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Electrochemical CO, reduction (eCO,R) by direct introduction of
60% air-containing CO, mixed gas was demonstrated using a
porous Cu network cathode formed on a hydrophobic gas diffusion
layer (Cu/P-GDL). Cu/P-GDL exhibited eCO,R using the mixed gas
with a remarkable faradaic efficiency of 85% for the production of
C,., chemicals, whereas a Cu cathode constructed on a conventional
carbon gas diffusion layer (Cu/C-GDL) produced neither eCO,R
products nor H,. Furthermore, the electrolyzer with Cu/P-GDL and
optimized anode configuration achieved a partial current density of
132 mA cm2 for C,, chemicals even in the presence of 12% O,.
Demonstration of eCO,R with impure CO, gas would greatly expand
its future applications.

Direct air capture (DAC) and utilization of the captured CO,
(DAC-U) is a promising carbon neutral strategy to achieve an
efficient carbon circulation on earth. Liquid-solvent DAC using
alkaline solutions such as KOH and amines realizes large scale
production of high-purity CO,." However, the CO, extraction
process requires high temperature and then consumes a large
amount of energy. Meanwhile, DAC using membrane separa-
tion (m-DAC) is attracting much attention due to its lower
energy consumption and scalability. However, a higher energy
input is still required to produce pure CO,.>

For CO, utilization or conversion, thermal CO, reduction
using H,, such as methanation, is being developed for DAC-U
applications and is entering the large-scale demonstration
phase.® In contrast, electrochemical CO, reduction (eCO,R) can
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cover DAC-U in locations where H, is not readily available. Given
the preferred scalability of m-DAC, its combination with eCO,R may
be suitable for on-site applications (Fig. 1). Currently, high concen-
tration and high purity CO, gas is used in eCO,R studies, but, if low
concentration and impure CO, mixed gas becomes available, the
cost of DAC-U using m-DAC can be significantly reduced. To date,
only a few studies have evaluated eCO,R of CO, feeds containing O,
listed in Table S11 (ESIT).* Therefore, the development of systems
that enable efficient eCO,R in the presence of O,, is critical to the
establishment of DAC-U technology.

Laboratory eCO,R experiments commonly use continuous
flow CO, electrolyzers with gas diffusion electrodes (GDEs)
equipped with a gas diffusion layer (GDL).> A typical carbon
paper GDL (C-GDL), the mainstream choice for GDLs, consists
of a macroporous carbon fiber paper support and a micro-
porous carbon-based layer (MPL) (Fig. 2a), which promotes
the mass transfer of CO, from the gas phase to the catalyst
surface (Fig. 2¢)® and realizes industrially relevant high current
densities (>100 mA cm?). However, there are two critical
challenges for eCO,R when feeding mixed gases containing
air. The first is the suppression of O, reduction reaction
(ORR) in the GDL. Note that C-GDL also acts as a current
collector where a catalyst layer (CL) is deposited on the MPL
within GDL.” Assuming that m-DACs concentrate atmospheric

CO2

CO, released
to atmosphere

CO, > 400 ppm

water renewable electricity

Ao [0 G i

chemicals electrolyzer CO, enriched gas
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Fig. 1 Schematic of carbon circulation by integrating m-DAC and eCO,R
which directly uses O,-containing CO, mixed gas.
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Fig. 2 SEM images of the cross-section of (a) Cu/C-GDL, and (b) Cu/P-
GDL with insets giving SEM images of the surface of Cu catalyst layers at
high magnification. Schematic illustrations showing processes of eCO,R
on (c) Cu/C-GDL under 100% CO,, (d) Cu/C-GDL under mixed gas, and
(e) Cu/P-GDL under mixed gas. CV curves for eCOR on (f) Cu/C-GDL and
(g) Cu/P-GDL without iR compensation in 1 M KOH under 100% CO, and
mixed gas (40% CO,) at 50 mV s~ with insets giving the enlarged curves
around the onset of ORR.

