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a b s t r a c t

With the development of better catalysts, mass transport limitations are becoming a challenge to high
throughput electrochemical reduction of CO2 to CO. In contrast to optimization of electrodes for fuel cells,
optimization of gas diffusion electrodes (GDE) e consisting of a carbon fiber substrate (CFS), a micro
porous layer (MPL), and a catalyst layer (CL) e for CO2 reduction has not received a lot of attention. Here,
we studied the effect of the MPL and CFS composition on cathode performance in electroreduction of CO2

to CO. In a flow reactor, optimized GDEs exhibited a higher partial current density for CO production than
Sigracet 35BC, a commercially available GDE. By performing electrochemical impedance spectroscopy in
a CO2 flow reactor we determined that a loading of 20 wt% PTFE in the MPL resulted in the best per-
formance. We also investigated the influence of the thickness and wet proof level of CFS with two
different feeds, 100% CO2 and the mixture of 50% CO2 and N2, determining that thinner and lower wet
proofing of the CFS yields better cathode performance than when using a thicker and higher wet proof
level of CFS.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Over the past several decades the atmospheric carbon dioxide
(CO2) concentration has risen to levels that are now being associ-
ated with climate change as well as the abnormal weather patterns
[1]. To curb this CO2 rise and ultimately to lower the CO2 levels in
the atmosphere, multiple strategies will have to be implemented,
& Biomolecular Engineering,
Mathews Avenue, Urbana, IL
including carbon capture and sequestration, improvement of fuel
efficiency in the transportation sector, improvement of energy ef-
ficiency in buildings, and of course the increased utilization of
renewable energy sources, such as solar and wind, which do not
produce CO2 [2]. However, the intermittent nature of renewable
sources necessitates large-scale energy storage or on-demand uti-
lization to exploit energy produced by these renewable sources to
maximum, especially for times when the produced renewable en-
ergy exceeds demand of the grid. Electrochemical reduction of CO2
into value-added products such as carbon monoxide (CO), formic
acid, ethylene and ethanol may provide an additional option to not
only reduce CO2 emissions but also utilize excess, otherwisewasted
energy from intermittent renewable sources [3e5]. Furthermore,
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Fig. 1. Fabrication procedure for GDE.
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utilization of CO2 as a feedstock for chemical production may
reduce global dependency on fossil fuel resources [6,7].

Significant work is ongoing to improve the catalysts needed for
electrochemical reduction of CO2 to different products [8e11].With
better catalysts becoming available, mass transport limitations to
and from the electrode surface need to be overcome for electro-
chemical reduction of CO2 to become economically viable. Several
factors, including operation under elevated pressure, the use of
different gas diffusion electrodes (GDEs), and the use of non-
aqueous electrolytes, have been studied to improve diffusive
mass transport of the reactants and products to and from the
electrodes, and how this effects performance [5].

GDEs have been studied previously for a range of electro-
chemical applications including fuel cells but have not been opti-
mized explicitly for the electrochemical reduction of CO2 [12e27].
A GDE consists of a carbon fiber substrate (CFS), a micro porous
layer (MPL), and a catalyst layer (CL) [15,26]. In detail, an MPL,
typically is composed of carbon powder and poly-
tetrafluoroethylene (PTFE), is known to reduce the contact resis-
tance between the CL and the CFS by forming a flat and strong
interfacial layer [26,27]. The MPL is also key in maintaining sepa-
ration between the liquid and gas phase, which is achieved through
high surface tension of the liquid-gas-solid interface within its
pores [19,26]. The extent of this surface tension can be varied by
changing the wettability of the MPL [14e18].

In our prior and ongoing work, we use an electrochemical flow
reactor, in which a liquid electrolyte flows between two GDEs (a
cathode for CO2 reduction and an anode for O2 evolution), while a
gaseous CO2 feed flows on another side of cathode GDE, and the
anode GDE is exposed to the ambient [28e33]. In addition to
control over diffusion-based mass transport of reactants and
products close to and within the GDE, control over the liquid
electrolyte stream and the gaseous CO2 feed is important to
maintain pressure balance across the GDEs in order to achieve
optimum performance in the electrochemical reduction of CO2 in
such an electrochemical flow reactor.

