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The electrochemical CO, reduction reaction (CO,RR) combined
with direct air capture (DAC) based CO, is a promising method for
terrestrial carbon cycling. In this study, we have designed an all-Ag
cathode and constructed a membrane electrode assembly (MEA)
cell to utilize CO, capture solution, which can be produced by
flowing air containing CO, mixed gas into an alkaline solution.
A MEA consisting of a Ag nanoparticle catalyst sprayed on a Nafion
membrane and a Ag electrode were used to construct a MEA cell
(Ag MEA-cell). The Ag MEA-cell exhibited selective CO production
without severe side reactions, such as the hydrogen evolution
reaction, even when an aqueous electrolyte was used. The opera-
tion of the Ag MEA-cell using CO, capture solution, which was
prepared by bubbling 60% air containing CO, mixed gas (40% CO,
and 60% air, air—CO,) into 1 M KOH, achieved CO production with
86% faradaic efficiency (FEco). Furthermore, the Ag MEA-cell
significantly suppressed O, reduction and achieved FEco of 74%
even when air—-CO, was used as a CO, source.

Introduction

Carbon capture and utilization (CCU) of dilute atmospheric
CO, and industrial exhaust gas is a key to efficient carbon
cycling on earth,"” and electrochemical CO, reduction reactions
(CO,RRs) using captured CO, are attracting much attention for
the production of chemical feedstocks and fuels from CO,.**
The research field of the CO,RR has evolved substantially over
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the past decade, particularly with the development of a
gas diffusion electrode (GDE) in fluidized cathode cells and
membrane electrode assemblies (MEAs) to improve the activity,
product selectivity, and durability of catalysts.”” Direct air capture
(DAC) is one of the attractive methods to extract CO, from the
air.®® Currently, several DAC systems have been developed;
adsorption-based DAC, which uses an alkaline solvent or a porous
solid adsorbent to capture CO, as a carbonate/bicarbonate or
other CO, derivatives, and permeation-based DAC, which consists
of a stepwise separation using a membrane (m-DAC).’*** Unlike
the other DAC systems, m-DAC does not require the input of large
amounts of thermal energy to desorb CO, from the adsorbent,
although multi-step separation is necessary to produce highly
concentrated CO,. Thus, m-DAC combined with the CO,RR using
impure CO, that can be produced by the smaller steps of the
m-DAC process, would bypass energy-intensive purification,*™®
and dramatically reduce CCU costs; purification of dilute CO, gas
costs $70-$100 per ton (Fig. 1)."”>° Meanwhile, when using
impure CO, containing O,, the CO,RR is completely blocked in
a conventional flow type cell (Fig. 2a and Fig. S1, ESIt) due to the
overwhelmingly superior oxygen reduction reaction (O, + 2H,O +
4e” — 40H, ORR) (Fig. S2, ESIT),"*** and therefore most of
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Fig. 1 Scheme of recovery and utilization of atmospheric CO,.
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Fig. 2 Side view of (a) a conventional three-chamber cell, (b) the conven-
tional MEA cell using a carbon based GDE and (c) the Ag MEA-cell. Parts with
dots, gray oblique lines and black oblique lines are the membrane, cathode
anode catalysts and carbon-based GDE, respectively. System configuration
of (b) the conventional MEA-cell using GDE and (c) the Ag MEA-cell.

the CO,RR research has been conducted using pure CO, gas (>
99%).247! Interestingly, direct CO,RR using air-containing mixed
gas has been demonstrated using a newly designed flow cell
consisting of a non-carbon gas diffusion layer (GDL),"* but the
products from the mixed gas still contain O, and N,, and should
be purified before use.

