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Multiple approaches will be needed to reduce the atmospheric
CO, levels, which have been linked to the undesirable effects
of global climate change. The electroreduction of CO, driven
by renewable energy is one approach to reduce CO, emissions
while producing chemical building blocks, but current electro-
catalysts exhibit low activity and selectivity. Here, we report
the structural and electrochemical characterization of a promis-
ing catalyst for the electroreduction of CO, to CO: Au nanopar-

1. Introduction

The continuous, steady increase in atmospheric CO, levels has
been linked to climate change, leading to, for example, erratic
weather patterns and rising ocean temperatures.” Slowing
down or ideally curbing the rise in atmospheric CO, levels will
require concurrent implementation of multiple approaches, in-
cluding switching from fossil-fuel-burning power plants to re-
newable energy sources; increasing the energy efficiency of
buildings; increasing the fuel efficiency of vehicles or switching
to electric vehicles; and carbon capture and sequestration.””
Also, addressing the main challenge of implementing renewa-
ble sources such as wind and solar, their intermittency will re-
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ticles supported on polymer-wrapped multiwall carbon nano-
tubes. This catalyst exhibits high selectivity for CO over H,: 80-
92% CO, as well as high activity: partial current density for CO
as high as 160 mAcm . The observed high activity, originating
from a high electrochemically active surface area (23 m’g™’
Au), in combination with the low loading (0.17 mgcm™2) of the
highly dispersed Au nanoparticles underscores the promise of

this catalyst for efficient electroreduction of CO,.

quire development of a scalable and broadly deployable
means for storage of electricity.

One option to both reduce CO, emissions and to provide a
potential means for energy storage is the electroreduction of
CO, to chemicals that can be stored and transported at scale
and used upon demand.® Technically, electroreduction of CO,
is analogous to running a fuel cell in reverse. The CO, reduc-
tion reaction takes place at the cathode, while typically the
water oxidation reaction (or an alternative reaction like chlor-
ine evolution) takes place at the anode. Over the past few de-
cades, research has mostly focused on the half-reaction of the
cathode (i.e., the CO, reduction reaction). Prior work by Hori
et al. has shown that the use of different metal catalysts leads
to different products.”” For example, group 1 metals such as
Au and Ag lead to carbon monoxide (CO), group 2 metals such
as Pb and Sn lead predominantly to formic acid, group 3
metals such as Pt and Fe lead to H,, while group 4 metals such
as Cu lead to mixtures of short hydrocarbons. Here we focus
on catalysts for the selective production of CO because CO is a
key building block for chemical synthesis, for example through
the Fischer-Tropsch process which can produce various hydro-
carbons.” To date, some of the best performance for the elec-
troreduction of CO, to CO has been achieved with precious
metal catalysts such as silver (Ag) or gold (Au).”*® Previously,
we have reported that under ambient conditions, when using
IrO, as the anode catalyst in alkaline media (1M KOH as the
electrolyte), a partial current density for CO as high as
250 mAcm 2 can be achieved in combination with a Faradaic
efficiency for CO of 95%, at energy efficiencies as high as 43%
using a gas diffusion electrode (GDE) covered with a catalyst
layer of Ag nanoparticles.” Furthermore, we have shown that
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by tuning the electrolyte composition (cation, anion, pH, con-
centration),”” we can achieve a partial current density for CO
as high as 440 mAcm™2 at energy efficiencies of ~42%, for the
case of using Ag nanoparticles coated GDE as the cathode
with an IrO, anode and 3.0m KOH electrolyte. In other work,
Dufek et al. have reported a system operating at elevated tem-
perature and/or pressure that produces current densities as
high as 350 mAcm 2 in combination with a Faradaic efficiency
of 82% for CO, specifically, but at an energetic efficiency of
less than 30%.” This low energy efficiency is insufficient for an
economically viable process, which probably would require an
energy efficiency of >60%."" Currently no catalysts or electro-
chemical systems are known that exhibit sufficient activity (i.e.,
>150 mAcm?) at a sufficiently low cathode overpotential (<
0.5V) to ensure high energy efficiencies. Prior experimental
and computational studies suggest that Au might be a better
catalyst than the frequently studied Ag.**'" For example, Au
nanoparticles have been shown to exhibit a higher activity and
a lower onset for the electroreduction of CO, to CO than Ag.”™
However, Au nanoparticles are known to lack stability due to
aggregation.

