬃcient gas,
electron, and ion transport at triple-phase boundaries. The
ECSAs of the GDEs in the ﬂow-through conﬁguration were
estimated using double-layer capacitance measurements in 10

Figure 5. (a) FE for COR to C2H4 as a function of the applied
potential for the ﬂow-through conﬁguration and the ﬂow-by
conﬁguration. (b) Total operating current density (dotted curves,
left y-axis) and partial current density for COR to C2H4 (solid
curves, right y-axis) as a function of applied potential for the ﬂowthrough conﬁguration (red) and the ﬂow-by conﬁguration (blue).
Both GDE conﬁgurations were operated in pH 15 KOH electrolyte
at −15 °C, and the potential was compensated by IR drop
measurement.

Figure 6. (a) Total operating current density and FE for COR to C2H4 for three diﬀerent operating temperatures when the GDE material in
the ﬂow-through conﬁguration was poised at −2.0 V vs Ag/AgCl (the IR-corrected potentials at three diﬀerent temperatures were quite
similar, −0.80 ± 0.02 V vs RHE) in 10 M KOH. (b) Total and C2H4 partial current density (left y-axis) and FE (right y-axis) of C2H4
generation as a function of the operating time when the GDE material in the ﬂow-through conﬁguration was poised at −2.0 V vs Ag/AgCl
(−0.78 V vs RHE with IR correction) in 10 M KOH at −15 °C.
858
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M KOH (Figure S5).44 The ECSAs of the ﬂow-through
conﬁguration decreased gradually from 970 to 674 cm2 when
the injection CO ﬂow rate increased from 5 to 80 sccm (Figure
S6). At higher CO ﬂow rates (>50 sccm), delamination of
catalyst materials was observed in several GDE samples, and
hence, a moderate ﬂow rate of 20 sccm was chosen for the
study. At a ﬂow rate of 20 sccm, the ECSA was determined to
be 950 cm2, which corresponds to a roughness factor of 3167
(ratio of ECSA and geometric area). The direct gas feed in the
ﬂow-through conﬁguration also played a critical role in
improving the reaction rates. The ﬂow-through GDE structure
contained agglomerate catalyst materials (Cu nanoparticle, C
nanoparticle, and polymer binders), microstructured gas
channels, and electrolyte channels. During the CO injection,
the agglomerate catalysts were covered with a thin layer of
electrolyte that was in equilibrium with the gas-phase reactant
CO. The thin electrolyte layer, on the order of hundreds of
nanometers, provided eﬃcient CO transport from the gas
phase to the catalyst surface, while the electrolyte channels
provided eﬃcient transport and mixing for the produced
hydroxides toward the bulk electrolyte during the electrochemical reaction. In contrast, although the ﬂow-by GDE
conﬁguration had a similar ECSA, CO transport in the aqueous
solution without direct gas feed limited the reaction rates for
COR.
The electrochemical COR in the ﬂow-through GDE
conﬁguration was carried out at three diﬀerent temperatures.
Figure 6a shows the total current density and the
corresponding FE for COR to C2H4 at three operating
temperatures when the GDE was biased at −2.0 V vs Ag/
AgCl. The Ru was 2.27, 1.28, and 1.11 Ω; therefore, the IRcorrected applied bias was −0.78, −0.82, and −0.80 V vs RHE
at −15, 5, and 20 °C, respectively. The total current density
decreased from 353 ± 9 to 212 ± 6 mA cm−2, while the FE for
C2H4 generation increased from 12.41 ± 1.8 to 18.81 ± 1.4%
when the operating temperature of the cell decreased from 20
to −15 °C. The total operating current density decreased
signiﬁcantly at low temperatures due to the activities of Cunanoparticle-based GDE materials for HER, and COR decayed
exponentially as a function of the operating temperature. The
reduced-temperature operation in the ﬂow-through GDE cell
preferentially suppressed HER relative to COR, which resulted
in a slight increase of FE for C2H4 generation. The stability of
the Cu-nanoparticle-based GDEs operating at high rates was
also investigated. Figure 6b shows the total and partial current
density and the FE for C2H4 generation as a function of the
operating time when the GDEs in the ﬂow-through
conﬁguration were poised at −0.78 V vs RHE electrode in 10
M KOH at −15 °C. The C2H4 partial current density was
stabilized in the range of 36.8−54.3 mA cm−2, and the FE for
C2H4 generation was stabilized between 13.7 and 18.4% during
the ﬁrst 2 h of operation.
In summary, a multistep fabrication process was developed to
produce Cu-nanoparticle-based GDEs. Two distinctive types of
GDE conﬁgurations, a ﬂow-through conﬁguration and a ﬂowby conﬁguration, were constructed, characterized, and tested to
quantitatively evaluate the eﬀects of reactant gas transport on
the activity and the selectivity of the catalyst materials. In a
ﬂow-through GDE conﬁguration, a high partial current density
of 50.8 mA cm−2 and a FE of 17.8% for COR to C2H4 were
achieved at −0.85 and −0.74 V vs RHE in 10 M KOH,
respectively. The high ECSAs, direct gas feed conﬁguration, and
triple-phase boundaries for eﬃcient gas, electron, and ion

transport signiﬁcantly enhanced the reaction rates of the
catalyst materials for COR. In contrast, when the same catalyst
materials were constructed in a ﬂow-by GDE conﬁguration, the
partial current density for COR to C2H4 was limited to <1 mA
cm−2 due to the low solubility and diﬀusion coeﬃcient of CO
in aqueous solution. Direct gas feed conﬁgurations provided a
unique electrode structure for eﬃcient and stable electrochemical reactions without mass transport limitations,
especially for gases with low solubility in aqueous solutions,
such as CO, CO2, and N2.
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