Previously, GDEs have been studied with the goal to improve
performance in proton exchange membrane fuel cells (PEMFCs).
Many researchers surmised that the main two factors leading to
better performance in PEMFCs were better mass transport and
higher electrical conductivity [14,17e19,26]. To improve these fac-
tors, some researchers have optimized the MPL composition, a
specific ratio of the amounts of carbon powder and PTFE
[14,15,18,19]. Other work studied that the effect of thickness and the
level of wet proofing of the CFS on electrode flooding and overall
cell performance in PEMFCs [17e19,23e25]. In all this prior work,
the GDEs were optimized for fuel cells, using hydrogen as the fuel.
GDEs used for the electrochemical reduction of CO2 will have to be
optimized to meet the needs of this chemical conversion. In prior
work, we developed an automated air-brush-based catalyst layer
deposition method to achieve a thin and uniform catalyst layer,
leading to increased current density and improved product selec-
tivity in CO2 reduction [28]. Other work shows that addition of PTFE
into the catalyst layer enhances CO2 diffusion and in turn improves
cathode performance for the reduction of CO2 to formic acid [34].
Further work is needed, however, to optimize GDEs particularly to
facilitate transport of CO2 and the products formed, by studying the
effects of CFS and MPL composition.

Here we explore the effect of MPL and CFS composition on
cathode performance for the electrochemical reduction of CO2 to
CO. Specifically, we tune the hydrophobicity of the MPLs (by
varying the PTFE content) and we study different levels of wet
proofing of CFSs of different thickness to obtain better cathode
performance. These different GDEs, including a commercially
available GDE, are tested in electrochemical flow reactor with
respect their ability for electroreduction of CO2 to CO. Electro-
chemical impedance spectroscopy (EIS) is used to relate the
observed performance with GDE composition. Furthermore, to
observe the improvement of mass transport with the optimization
of GDEs, performance using two different feeds (100% CO2 and the
mixture of 50% CO2 and 50% N2) was compared.
2. Experimental

2.1. Preparation of GDEs

Fig. 1 shows the sequence of steps used to fabricate the GDEs
used in this study. To prepare carbon ink for the MPL, a mixture of
carbon powder (carbon black Vulcan XC-72R, Fuel cell store),100 mL
of Milipore water (18.2 MU), 200 mL of isopropyl alcohol (Avantor),
and different amounts of 60 wt% PTFE dispersion in water (Sigma
Aldrich) was sonicated for 30min. The resulting carbon pasteswere
cast onto different Toray papers (Fuel Cell Earth), followed by
drying for 3 h. The sample was sintered under N2 at 350 �C for
30 min to distribute PTFE throughout the MPL. To determine the
optimum amount of PTFE in the MPL, PTFE amounts were varied
between 4.5 and 50 wt% of the MPL. Furthermore, for the study of
CFSs, the thickness and wet proofing of Toray paper were varied
between 170 and 380 mm and between 5 and 50%, respectively. For
comparison, commercially available Sigracet 35BC gas diffusion
layers (GDLs, Ion Power) comprised of 5 wt% PTFE-treated carbon
paper and a teflonizedmicroporous layer, were used. To prepare the
catalyst ink for the cathodes, 200 mL of Milipore water (18.2 MU),
4.0 mg of Ag catalyst (unsupported Ag nanoparticles, <100 nm
particle size, 99.5% trace metals basis, Sigma-Aldrich), 5.2 mL of
Nafion solution (5 wt%, Fuel Cell Earth), and 200 mL of isopropyl
alcohol (Avantor) were mixed. Then, to cover electrodes with this
Ag cathode catalyst, the catalyst inks were applied onto the GDLs,
so onto the MPL deposited on Toray paper (See above), or onto the
teflonized carbon side of Sigracet 35 BC, using an automated air-
brushing deposition setup [28]. The total geometric area of the
cathode GDE covered with catalyst is 2 cm2. The catalyst ink for the
anodes was comprised of 4.20 mg IrO2 black (Alfa Aesar), 13.0 mL
Nafion solution, as well as 200 mL of isopropyl alcohol, and 200 mL
Millipore water (18.2 MU) as the carrier solvents [29]. This catalyst
ink is painted on a Sigracet 35BC over a geometric area of
1.0� 2.5 cm2 using a paintbrush. To achieve uniformmixing, all the
catalyst inks were sonicated for 15 min prior to paint. The weight of
the GDEs was measured before/after deposition of catalyst to