A common approach to lower the loading of precious metal
catalyst is the use of high-surface-area catalyst supports such
as carbon black, titanium dioxide, or carbon nanotubes
(CNTs).'" This approach may also improve catalyst stability
(e.g., by preventing particle aggregation). Among these vari-
ous catalyst supports, CNTs provide high electrical conductivity,
good electrochemical durability, and high surface area to sup-
port catalyst particles. Catalyst nanoparticles can be deposited
on CNTs using a variety of deposition methods including im-
pregnation, ultrasound, sputter deposition, precipitation, and
electrochemical deposition.'”” To overcome their chemically
inert nature, CNTs are often oxidized using a strong acid solu-
tion (mixture of H,SO, and HNO;) to introduce COOH and OH
groups on the surface to make the surface more hydrophilic,
thus enhancing the binding of metal nanoparticles to
CNTs.">"¥ However, treatment with strong acid also affects the
durability of CNT-based electrocatalysts.”! An alternative ap-
proach to enhance nanoparticle adhesion that does not in-
volve oxidation with strong acid involves wrapping multi-wall
carbon nanotubes (MWNTs) with thin (<1 nm) polymeric layers
of polybenzimidazole (PBI) and pyridine-containing polybenzi-
midazole (PyPBI) that can provide nucleation sites for the in
situ growth of metal nanoparticles.">'¥ Although the polymers
by themselves are not electronically conductive, the sub 1 nm
thickness ensures an electronic contact between the MWNTs
and metal nanoparticles via quantum tunneling."™ In prior
work, some of us have used the resulting polymer-wrapped
MWNTs, on which Pt nanoparticles were deposited, as catalyst
for the oxygen reduction reaction (ORR) in both acidic and al-
kaline fuel cells.">' Compared to Pt on carbon black or Pt on
oxidized MWNTs, the highly-dispersed Pt nanoparticles (particle
size: 3.2+£0.78 nm) on the polymer-wrapped MWNTs exhibit in-
creased catalyst activity as a result of a higher electrochemical-
ly active surface area (ECSA) while still providing high catalyst
stability at low Pt loadings (0.45 mgcm ).
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Here, we adopt this strategy to obtain a highly active and
stable catalyst for CO, reduction: Au nanoparticles supported
on polymer wrapped MWNTs (MWNT/PyPBI/Au, Figure 1). We
expect that this approach 1) will ensure a low loading of Au;
2) will yield surface-bound Au nanoparticles in a size range
that provides a high electrochemically active surface area and
thus high activity; and 3) will prevent Au-nanoparticle aggrega-
tion, which is typically observed when they are supported via
other methods. For comparison, we also created a similar cata-
lyst supported on polymer-wrapped carbon black (CB/PyPBI/
Au) and compared its performance in the electroreduction of
CO, to the performance of the MWNT/PyPBI/Au catalyst.

L— S ’{r( N —
et as products
I e e
— to reference
electrode

GDE

Figure 1. Top-right: Schematic representation of the Au catalyst supported
on polymer-wrapped multiwall nanotubes (MWNT/PyPBI/Au) studied here.

This catalyst is deposited on a gas diffusion electrode (Top-left; Reconstruct-

ed 3D view obtained from MicroCT data) at a loading of 0.17 mg Aucm 2.