Recently, the CO,RR using a bicarbonate solution, which is
produced from DAC-captured CO, gas, has been in focus as an
economically feasible CCU method. Here in this study, we explore
efficient CO,RR using O,-containing CO, mixed gas that is captured
by m-DAC. In this system, O, and N, are first removed by dissolving
CO, in an alkaline solution to bicarbonate, which can be used as a
CO, source and electrolyte. However, in a commonly used flow cell
equipped with a carbon-based GDL, the HER is largely promoted
when the bicarbonate solution is fed because carbon predominantly
promotes the HER rather than the CO,RR (Fig. 2b and Fig. S3, ESIT).
To enhance the CO,RR using a bicarbonate solution, we construct a
membrane electrode assembly (MEA)-type cell equipped with two
liquid flow channels at both the cathode and the anode. In
particular, an all-Ag flow channel MEA cell (Ag MEA-cell) was newly
designed for substrate diffusion, cathodic reactions and current
collection to avoid severe hydrogen evolution reaction (HER) when
aqueous solutions are flowing. We applied KHCO; solution pre-
pared by bubbling a CO, mixed gas consisting of 40% CO, and 60%
air (air-CO,, where CO, is enriched by a factor of 1000) into an
aqueous 3 M KOH solution. Furthermore, CO,RR was demon-
strated by directly introducing air-CO, to Ag MEA-cell.

Experimental section
Materials

The Ag nanoparticles (Ag NPs <100 nm in diameter) and
Nafion™ perfluorinated resin solution (5 wt% in a mixture of
low aliphatic alcohols and H,O, containing 45% H,0) were
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purchased from Sigma-Aldrich Co. LLC. Isopropanol (> 99.7%),
KHCO;3; (99%), KOH (> 85%), and K,COj3; (99%) were obtained
from FUJIFILM Wako Pure Chemical Corporation. All chemi-
cals were used as received without further purification.
Nafion™ 117 membrane was provided by Chemours. The Ag
sheet and the titanium foil were purchased from the Nilaco
Corporation. Nickel foam (1.6 mm thick, purity >99.99%) was
obtained from MTI Corporation. Oxygen (>99.9%), CO,
(>99.5%), and N, (>99.9%) were provided by Fukuoka Oxygen
Co., Ltd.

Preparation of MEA and construction of a flow cell

Cathode electrodes were prepared using a reported air-
brushing method.>” Cathodic catalyst ink was prepared by
mixing Ag NPs (40 mg), isopropanol (200 pL), deionized H,O
(50 pL), and Nafion™ perfluorinated resin solution (80 pL). The
ink was airbrushed to a piece of Nafion™ 117 membrane, and
allowed to air dry naturally. Unless otherwise noted, the Ag NP-
sprayed cathodes were prepared with a catalyst loading of
2.5 mg cm™ 2 Then, the MEA consisted of a nickel foam anode
and a Ag NP-sprayed Nafion™ 117 membrane was prepared
(Ag-MEA, Fig. 2c). A Ag MEA-cell was constructed by placing Ag-
MEA between a Ag cathode and a Ti anode, with a polyether-
etherketone (PEEK) flow plate on the cathode side and a Ti-
based flow plate on the anode side. Each electrode was sur-
rounded by silicone rubber for electrical insulation and to seal
each compartment.

Characterizations

The morphology of the electrodes was evaluated by scanning
electron microscopy (SEM) using a JSM-IT100 (JEOL) at 15 kV.
The structures of the electrodes were identified by powder X-ray
diffraction (XRD) using a D2 Phaser (Bruker).

The electrochemical measurement

Electrocatalytic measurements were performed with an electro-
chemical test system 1280Z (Solartron) in a two-electrode setup
(Fig. 2¢). 1.0 M KOH aqueous solution was used as the anolyte
and fed to the anode compartment of the Ag MEA-cell at a flow
rate of 1.0 mL min~". The cathode compartment was fed with
KHCO; solution (BCS) at a flow rate of 1.0 mL min ™" or reactant
gases at a flow rate of 15 ccm. The current density (/) on Ag
MEA-cell was calculated based on the Ag cathode area covering
Ag-MEA. Gas products were quantified by using a Micro GC
FUSION (INFICON). The absence of liquid product was con-
firmed by high performance liquid chromatography (HPLC)
using LC-20AD (Shimadzu) equipped with an RID-10A refractive
index detector (Shimadzu). From gas chromatography (GC) and
HPLC, no products other than CO and H, were detected by GC
or HPLC. Resistance values for Ag MEA-cells were measured
using the 1280Z electrochemical test system. The faradaic
efficiencies (FE) were investigated in the cell voltage range of
1.8 to 2.4 V. The FEs for the production of CO (FE¢o) and H,
(FEg,) were calculated according to the report and the repre-
sentative results in several experimental tests are shown in this
paper.*® Because the size of the cell components was nearly
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identical, the measured resistances without iR correction were
directly used for discussion.