Fig. 2. Micro-CT images (top view) and SEM images (cross-sectional view) of Ag-sprayed on Toray paper with MPL (a) and (b); and without MPL (c) and (d). (e) Partial current
density for CO with two GDEs: Ag-sprayed on Toray paper with and without MPLs.
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confirm the actual catalyst loading: 0.8 mg Ag/cm2 and 2.0 mg IrO2/
cm2, respectively for the cathodes and anodes.

2.2. Electrochemical flow reactor assembly and its use for electrode
testing

An electrochemical flow reactor used in this study as reported
previously was used to perform the electrochemical reduction of
CO2 to CO [28e30]. In short, the flow reactor in which two catalyst-
coated electrodes (an anode and a cathode) are separated by a
flowing liquid electrolyte was used. On the cathode side, a gas
chamber supplied CO2 while the anode was open to the atmo-
sphere for O2 to escape. With the use of 1 M potassium hydroxide
(KOH, Fisher Scientific, certified ACS pellets) in water, the CO2
Fig. 3. Partial current density for CO and H2 as a function of different potentials for GDEs com
(c) and (d) 20, 30, 40 and 50 wt%. (e) Impedance spectra for GDEs at a cell potential of �2.
function of GDEs with different PTFE amounts of MPL. N ¼ 3 for each data plot.
electroreduction reaction takes place on the cathode whereas the
oxygen evolution reaction takes place on the anode. A syringe
pump (PHD 2000, Harvard Apparatus) supplied the electrolyte, 1 M
KOH in water, between the anode and cathode GDEs at a flow rate
of 0.5 ml min�1. The electrochemical flow reactor was operated
using a potentiostat (Autolab PGSTAT-30, EcoChemie) under
ambient pressure and temperature. For each applied potential, the
cell was allowed to reach steady state for 200 s, at which point the
current had stabilized. The current at a given applied potential was
obtained by averaging the current over 180 s. The individual elec-
trode potentials were recorded using multimeters (AMPROBE
15XP-B) connected to each electrode and a reference electrode (Ag/
AgCl, RE-5B, BASi) placed in the electrolyte exit stream. The gaseous
product stream was characterized using a gas chromatograph
prised of MPLs with different amounts of PTFE wt%: (a) and (b) 4.5, 7, 10, 15 and 20 wt%.
0 V. (f) Partial current density for CO at a cathode potential of �2.2 V vs. Ag/AgCl as a



Table 1
Physical properties and composition of gas diffusion electrodes.

Sample composition (carbon/MPL PTFE/CFS thickness-wet
proofing)

MPL CFS

Carbon loading
(mg cm�2)

PTFE amount (wt
%)

Thickness
(mm)

Type Thickness
(mm)

Wet proofing
(%)

1/20%/60e10% 1.0 20 15 Toray-60 190 10
1/20%/90e10% 1.0 20 15 Toray-90 280 10
1/20%/120e10% 1.0 20 15 Toray-120 370 10
1/20%/60e30% 1.0 20 15 Toray-60 190 30
1/20%/60e50% 1.0 20 15 Toray-60 190 50
Sigracet 35BC unknowna unknowna 80 Sigracet 35

BC
325 5

a The commercial provider did not provide this information.
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(Trace GC, ThermoFisher Scientific) equipped with a Carboxen 1000
column (Supelco) and a thermal conductivity detector. The only
cathode products detected by GC were CO and H2 when using Ag as
the catalyst. A mass flow controller (MASS_FLO, MKS instrument)
was used to set the CO2 (S.J. Smith Welding Supply) and N2 (S.J.
Smith Welding Supply) at 7 sccm of total flow rate. A freshly pre-
pared cathodewas used for every experiment. Each anodewas used
for 3 to 5 experiments. No deactivation of electrode activity was
observed during each experiment. The pH of the electrolyte was
measured using a calibrated pHmeter (Thermo Orion, 9106BNWP).
Faradaic efficiencies and current densities are calculated by using
equations reported previously [4].