Bottom: Schematic representation of the microfluidic electrolysis cell used in
this study for the electroreduction of CO, to CO. The anode is comprised of
Pt deposited on a second gas diffusion electrode.

2. Results and Discussion
2.1. Catalyst Synthesis and Characterization

The synthesis procedures of the MWNT/PyPBI/Au and CB/
PyPBI/Au catalysts as well as the corresponding TEM images
are shown in Figure 2. First, the MWNT/PyPBI (or CB/PyPBI) cat-
alyst support was prepared by suspending the MWNTs (or CB)
in a solution of PyPBI in N,N-dimethylacetamide (DMAc). The
mixture was sonicated for 4 h to ensure uniform wrapping
with the PyPBI. The mixture was then filtered, rinsed, and dried
under vacuum to yield either the MWNT/PyPBI or the CB/PyPBI
catalyst support. Second, Au nanoparticles were grown in situ
on the surfaces of these two catalyst supports. Specifically, the
MWNT/PyPBI (or CB/PyPBI) powder was re-suspended in an
ethylene glycol/water mixture ('/,=3/2). Chloroauric acid
(HAuCl,) was dissolved in the same solvent mixture. Then, the
two solutions were mixed in a certain ratio, and upon the addi-
tion of sodium borohydride (NaBH,) reduction of Au" to Au°
was induced, leading to nanoparticle nucleation and growth of
Au particles on the MWNT/PyPBI (or CB/PyPBI) support. The
two products were obtained after extensive stirring and filtra-
tion. Further details are provided in the Experimental Section
and in the Supporting Information (SI).

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Synthesis procedure of the as-produced catalysts. Schematic representation of the preparation of: a) MWNT/PyPBI/Au and b) CB/PyPBI/Au used in
this study. TEM images of the as-synthesized catalysts: ¢) MWNT/PyPBI/Au (50 wt.% Au) and d) CB/PyPBI/Au catalyst (45 wt.% Au).

We characterized the MWNT/PyPBI/Au and CB/PyPBI/Au cat-
alysts using TEM (Figure 2c,d), XRD (Supplementary informa-
tion Figure S1) and thermal gravimetric analysis (TGA). Fig-
ure 2¢ and 2d show that 1-20 nm-Au nanoparticles are uni-
formly embedded on the surfaces of the MWNT/PyPBI and CB/
PyPBI supports. The XRD diffraction patterns show that the Au
nanoparticles in all Au-based samples are polycrystalline. The
TGA measurements show that the Au content of the MWNT/
PyPBI/Au and CB/PyPBI/Au samples is 50 and 45 wt.%, respec-
tively.

2.2. Electrochemical Characterization

Electrochemical characterization revealed that the MWNT/
PyPBI/Au outperformed the CB/PyPBI/Au as well as unsupport-
ed Au, and Au supported on carbon black (CB/Au) for the re-
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duction of CO, to CO (Figure 3). We performed these tests in a
previously reported microfluidic CO, electrolysis cell
(Figure 1), using gas diffusion electrodes (GDEs) that were
covered with the different catalysts, all at identical metal load-
ing (0.17 mg Aucm™), and deposited using an automated air-
brush method.” The results in Figure 3 show that under ambi-
ent conditions the different Au-based catalysts yield different
partial current densities for CO production. The lowest current
densities for CO are found with the Au particles deposited di-
rectly onto the GDE surfaces. Increasingly higher partial current
densities for CO are achieved for the Au-based catalysts sup-
ported on CB (CB/Au), supported on polymer-wrapped CB (CB/
PyPBI/Au), and supported on polymer-wrapped MWNT
(MWNT/PyPBI/Au). The polymer wrapping (PyPBI) by itself was
found not to significantly affect the selectivity of CO, electrore-
duction, as is evident from the FE., data for CB/PyPBI/Au and