400 ppm CO, by a factor of 1000, the result is 60% air and 40%
CO, mixed gas (abbreviated as mixed gas). It should be noted
the mixed gas contains 12% O,. We then tested eCO,R by
introducing mixed gas onto Cu catalysts on a common C-GDL
(Sigracet 39 BB). The Cu was deposited by thermal vapor
deposition on C-GDL with thickness of approximately 310 um
(Fig. 2a, inset). The formation of metallic Cu on C-GDL was
confirmed by measuring its powder X-ray diffraction (XRD)
pattern (Fig. S1, ESIT). Cyclic voltammetry (CV) curves measured
by introducing 60% air containing 40% CO, mixed gas on Cu/C-
GDL in 1 M KOH showed positive onset potential at 0.7 V vs.
RHE and a sharp increase in the reduction current assignable to
the development of ORR below this potential (Fig. 2f). The onset
potential was 1.0 V more positive than —0.3 V vs. RHE under
100% CO,, implying a remarkably small overpotential for ORR
on Cu/C-GDL (Table S1, ESIf) compared to that for eCO,R
(Fig. 2f). The CV curve of bare C-GDL under the mixed gas also
confirmed the largely positive onset potential at 0.72 V vs. RHE
and a similar increase in the reduction current derived from ORR
(Fig. S2, and Table S2, ESIt). These results clearly indicate that
ORR preferentially occurs on C-GDL and that the efficiency of
eCO,R is significantly reduced in the presence of O,. It should be
noted that hydrogen evolution reactions (HERs) on C-GDL also
compete with eCO,R. The second is the blocking of CO, transport
by water, that is generated in the ORR and accumulated in a GDL
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(Fig. 2d). C-GDL often suffers from this problem, known as
“flooding” in the eCO,R, which is exacerbated in the presence
of O,, where water is generated inside the GDL and increases
electrode degradation. To overcome these two challenges, here we
fabricate porous Cu networks on a non-carbon hydrophobic porous
layer (P-GDL) as a GDE which suppresses ORR within the GDL. The
GDE is hereafter referred to as Cu/P-GDL. We further investigated
eCO,R using the mixed gas on Cu/P-GDL. The anode structure was
also optimized for its stable operation, finally achieving eCO,R with
the best efficiency among the reported results.

We first selected a hydrophobic polytetrafluoroethylene
membrane filter (TO50A047A, ADVANTEC) as P-GDL and depos-
ited Cu by thermal evaporation to prepare Cu/P-GDL. Scanning
electron microscopy (SEM) cross-sectional measurements of
the prepared cathode represented that the thicknesses of P-
GDL and the Cu layer were approximately 70 pm and less than a
few micrometers, respectively (Fig. 2b). The Cu layer consisted
of spheres aggregated together to form a structure similar to a
bunch of grapes for Cu/P-GDL. A high magnification SEM
image (Fig. 2b, inset) showed the formation of a nanoporous
network structure composed of aggregates hundreds of nan-
ometers in size with large pores on Cu/P-GDL, which appears to
be advantageous for both CO, transport and electron conduc-
tion. In an XRD pattern of Cu/P-GDL, we found broad peaks at
43.7 and 50.3°, which were indexed to 111 and 200 reflections of
face-centered cubic Cu, and the other peaks corresponding to
those of P-GDL (Fig. S1, ESIT). The shape of the normalized Cu K-
edge X-ray absorption near edge structure (XANES) spectrum for
Cu/P-GDL was quite similar to that for a Cu foil (Fig. S3a, ESIt).
The maximum of its first derivative was located at 8979 eV,
corresponding to the 1s — 4p electronic transition of Cu’
indicating that Cu was present in the form of metallic Cu (Fig.
S3b, ESIT).® This is in agreement with the XRD result discussed
above. The catalytic performance on Cu/P-GDL was first tested by
CV measurements. CV curves on Cu/P-GDL using 100% CO, gas
showed onset potentials and current densities similar to those
observed on Cu/C-GDL at —0.4 V vs. RHE (Fig. 2g and Table S2,
ESIt). Interestingly, when the mixed gas was introduced, Cu/P-
GDL exhibited onset at 0.33 V vs. RHE and a relatively small
reduction current (Fig. 2g and Table S2, ESIf), which is in
complete contrast to the largely positive onset potential; 0.72 V
vs. RHE and large current density observed on Cu/C-GDL in this
range as mentioned above (Fig. 2f). Note that Cu/P-GDL, in
contrast to Cu/C-GDL, showed a voltammogram similar to that
under 100% CO, and a small reduction current for the derived
ORR was observed in the potential range of 0.3 to —0.4 V vs. RHE
(Fig. 2g).