Results and discussion

CO,RR using a bicarbonate solution

We first tested the CO,RR on a typical MEA cell (Fig. 2b) with Ag
NPs applied on a carbon-based gas diffusion electrode (GDE).
Chronoamperometry was conducted by flowing 1.0 M BCS as a
simulated CO,-captured solution to the cathode side at a flow
rate of 1.0 mL min~ " and 1.0 M KOH to the anode side at a flow
rate of 1.0 mL min~". Fig. S3 (ESI{) represents that the FEg,
and FE¢o values on the MEA cell at 2.0 V of the cell voltage are
16 and 63%, respectively, indicating that the CO,RR can
proceed on a carbon-based GDE although the HER is still not
negligible in the voltage range between 2.0 and 2.6 V.>*** It
should be noted that the total FE did not reach 100% because of
the difficulty in precisely controlling H, uptake at relatively low
potentials in our experimental setup. At a voltage higher than
2.4 V, the HER was further promoted. Several authors have
reported that a high overpotential is required to initiate the CO,RR
on the carbon-based GDE where the HER is predominant,"*** and
therefore, we constructed a Ag MEA-cell without using a carbon-
based GDE (Fig. 2c). Two flow plates with serpentine channels
were used to supply 1.0 M KOH and 1.0 M BCS to the anode and
the cathode, respectively. We used a PEEK channel to flow BCS on
the cathode side because metal electrodes usually promote the
HER in CO,RR conducted in an aqueous electrolyte.***> In addi-
tion, a Ag sheet with a square window was used as the electrode on
the cathode side to minimize the contact between the electrode
and electrolyte solution (Fig. 2c and 3a). SEM observation con-
firmed that the surface of the Nafion membrane was uniformly
covered with Ag NPs without delamination and significant agglom-
eration (Fig. 3b-d).

We evaluated the CO,RR performance of the Ag MEA-cell
using BCS and found that CO and H, were the only detectable
cathodic products based on the analysis of the outlet gas and
electrolyte at the cathode compartment. The SEM images of the
cathode side of the MEA before and after the reaction showed
minimal change in surface morphology during the reaction
(Fig. 3c and d). The X-ray diffraction (XRD) pattern of the Ag
NPs on the starting MEA indicated characteristic peaks at 38.3,
44.5, 64.7 and 77.7°, corresponding to diffractions from the
(111), (200), (220) and (311) planes of Ag, respectively and there
was no change in the XRD patterns of the Ag NPs on the MEA
before and after the reaction. These results confirmed that the
Ag NPs on the cathode maintained their structure under our
experimental conditions (Fig. S4 and Table S1, ESI+t).

Fig. S5a (ESIt) shows the J, FEgo and FEy, in the CO,RR
using 1 M BCS in the voltage range between 1.8 and 2.4 V.
As the cell voltage increased, the J gradually increased from
12.2 mA cm ?at 1.8 Vto 59.0 mA cm™ 2 at 2.4 V. Thus, the CO,RR
using BCS was achieved at voltages much lower than 3.0 V and
previously reported voltages using a bipolar membrane
(BPM).**8 At 2.0 V, FEy, became minimal (FEy, = 9.2%),
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Fig. 3 (a) A photograph of the MEA for the Ag MEA-cell and (b) the cross-
section SEM image of the MEA with 2.5 mg cm™2 of Ag NPs. SEM images of
the Ag NPs coated on the MEA (c) before and (d) after the CO,RR in BCS.