20 -9 MWNTPYyPBIAY —y—Au

~@- CB/PyPBI/AU

QAT : : :
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Figure 3. Results of electrochemical reduction of CO, in a flow reactor. Partial current density of: a) CO and b) H, as well as Faradaic efficiency for c) CO and
d) H, as a function of cathode potential (V) vs. Ag/AgCl. The error bars represent the standard deviation of the average of three experiments (N=3). Cathode
catalyst: 0.34 mgcm 2 MWNT/PyPBI/Au (50 wt% Au, ca. 0.17 mgAucm2); 0.38 mgcm 2 CB/PyPBI/Au (45 wt% Au, ca. 0.17 mgAucm ?); 0.28 mgcm 2 CB/Au
(60 wt% Au, ca. 0.17 mgAucm?); 0.16 mgcm 2 Au; 0.19 mgcm ™2 MWNT/PyPBI; 0.19 mgcm 2 CB/PyPBI. Anode catalyst: 4.25 mgcm 2 Pt black. Reactant
streams: 7 sccm CO,. Electrolyte: 1.0m KCl flowing at 0.5 mLmin~". Data collected at room temperature and ambient pressure.
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CB/Au (Figure 3¢). The MWNT/PyPBI/Au catalyst shows a par-
tial current density of 160 mAcm™2 for CO production at a po-
tential of —1.78 V vs. Ag/AgCl under ambient conditions (Fig-
ure 3a). In comparison, the CB/PyPBI/Au and CB/Au reach a
partial current density for CO of 90-100 mAcm? at similar
cathode potentials, while all other catalysts and control sam-
ples exhibited significantly lower current densities.

We also characterized the different catalysts using a conven-
tional three-electrode electrochemical cell, specifically to deter-
mine their electrochemically active (exposed) surface areas
(ECSAs) by comparing the area of the cathodic Au oxide strip-
ping peak observed for each sample (SI, Figure S2)."¥ The re-
sults obtained by these measurements, summarized in Table 1,

Table 1. Summary of results obtained from cyclic voltammetry of sam-
ples with Au content. Estimation of Au electroactive surface area using
charge associated with stripping of the Au surface oxide (420 uCcm%"?
and electrical charge associated with the integration of the oxide peak
between the potential limits of 0.9 to 0.5 V."*?% Three independent trials,
each with recast electrodes, are factored into each average value report-
ed.

Catalyst Electrical Specific electrochemically active surface
charge [uC] area [m¥/gAul

Au 110+40 341

CB/Au 410+80 10+2

CB/PyPBI/ 740+100 18+3

Au

MWNT/ 950+50 23+1

PyPBI/Au

demonstrate that the MWNT/PyPBI/Au catalyst exhibits the
highest ECSA (23 m*g™' Au), about 25% higher than the ECSA
obtained for the CB/PyPBI/Au catalyst, at least twice as high as
the ECSA obtained for the CB/Au catalyst, and ~8 times
higher than the ECSA obtained for unsupported Au particles
(unsupported Au < CB/Au < CB/PyPBI/Au < MWNT/PyPBI/Au).
These increases in ECSA for the different catalysts correspond
qualitatively with the trends in the observed relative partial
current densities for CO. This suggests that the catalytic per-
formance enhancements observed can be attributed largely to
the increase in ECSA when the catalytically active nanoparticles
are deposited in an unsupported fashion or on different sup-
port materials.

We also measured the reduction activity of the different cat-
alysts and of the support materials without Au using a conven-
tional three-electrode electrochemical cell in the presence of
CO, or Argon feed (SI, Figure S3). The polymer-wrapped sup-
ports (MWNT/PyPBI and CB/PyPBI) exhibit identical per-
formance in Ar and CO,, suggesting that they are unable to
reduce CO, (Figure S3a,b). In contrast, the MWNT/PyPBI/Au
catalyst exhibits a significantly larger reduction current in the
presence of CO, than in Ar, presumably due to its high ECSA
and its selectivity to form CO (Figure S3 c-f).