2.3. Physical characterization of electrodes

The structure of the GDEs was characterized using SEM and
Micro-CT. Cross-sectional images of samples were obtained using
SEM (Philips XL30 ESEM-FEG) using an acceleration voltage of
10.0 kV and a spot size of 3.0 nm, resulting in a magnification of
1300. Images of the structural features of the top surface of the
GDEs over an area of several squaremillimeters was obtained using
Micro-CT (Micro-XCT 400, Xradia) using an X-ray source at 40 kV
and a current of 200 mA.

2.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was carried out
on the electrochemical flow reactor using the frequency response
module of the potentiostat (Autolab PGSTAT-30, EcoChemie) under
ambient pressure and temperature. The spectra were recorded at a
cell potential of �2.00 V with an ac-amplitude of 10 mV over the
frequency range from 0.1 Hz to 10 kHz. The high frequency in-
tercepts on the x-axis of the Nyquist plot represent the internal
resistance of the cell (Rcell) which includes the cell contact resis-
tance and the electrolyte solution resistance. The diameter of the
semicircular feature represents the charge transfer resistance (Rct)
of the cell.

2.5. Gas permeation experiment

Prepared GDE samples were placed on a stainless steel mesh
support and this assembly was mounted on a homemade cylin-
drical holder, with an outer and inner diameter of 12 mm and
25mm, respectively. The area tested for gas permeability equals the
area of the inner diameter, 1.13 cm2. Then, another cylindrical
sample holder connected with the tube for gas inlet is placed on
top. A CO2 feed gas was introduced from the inlet at a flow rate of
100 sccm. The gas pressure just before the membrane is monitored.
The flow rate of the permeant gas was determined using a bubble
flow meter (Horiba, Co. Ltd., Film flow meter VP-2).
3. Results and discussion

3.1. Effect of micro porous layer (MPL)

GDEs based on Toray paper with and without an MPL
(1 mg cm�2 carbon and 20 wt% PTFE) were tested to underline the
importance of the MPL (Fig. 2). For both tests, we used an identical
catalyst loading of 0.8 mg cm�2 and 1 M KOH as the electrolyte. The
GDE with MPL exhibits better performance than the GDE without
MPL (Fig. 2e). Specifically, at�2.20 V vs. Ag/AgCl, the partial current
density for CO for the GDE with MPL was 280 mA cm�2, whereas
the partial current density for CO for the GDEwithoutMPLwas only
28 mA cm�2 (about 10 times lower). SEM and Micro-CT show that
catalyst is uniformly distributed on the MPL for the GDE with MPL
(Fig. 2a and b). In the absence of an MPL, the obtained partial
current densities for COwere below 30mA cm�2, irrespective of the
cathode potentials. This poor performance observed for GDEs that
lack an MPL can be explained by several factors, including irregu-
larly distributed Ag particles on and between the carbon fibers of
the CFS (so a poorly defined catalyst layer, CL), and as a result, the
presence of exposed carbon fibers, leading to undesired high levels
of H2 evolution. Both structural features are apparent from SEM and
Micro-CT data (Fig. 2c and d). Also, the absence of an MPL causes
saturation of the CFS with electrolyte, often leading to flooding of
the CL during testing. Novel methods to deposit CLs directly on the
CFS could improve catalyst utilization, but the existence of MPLs is
still important to improve the performance of the GDE by being
able to better contain the electrolyte. The better performance ob-
tained for GDEs with MPL can be attributed to improved electrolyte
management (the ability to suppress flooding), as well as increased
electronic conductivity of the GDE, and reduced loss of catalyst by
ink penetration into the CFSs during deposition [19,26,35]. As ex-
pected, the results here indicate that the presence of an MPL in
GDEs is key in providing physical support for the CL and in
providing better control over the electrolyte, leading to better
performance for reduction of CO2.
3.2. Effect of PTFE in MPL