Fig. 3a shows the faradaic efficiencies (FEs) and the average
geometric current density in chronoamperometry for eCO,R
using 100% CO, and the mixed gas on Cu/C-GDL or Cu/P-GDL.
On Cu/C-GDL, the sum of the FEs for all products reached
90-100% over the whole potential range under 100% CO,.
Major products were C,H,, C,HsOH, CO, HCOOH, and H,,
whereas CH;COOH and C3;H,OH were also detected as minor
products (see also Fig. S6 and S7, ESIt). C-C coupling to form
C,. products was favoured at more negative potentials. On the
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Fig. 3 (a) Faradaic efficiencies (solid bars) vs. potential without iR correc-
tion on Cu/C-GDL and Cu/P-GDL in 1 M KOH under 100% CO, and the
mixed gas. (b) Faradaic efficiencies (solid bars) and potential after iR
collection on Cu/P-GDL and Ag/P-GDL in 1 M KOH (pH 13.5) and 1 M
KCl (pH 6.5) under mixed gas. Black dots represent the geometric current
density (right). Observed FE values and current densities are summarized in
Table S3-S10 (ESI).

contrary, we found that not only the eCO,R products, but also
the hydrogen was not detected, indicating that water formation
in the ORR selectively proceeds on Cu/C-GDL, clearly indicating
that the efficiency of eCO,R on C-GDL under the mixed gas is
quite low (Fig. 3a). Surprisingly, Cu/P-GDL cathode showed a
high eCO,R efficiency under both 100% CO, and mixed gas.
The total FEs for the products were close to 100% at all
potentials under 100% CO,. faradaic efficiencies (FEs) for C,,
products, which were calculated by adding FE values for the
formation of C,H,, C,HsOH, CH3;COOH, and C3;H,OH, signifi-
cantly increased, reaching the maximum of 86% at —0.65 V vs.
RHE, whereas FE for HER was reduced compared to that on Cu/
C-GDL at all potentials. The results suggested that selectivity
towards multicarbon products was improved by the formation
of a nanoporous network of Cu on P-GDL and the hydrophobic
environment formed via the favourable interaction of the Cu
with P-GDL. The total FEs under the mixed gas ranged from 69
to 79%, implying that 21-31% of the missing FEs under the
mixed gas, which can be attributed to the ORR, as indicated in
the CV curve as shown in Fig. 2g. Thus, the tolerance of the
Cu/P-GDL cathode to ORR was verified (Fig. 2e). The FE for
eCO,R and for the formation of C,. products ranges from 65
to 70% and from 65 to 67%, respectively, showing a high
selectivity for C,, products on Cu/P-GDL even under mixed
gas. Interestingly, the FE for HER under the mixed gas was
comparable to that under 100% CO,, whereas the FE for CO
production considerably decreased, suggesting that HER does
not compete with ORR. Driven by a previous study indicating
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that a lower pH increases the overpotential for ORR on a
noble metal electrode, such as silver,” we then investigated
the influences of metallic catalysts and electrolytes on eCO,R
using the mixed gas. Ag deposited on P-GDL (Ag/P-GDL) was
prepared in a manner similar to the preparation of Cu/P-GDL
(ESIY). Fig. 3b shows FEs and current density on Cu/P-GDL and
Ag/P-GDL in 1 M KOH and 1 M KCI under the mixed gas. Cu/
P-GDL exhibited a total FE of 79-97% in 1 M KCI, which is
slightly higher than that in KOH. This indicates that the kinetics
of ORR in KCl is relatively slower than that in KOH. In addition,
the utilization of KCI resulted in a relatively higher FE for the
production of CH, compared to that in KOH, whereas FE for
HER remained constant. These findings suggest that KCl prob-
ably contributes to the stabilization of the CHO intermediate,
which is a key intermediate for CH, production.>'® This con-
sideration is consistent with previous reports showing that
neutral conditions favor the formation of C1 products.'™'?
The lower current density in 1 M KCI than in 1 M KOH would
be due to the lower ionic conductivity of the KCI catholyte
compared to the KOH catholyte. The solution resistances with
1 M KCl and 1 M KOH catholytes were measured to be 6.3 Q and
3.6 Q, respectively. On Ag/P-GDL in KOH, the primary products
were H, and CO, in addition to a tiny amount of HCOOH.
However, the FE for eCO,R ranged from only 4% to 13%. It is
noteworthy that Ag/P-GDL showed a greater decrease in FE for
eCO,R compared to Cu/P-GDL, especially at positive potentials
above —0.8 V vs. RHE, which can be attributed to the preferen-
tially developed ORR, as shown by large reduction waves
observed in the CV curve on Ag/P-GDL in 1 M KOH (Fig. $4,
ESIY). Interestingly, in KCl, not only was H, production remark-
ably suppressed, but the FE for eCO,R was significantly
increased, reaching a range of 49 to 69%. Furthermore, as
more negative potentials were applied, the FE for CO decreased
and the FE for HCOOH, which was a minor product in KOH,
increased, reaching a maximum of 42% at —0.96 V vs. RHE.
This is consistent with the report that silver-based materials
exhibit high activity for ORR under alkaline conditions."® This
may be attributable to the fact that eCO,R in a KCI electrolyte
provides numerous free intermediates.™