Figures 3¢ and 3d show the Faradaic efficiencies for CO and
H, for the various catalyst samples and controls deposited on
the gas diffusion electrodes that were tested in the microflui-
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dic flow cell. At cathode potentials up to —1.5V (vs. Ag/AgCl),
the catalysts exhibit a selectivity similar to what has been ob-
served previously for unsupported Au. After the onset region
(at approximately —1.0 to —1.1V), the Faradaic efficiency for
CO rapidly climbs to stable levels of 80-100%. The electrodes
with MWNT/PyPBI/Au as the catalyst exhibit the best selectivity
for CO, exceeding 90%. At cathode potentials exceeding
—1.5V, a drop in the selectivity for CO is apparent for all Au-
based samples. In part, this can be explained by the increased
evolution of H,, whose production is known to be catalyzed by
carbon supports at these potentials."” Also, large amounts of
gaseous CO and H, are produced at these cathode potentials
leading to the formation of bubbles in the flow cell, possibly
lowering the amount of reaction products that is recorded in
the GC analysis of the product mixture.

Next, we also tested the stability of the MWNT/PyPBI/Au cat-
alyst. The experiments were performed in a three-electrode
cell instead of a flow cell to eliminate degradation effects due
to the GDL. For these stability experiments, the cell potential
was held constant at —1.6 V over 26 h. During this time, the
catalyst slowly improved in performance by about 12% (SI,
Figure S4). A change in performance for a freshly prepared
electrode such as those used here is not unusual; for example
fuel cell electrodes are known to need a certain break-in
period before their performance levels off.?

3. Conclusions

In conclusion, the results reported here demonstrate that
MWNT/PyPBI has promise as a catalyst support for Au nano-
particles: The Au particles grown are small (1-20 nm), well dis-
persed, and they perform well in the electrochemical reduction
of CO, to CO. The maximum current density of 160 mAcm™
exceeds the performance levels obtained when using CB/
PyPBI/Au, unsupported Au, or Au supported on carbon black
(CB/Au) catalysts. Furthermore, use of the MWNT/PyPBI sup-
port seems to prevent degradation or aggregation of the Au
particles, resulting in stable electrocatalytic performance. Al-
though, high levels of CO activity were obtained at low Au
loadings (0.17 mgcm™), future work could focus on a further
investigation of the effect of loading on catalyst utilization,
with the aim of providing more fundamental insights (kinetic
vs. mass transfer limitations, structural effects) into electrode
design. Furthermore, now that several active, selective, and
stable catalysts for CO, electroreduction (such as the MWNT/
PyPBI/Au reported here) are available in the literature, future
work should focus on understanding the factors (ion migra-
tion, local pH, change in hydrophobicity, etc.) affecting the sta-
bility/durability of catalyst and GDE at industrially relevant cur-
rent densities (> 100 mAcm ™).

From a more general perspective, the approach of wrapping
MWNTs with a polymer to obtain a catalyst support material
that stabilizes highly active precious metal catalyst particles
may also be beneficial for other electrocatalysis applications,
for example the reduction of CO, to products other than CO
using catalysts other than Au. Moreover, the polymer-wrapped
MWNT-supported Au catalyst reported here may be promising
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for other catalytic reactions known to be catalyzed by Au, for
example for low-temperature water gas shift reactions and NO
reduction with hydrocarbons, which are both of industrial rele-
vance.

Experimental Section
Preparation of the MWNT/PyPBI/Au Catalyst

The pyridine-containing polybenzimidazole (poly[2,2'-(pyridine- 2,6-
diyl)bibenzimidazole-5,5"-diyl]), PyPBI, was prepared using the pre-
viously described method."* To wrap the MWNTs (Nikkiso Co.,
Ltd.) with PyPBI, 4 mg of PyPBI was dissolved in 20 mL of N,N-di-
methylacetamide (DMAc), followed by addition of 20 mg of the
MWNTs. The resulting mixture of the MWNTs and PyPBI in DMACc
was then sonicated for 4 h to ensure uniform wrapping of the
MWNTs with the PyPBI. After sonication, the mixture was filtered
using PTFE filter paper (0.2 pm pore size, Millipore) and rinsed with
DMAc twice to remove residual PyPBI, followed by drying over-
night under vacuum. The resulting black powder is herein referred
to as MWNT/PyPBI.