Next we studied the effect of the amount of PTFE in MPLs on the
electrochemical reduction of CO2. PTFE is commonly used as a
binder, connecting separate carbon particles [36]. A higher PTFE
content increases the hydrophobicity of MPLs at the expense of
increasing electrical resistance. The carbon loading in theMPLs was
kept constant for all MPLs. Other researchers investigated the ef-
fects of carbon loading in PEMFC because an MPL needs to be thick
enough to remove water produced during the reaction [18,35,37].
However, for electrochemical reduction of CO2, the role of MPL may
be reduced because the MPL does not need to transport water but
needs to be hydrophobic enough to keep the electrolyte confined to



Fig. 4. Partial current density for CO as a function of different potentials for GDEs with
different wet proof level of CFSs (10e50%) with two different feeds of (a) 100% CO2 and
(b) mixture of 50% CO2/50% N2. (c) Impedance spectra for GDEs with different wet
proof level of CFSs at a cell potential of �2.0 V. N ¼ 3 for each data plot.
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the CL side of the MPL. Prior work has shown that thin MPLs pro-
vide a short gas diffusion path and thus improve gas diffusion,
leading to better performance in PEMFCs [17,19]. For the same
reasons, we also use thin MPLs (in the range of 15 mm, corre-
sponding to a loading of about 1 mg cm�2 carbon) in this study.
These MPLs are sufficiently thick to form a complete layer on top of
Toray paper while they allow easy diffusional access for the re-
actants to reach the catalyst sites.
To investigate the effect of the amount of PTFE in the MPLs on
cathode performance, GDEs comprised of MPLs with different
amounts of PTFE (4.5e50 wt%) but identical CLs were fabricated
and tested in the CO2 flow reactor. In prior work, reported opti-
mized values for the amount of PTFE in MPLs for fuel cells have
varied from 10 to 30 wt%, with the specific optimal amount
depending on the structure of the cells used as well as their oper-
ating conditions [14,15,17]. Fig. 3aed shows plots of the partial
current density for CO and H2 versus the cathode potential for GDEs
prepared with a constant Ag loading of 0.8 mg cm�2. For GDEs with
4.5e20 wt% PTFE MPLs, the data indicates that the higher PTFE
amount, the higher partial current density for CO and the lower
partial current density for H2, especially at more negative cathode
potentials (Fig. 3a and b). The partial current density for CO reaches
a maximum value for GDEs with 20 wt% PTFE MPLs, and then de-
creases with a further increase in the amount of PTFE in MPLs
(Fig. 3c).

High partial current densities for H2 are observed for GDEs with
4.5e10 wt% PTFE MPLs (Fig. 3b). Insufficient hydrophobicity in the
MPLs results in flooding of the electrode, which in turn hampers
diffusion of CO2 to the CL. Also, the GDEs with low PTFE amounts in
MPL exhibit poor durability, evident from areas of exposed CFS
being visible after testing; the low PTFE amount in these MPLs was
insufficient to retain the carbon particles and CL during operation.
These observed trends in the dependence of the partial current
density for CO as a function of the PTFE amount (4.5e20 wt%) are
similar to what has been observed previously in fuel cells
[14,15,22].

On the other hand, for GDEs with 30e50 wt% PTFE MPLs, the
partial current densities for CO decreased with a further increase of
the amount of PTFE (Fig. 3c). Specifically, at �2.2 V vs. Ag/AgCl, the
partial current density for CO for GDE with a 20 wt% PTFE MPL was
280 mA cm�2, whereas GDEs with 40 wt% and 50 wt% PTFE MPLs
reached only 198 and 183 mA cm�2, respectively (Fig. 3f).
Compared to our prior work [29], the GDE with the 20 wt% PTFE
MPL led to an enhancement in cathode performance of up to 5%
under the same conditions with the same catalysts, despite of a
slightly lower Ag loading (0.8 instead of 1.0 mg cm�2). Also, note
that the GDEs with MPL achieve a Faradaic efficiency for CO
exceeding 90%, irrespective of the PTFE amounts present in the
MPL.