The anode catalyst and the cell structure play a key role in
the eCO,R performance, such as the stability of the cell voltage
and the overall reaction rate."> The eCO,R performance was
therefore evaluated using the different cell configurations
shown in Fig. 4a and Fig. S5 (ESIt). In the configuration I of
a microfluidic flow electrolyzer, the electrodes are in contact
with liquid electrolyte layers separated by a Nafion membrane
and the liquid electrolytes are continuously fed to each side,
where CO, is constantly supplied to the cathodic GDE. In
contrast, in configuration II, the hybrid electrolyzer combines
a microfluidic flow electrolyzer with a zero-gap membrane
electrolyzer, with the Nafion membrane pressed directly against
the anode. The anolyte flows in a zero gap, minimizing ohmic
losses. The anode structure was designed based on the knowl-
edge of electrochemical alcohol production from an organic
acid.'® Nanoscale IrO, was used to prepare the anode catalyst
and then a Ti paper and a Ti mesh were stacked on top of the
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Fig. 4 (a) Schematics of different cell configurations used in eCOR. (b)
FEs and (c) partial current densities for C,, production and (d) current
density for eCO,R as a function of cathode potential with iR compensation
using 1 cm? nickel foam (NF) (open circle) as an anode in configuration |, 4
cm? NF as an anode in configuration | (black closed circle) and an anode
MEA'® in configuration Il (red closed circle). (e) CO,RR performance using
O,-containing CO, feed of Cu/P-GDL and Ag/P-GDL compared to
recently reported results. Red circle, blue square and blue triangle repre-
sent values for C,, products, CO and HCOOH. Open symbols indicate
results from literatures.*

IrO, layer to form a membrane electrode assembly (MEA). This
layer stack reduces the accumulation of O, bubbles at the
electrode/electrolyte interface, which is a direct cause of voltage
instability in CO, electrolyzers."” Cell configuration II using the
developed MEA for the anode showed 71.1% FE and a partial
current density of 71.3 mA cm ™2 for C,, products. Cell configu-
ration I using a nickel foam (NF, 1 cm?) as the anode showed
65.4% FE and a partial current density of 99.2 mA cm™? for C,,
products. By increasing the active area from 1 to 4 cm?, the C,,
partial current density reached up to 132 mA cm™ > with 85% FE
for C,; products. Both cell configurations I and II showed a
stable current response exceeding 100mAcm ™ (Fig. 4d). The
stable operation can be also attributed to the structural stability
of Cu on P-GDL (Fig. S8-510 and Table S11, ESIt). Notably, We
achieved one of the best performances for eCO,R in the
presence of O, compared to previous reports (Fig. 4e).*

In conclusion, we prepared GDEs by depositing a copper
catalyst layer on conventional C-GDL or P-GDL by a simple
thermal evaporation method and performed eCO,R with an
0O,-containing CO, feed. The use of Cu/C-GDL did not result
in the formation of eCO,R products, nor did it generate H,, due
to the occurrence of the ORR on the C-GDL. In contrast, the
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utilization of Cu/P-GDL exhibited remarkable selectivity; 85%
FE for C,, products, accompanied by a partial current density of
132 mA cm?, even in the presence of 12% O,. We anticipate
that this study will inspire further exploration of the use of low
concentration impure CO,, thereby avoiding the economic and
environmental burdens associated with sourcing purified CO,
feedstocks.
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