The synthesis of Au NPs on the MWNT/PyPBI is performed as fol-
lows. First, 5 mg of MWNT/PyPBI powder was dispersed in a 10 mL
ethylene glycol/water mixture (v/v=6/4) via sonication for 1 h.
Second, ag.1.4 mm HAuCI, (4.5 mg Au, Wako Pure Chemical Indus-
tries, Ltd.) was diluted with 15 mL of an ethylene glycol/water mix-
ture (v/v=4/1). Next, the MWNT/PyPBI suspension was added into
the dilute HAuCl, solution to which, after stirring for 5 min, 3 mL of
0.1 mm NaBH, in water was added. The mixture of MWNT/PyPBI,
HAuCl, and NaBH,, ethylene glycol and water was continually
stirred for 24 h at room temperature under N,. The mixture was
then filtered using a PTFE filter paper (0.1 um pore size, Millipore)
and dried overnight under vacuum. The resulting black powder is
herein referred to as MWNT/PyPBI/Au. The MWNT/PyPBI/Au con-
sists of 50 wt.% Au and 50 wt.% MWNT/PyPBI as measured using
the thermal gravimetric analysis (TGA).

Three-Electrode Cell Operation

High purity water (18 MQ2) was obtained from a Millipore water pu-
rification system. All reagents were analytical grade and used as re-
ceived. The three-electrode cell experiments were carried out
using a CH Instruments bipotentiostat. The two-compartment elec-
trochemical cell consisted of a Au wire counter electrode, isolated
from the working electrode via a frit, and a “no-leak” Ag/AgCl ref-
erence electrode (Cypress), separated from the working electrode
by means of a Luggin capillary. Electrochemical measurements
were all recorded and reported versus the Ag/AgCl electrode. The
catalysts for the three electrode cell experiments were prepared as
follows. Catalyst inks containing the powder catalyst (enough to
contain 1.0 mg Au) and Nafion (5 wt%, Aldrich) in a mass ratio of
catalyst to Nafion of 30/1 were prepared in 1 mL of an isopropyl al-
cohol/H,0 mixture (v/v=4/1) and sonicated prior to electrode
preparation. A 10 pL drop of the catalyst ink was deposited and
dried under flowing Ar on a rotating ring-disk electrode (Pine In-
struments), comprised of a polished (0.05-micron alumina) glassy
carbon disk electrode (0.196 cm?) with a Pt ring.

Prior to measurements of reduction activity as well as the ECSA
measurements, the electrochemical cell was purged with Ar gas.
Gas flow was then redirected to maintain Ar flow over the top of
the 1M KCI (>99.9995 % Sigma Aldrich) or 0.5m H,SO, (J. T. Baker)
electrolyte solution. Data collection under CO, first involved purg-

ChemPhysChem 2017, 18, 3274 -3279 www.chemphyschem.org

3278

CHEMPHYSCHEM
Articles

ing the electrolyte solution, followed by the reduction of gas flow
into the electrolyte solution prior to data collection.

Electrochemical Measurements in a Flow Cell

Preparation of Electrodes: The gas diffusion electrodes were pre-
pared by depositing the catalyst ink onto the Sigracet 35 BC gas
diffusion layers (GDL, lon Power) via an air-brush method for the
cathode and hand painting for the anode."” The preparation of
catalyst inks for cathodes is as follows:

1) Au catalysts (MWNT/PyPBI/Au, CB/PyPBI/Au, CB/Au, Au): Catalyst
inks containing the powder catalyst (enough to contain
0.17 mgcm~2 Au) and Nafion (5 wt.% Nafion solution, Aldrich) in a
mass ratio of catalyst to Nation of 30/1 were prepared in 1 mL of
an isopropyl alcohol/H,0 mixture (v/v=4/1) as the carrier solvents.