EIS data (Fig. 3e) suggests that the increased electrical resistance
(charge transfer resistance, Rct) may have caused a decrease in
performance for GDEs with a PTFE loading exceeding 20 wt% in
MPL. The electrical resistance increases by a factor of 3 as PTFE
amounts in MPL change from 20 to 50wt%while the cell resistance,
Rcell, is approximately the same for all GDEs, irrespective of the
amount of PTFE in theMPLs. This increase in Rct can be explained by
a decrease of conductivity in GDE due to the higher non-conductive
material content (PTFE), which is similar towhat has been observed
in the fuel cell literature [21]. Alternatively, the low cathode per-
formance for GDEs with more than 20 wt% PTFE in their MPLs may
be due to limited diffusion of CO2, as a result of the higher amounts
of PTFE reducing the porosity of the GDEs [24]. For example, Lin
et al. stated that the pore diameter and corresponding pore vol-
umes of the GDLs may be key to the high performance observed in
fuel cells [23].

3.3. Effect of wet proof level in CFS

One of the main advantages of the homemade MPLs studied in
Section 3.2 is that we could apply the optimal composition of MPL
onto a variety of CFSs. The 20 wt% PTFE MPL, which showed the
optimum performance earlier, was applied to the different wet
proof level of CFSs (10e50%). Table 1 provides details on the GDE



Table 2
Gas permeation data for GDEs with different level of wet proofing and different thickness of the CFSs.

Sample composition (carbon/MPL PTFE/CFS thickness-wet proofing) Flow rate of permeant gas (ml min�1)

1/20%/60e10% 72.42 ± 0.72
1/20%/90e10% 70.19 ± 0.70
1/20%/120e10% 69.25 ± 0.69
1/20%/60e30% 71.13 ± 0.71
1/20%/60e50% 70.72 ± 0.70
Sigracet 35BC 52.15 ± 0.52

Fig. 5. Partial current density for CO as a function of time when using GDEs with 10%
and 50% wet proof level of CFSs over a total of 4 h.

Fig. 6. Partial current density for CO as a function of different potentials for GDEs with
different thickness of CFSs (including Sigracet 35BC) with two different feeds of (a)
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samples with the different level of wet proofing of their CFSs. To
observe improvement of mass transport with the optimization of
GDE, their performance was tested with two different reactant
feeds (100% CO2 and the mixture of 50% CO2 and 50% N2). As ex-
pected, the partial current density for CO increases with increasing
CO2 partial pressure (Fig. 4). Mass transport limitation was only
observed when using the mixture of 50% CO2 and 50% N2 as a feed
(Fig. 4b). Fig. 4 also shows that the GDE containing a CFS with a wet
proof level of 10% exhibits a higher partial current density for CO
than GDEs with CFS with higher wet proof levels (30 and 50%)
regardless of the reactant feed used. Specifically, the GDE with 10%
wet proof level of CFS exhibits 224 mA cm�2 of partial current
density for CO, whereas the GDEs with 30 and 50% wet proof level
of CFSs show 190 and 158.41 mA cm�2 of partial current density for
CO, respectively at cathode potential of �2.05 V when using a 100%
CO2 feed (Fig. 4a). A similar trend was found when using the 50e50
CO2 and N2 feed (Fig. 4b).

We also determined gas permeability and electrical resistance of
some of the GDEs; properties that are known to be important in
determining their performance [14,17,19,26]. GDEs with a lower
level of wet proofing level exhibited higher gas permeability, but
the observed difference is not sufficient to explain the difference in
cathode performance (Table 2). In contrast, the GDE with 10% wet
proofing exhibited amuch lower electrical resistance than the GDEs
with 30 and 50% wet proof levels (Fig. 4c), so the difference in
cathode performance can be mainly attributed to this difference in
electrical resistance.