whereas FEcq increased to FEqo = 93% with J = 27 mA cm ™2,

suggesting that a more selective CO,RR occurs compared to
those on MEA cells with a carbon-based GDE (FEy, = 16% and
FEco = 63% with J = 30.9 mA cm™> at 2.0 V, Fig. S3, ESIT).
Considering that 3 M BCS is the almost saturated one, we
performed the CO,RR using 2 M and 3 M BCSs to increase the
efficiency (Fig. 4a and Fig. S5b, ESIT). When 2 M BCS was flowed,
we achieved the best performance with FEco > 99% and J =
51.5 mA cm at 2.1 V (Fig. 4a), indicating that almost pure CO
was obtained as a CO,RR product. The high selectivity and good J
in the CO,RR using 2 M BCS are possibly related to the appro-
priate balance between the BCS concentration and the solution
resistances; 1, 2 and 3 M BCS showed resistances of 1.31, 2.17 and
3.08 Q, respectively. A comparison of the performance found here
with the reported results is summarized in Table S3 (ESIt).
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CO,RR using a CO, capture solution

Next, we performed the CO,RR by flowing a CO, capture
solution, which was prepared by bubbling pure CO, gas into
1.0 M KOH (CO,-sol, pH 7.55, Table S2, ESIY) as the electrolyte,
and achieved FEqo > 99% and J = 73.3 mA cm 2 at 2.1 V
(Fig. 4b). Interestingly, FEqo remained at 93% even with a
relatively high J = 105 mA ecm™? at 2.3 V, which implies that
the J values in the CO,RR using CO,-sol are higher than those
in BCSs. The reported MEA cells using BCS mostly used a BPM,
which requires a large overpotential of more than 3.0 V for
the dissociation of H,O into H" and OH™ at the membrane
(H,0(l) = H'(aq) + OH (aq)).**® In contrast, our Ag MEA-cell
made of a Nafion membrane can eliminate the need for H,O
dissociation. Furthermore, the Ag MEA-cell showed higher
FEco and higher J compared to the previously reported perfor-
mances, which exhibits great potential of CO,RRs for the direct
utilization of BCS as a CO, resource.>*™°

We then demonstrated the CO,RR using a CO, capture
solution prepared by bubbling air-CO, into 3 M KOH (air-
CO,-sol). The pH of air-CO,-sol was 7.90 (Table S2, ESIt),
indicating that bicarbonate is the primary carbon species in
air-C0,-s0l.*® A high FE¢o of 86% with J = 33.4 mA cm ™2 in the
CO,RR using air-CO,-sol was realized at 2.0 V (Fig. 4c), indicating
that the Ag MEA-cell exhibits significantly high selectivity for CO
production even using air-CO,-sol and a high possibility for direct
utilization of various impure CO, sources.