2) Control samples (MWNT/PyPBI, CB/PyPBI): Catalyst inks contain-
ing the polymer-wrapped supports (enough to contain
0.19 mgcm ™2 MWNT/PyPBI or CB/PyPBI) and Nafion (5wt.% Nafion
solution, Aldrich) in a mass ratio of catalyst to Nation of 30/1 were
prepared in 1 mL of an isopropyl alcohol/H,O mixture (v/v=4/1) as
the carrier solvents.

For the hand-painted anodes, catalyst inks were prepared by
mixing 10 mg Pt black (Alfa Aesar) and 6.9 pL Nafion solution, and
adding 400 pL of Millipore water and 400 pL isopropyl alcohol as
the carrier solvents. The same anode that was used for all measure-
ments had a catalyst loading of 4.25 mgcm 2 Pt black. All inks
were sonicated for 30 minutes to ensure uniform mixing and were
either hand-painted using a paintbrush or air-brushed using an au-
tomated air-brushing deposition setup onto the teflonized carbon
side of the GDL to create a GDE covered with catalyst over a geo-
metric area of 2 cm” Importantly, the actual catalyst loading of the
GDEs (to account for losses during the deposition) was determined
by weighing the GDE before and after deposition and was indicat-
ed in all Figure captions in the paper.

Cell Assembly: Two catalyst-coated GDEs, an anode and a cath-
ode, were placed on opposite sides of a 0.15-cm thick poly(methyl
methacrylate) (PMMA) sheet with 0.5-cm wide by 2.0-cm long
window (1 cm?) such that the catalyst layers faced the flowing
liquid electrolyte. The geometric surface area used to calculate cur-
rent density is 1 cm? This three-layer assembly was clamped be-
tween two aluminum current collectors with access windows. On
the cathode side, an aluminum gas flow chamber supplied CO,,
while the anode was open to the atmosphere so formed O, can
escape. The assembly was held together with four bolts with
Teflon washers to maintain electric isolation between the electro-
des.

Electrochemical Testing Procedures: CO, electrolysis experiments
were conducted using a potentiostat (Autolab PG30) at room tem-
perature and ambient pressure. CO, gas (S.J. Smith, 100%) was fed
at a rate of 7 sccm. In all experiments, the electrolyte flow rate was
0.5 mLmin~" controlled by a syringe pump (Harvard Apparatus,
PhD 2000). The electrolyte was 1 m KCI (Sigma-Aldrich, >99.9995 %
pure) in water. Millipore water was used for all electrolytes. Elec-
trolysis cell polarization curves were obtained by steady-state chro-
noamperometric measurements at different potentials, in which
gaseous products, as well as unreacted CO,, were collected and in-
jected into an on-line gas chromatograph (Trace GC, ThermoFisher
Scientific) equipped with a thermal conductivity detector for quan-
titative determination of product composition. Specifically, for the
chronoamperometric measurements, the current was allowed to
stabilize for 180 s after stepping onto a potential and before the

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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gas analysis was performed. Gas samples were analyzed using a
triple injection method i.e., three gas injections were made at reg-
ular intervals over a 180 s time period and the average peak area
was used for quantification. The current was also averaged over
the 180 s time period to account for fluctuations due to bubble
formation. Individual anode and cathode polarization curves were
independently measured using an external Ag/AgCl reference elec-
trode which was ionically connected to the electrolyzer. All the po-
tentials reported in this work represent actual readings and were
not iR corrected. The Faradaic efficiency and partial current density
calculations were performed according to the procedure described
earlier."”
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