Next, to test the durability of the GDEs with different wet proof
levels, we investigated the cathode performance during continuous
operation in a CO2 flow reactor over 4 h at a cathode potential
of �1.60 V vs. Ag/AgCl. Neither flooding of electrolyte through GDE
nor any significant performance drop was observed for the two
GDEs tested (wet proofing of 10 and 50%) over this 4-hr test (Fig. 5).
This data suggests that both electrodes are stable under these
operation conditions for multiple hours, but longer experiments
would be needed to determine their durability over more extended
periods of time. Given that the GDEs with lower levels of wet
proofing exhibit better cathode performance, and that there is no
difference in stability, these GDEs should be used for electro-
chemical reduction of CO2.

3.4. Effect of thickness in CFS

Next, to try to further improve cathode performance, we tested
different GDEs comprised of anMPL loaded with 20 wt% PTFE and a
CFS with a 10% wet proof level (the optimum compositions deter-
mined in the sections above) but with CFSs of different thickness, as
specified in Table 1. Fig. 6 shows that the GDE with the thinner CFS
(carbon/PTFE/CFS thickness-wet proofing ¼ 1/20%/60e10%) ex-
hibits a higher partial current density for CO than the GDEswith the
100% CO2 and (b) mixture of 50% CO2/50% N2. N ¼ 3 for each data plot.
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thicker CFSs (1/20%/90e10% and 1/20%/120e10%) including the
commercially available Sigracet 35BC, regardless of whether a 50%
CO2 or 100% CO2 reactant feed was used. The enhanced cathode
performance is more significant when using the dilute feed (50e50
CO2 and N2). The GDE with thinner CFS exhibits a partial current
density for CO of 171.5 mA cm�2, whereas the commercial GDE
(Sigracet 35BC) exhibits only 125 mA cm�2 when applying a cath-
ode potential of - 2.05 V and using a 50e50% CO2 and N2 feed
(Fig. 6b). Upon reducing the thickness of the CFS reduces from 370
to 190 mm, the measured gas permeability of these GDEs also im-
proves which explains their enhanced cathode performance
(Table 2). Specifically, the measured gas permeability of GDEs with
homemade MPLs is much higher than that of Sigracet 35BC,
explaining the difference in cathode performance. Similarly, use of
GDEs with a thinner CFS has been shown to improve fuel cell
performance, probably also due to improved gas diffusion [12,23].
We also studied a GDEwith an even thinner CFS (Toray-30), but this
electrode exhibited extensive flooding (electrolyte seeping through
the GDE) during testing, indicating that a certain minimum CFS
thickness is required for suitable performance in the electro-
chemical reduction of CO2. In summary, using a GDEwith a thin CFS
(~190 mm) in combination with a CFS with optimized levels of wet
proofing (10% PTFE) and a MPL with optimized levels of hydro-
phobicity (20% PTFE) resulted in the best cathode performance for
electroreduction of CO2.

4. Conclusion

The experiments reported here provide insight regarding the
composition and structure of GDEs that leads to the best perfor-
mance in the electrochemical reduction of CO2 to CO. Specifically,
the electrode composition must be carefully controlled to prevent
electrolyte flooding and to improve gas permeability as well as
conductivity. We determined an optimum level of hydrophobicity
of the MPL (20 wt% PTFE), an optimum level of wet proofing of the
CFS (10 wt% PTFE), and an optimum thickness of the CFS (Toray-60,
190 mm). These GDEs lead to partial current densities for CO pro-
duction as high as 280 mA cm�2 at a cathode potential of �2.2 V,
and exhibit no decay in performance during continuous operation
for 4 h. Note that these GDEs also outperform commercially avail-
able GDEs such as Sigracet 35BC.

Understanding and being able to quantify the effects of different
composition and structure of MPLs and CFSs benefits the design of
electrodes for electrochemical CO2 reduction, or other electro-
catalytic process involving gaseous reactant feeds. Looking forward,
further improvement of GDE performance may be achieved by
investigating factors such as different carbon materials for the MPL
and the effects of post fabrication treatments like hot pressing [38].
Similarly, improvement of the composition and structure of the
anode holds promise for further improvement of electrochemical
CO2 reduction in electrolyzers. In addition, extensive durability
tests of electrodes can bring the electroreduction of CO2 process a
step forward [39].
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