CO,RR using 60% air containing CO,

We tried to directly apply air-CO, as a reactant gas to Ag MEA-
cell. As mentioned above, the inclusion of O, in the reactant gas
is known to completely inhibit the progress of the CO,RR in a
conventional electrochemical flow cell due to highly preferen-
tial ORR."*? In fact, we performed the CO,RR by feeding air-
CO, into a conventional flow cell using a carbon-based GDE on
which Ag NPs were applied (Fig. 2a and Fig. 1, ESIt),>*?%?? but
did not observe any products, neither CO nor H, (Fig. S2, ESIT).
This result implies that CO, does not interact with the Ag catalyst
on the carbon GDE in the presence of air and that the current
flowing into the GDE is predominantly used for the ORR before
the onset of the CO,RR, which is explained by the fast kinetics of
the ORR.*"™** It should be recalled that the newly designed Ag
MEA-cell has a unique structure in which the reactant gas can
directly contact the Ag NP catalyst, implying the possibility of the
CO,RR on Ag MEA-cell even with air-CO,. Before investigating
the CO,RR with air-CO,, the CO,RR performance on the Ag
MEA-cell was examined by flowing pure CO, to the cathode side.
Fig. S6 (ESIt) represents that J increases with increasing cell
voltage, reaching 100 mA cm > at 2.3 V and the CO,RR using
pure CO, gas shows more than 2 times better J between 2.0 and
2.4 V compared to the CO,RR using 1 M BCS. The voltage was
considerably small compared to the reported voltage of 3.5 V on
a BPM-equipped MEA cell showing the large overpotential on a
BPM to dissociate H,O into H" and OH™.**"*" Furthermore, we
achieved FEgo = 97% at 2.3 V and J = 100 mA cm ™~ using the
optimized Nafion loading on Ag-MEA (Fig. S7 and S8a, ESIf).
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To investigate the effect of CO, concentration, we used a mixed
gas consisting of 40% CO, and 60% N, (N,-CO,) for the CO,RR
in the voltage range of 2.0 to 2.4 V with 10% Nafion loading on
Ag-MEA under the optimized conditions (Fig. S8b, ESIf). We
found that the selectivity for the CO,RR is significantly reduced
when using N,-CO,, especially at higher cell voltages above 2.3 V
(Fig. 5a and b). For example, the FEco was reduced to 48% at
2.4 V compared to FEco = 93% at 2.4 V for pure CO,, whereas
FEy, was significantly increased to 43%, suggesting that the HER
is promoted at low CO, concentration.

Subsequently, air-CO, was used as a CO, source to examine
the effect of O, inclusion on the CO,RR. The CO,RR in the Ag
MEA-cell reached FEqo = 74% and J = 56.7 mA cm ™ > at 2.2 V
(Fig. S8c, ESIT), which is analogous to FEco = 76% and J =
39.9 mA cm™ 2 at 2.2 V for N,-CO, (Fig. $8b, ESIt), indicating
that the decrease in FEqo is caused by the low CO, concen-
tration, not by the enhancement of the ORR. When the CO,RR
was performed above 1.9 V, the total FE values or the sum of
FEqo and FEy, became less than 100%, which suggests that a
part of the flowed current is used for the ORR, and the HER was
increased above 2.3 V. Thus, the favorable FE¢g in the CO,RR
with using air-CO, between 2.0 and 2.2 V is possibly explained
by the previously reported phenomenon;*? a thin layer of H,O is
formed on the Ag catalyst surface by the ORR, which prevents
O, from contacting the Ag catalyst surface as shown in Fig. 5c.
In addition, the H,O produced by the ORR increases the
moisture content of the Nafion membrane, which reduces its
insulating properties and results in a relatively high J value.

Conclusion

The newly constructed Ag MEA-cell significantly suppresses
the HER, which makes it applicable to the CO,RR using BCS.
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Table 1 The summary of the CO,RR results using various CO, sources

Entry  CO, source  Cell voltage (V)  FEco (%)  J (mA cm ?)
1 2 M BCS 2.1 >99 51.5

2 CO,-sol 2.1 >99 73.3

3 Air-CO,-sol 2.0 86 33.4

4 CO, 2.3 97 100

5 Air-Co, 2.2 74 56.7

After the detailed optimization of the reaction conditions, we
have achieved the maximum FEco > 99% and partial current
density for CO production ( Jco) of 73.3 mA cm™? in the CO,RR
using 1.0 M CO,-sol. Even when we used air-CO,-sol, high CO
selectivity FEgo = 86% with 33.4 mA cm 2 was achieved at 2.0 V
(Table 1). Furthermore, excellent CO selectivity with FEco =
74% and relatively high J = 52.7 mA cm ™2 were realized by direct
application of air-CO, to Ag MEA-cell, suggesting a selective
CO,RR with suppressed ORR even using air-CO, due to the
unique structure of the Ag MEA-cell where the contact points
between air-CO, and the electrode were minimized. These
results showed that the Ag MEA-cell structure has high
potential for the direct conversion of CO, feedstocks captured
by DAC, which would broaden the applicability of the combi-
nation of DAC and CO,RR technologies.
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