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Significant progress on electrocatalytic CO, reduction reaction (CO,RR) has been achieved in recent years. However, the
research and development of electrolyzer device for CO,RR is scarce. Here we use anion exchange membrane to develop zero-
gap electrolyzers for CO,RR. The electrochemical properties of the electrolyzers with Pd/C and Cu cathodes are investigated.
The Pd/C cathode shows a current density of 200 mA cm * with CO Faradaic efficiency of 98% and energy efficiency of 48.8%,
while the Cu cathode shows a current density of 350 mA cm ” with total CO,RR Faradaic efficiency of 81.9% and energy
efficiency of 30.5%. This work provides a promising demonstration of CO, electrolyzer using anion exchange membrane for
CO, electrolysis at industrial current densities.
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Electrocatalytic CO, reduction reaction (CO,RR) that con-
verts CO, and H,O to useful chemicals and feedstock is a
promising route to address the conversion and utilization of
CO, as well as the storage of renewable energy simulta-
neously [1]. In recent years, many efforts have been devoted
to designing efficient catalysts in order to reduce the over-
potential and improve the Faradaic efficiency and current
density of CO,RR. Significant progress has been achieved
for catalyzing CO,RR to CO, formate, ethylene, ethanol and
other hydrocarbons/oxygenates [2—11]. However, most
electrochemical results are usually acquired in H-type cells,
and the current density of CO,RR is limited by low solubility
of CO, in aqueous solutions and only reaches a few tens of
mA cm [12]. Flow cells can improve the current density of
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CO,RR up to a few hundred of mA cm ~ even A cm by
constructing the three-phase boundary of CO, gas/liquid
electrolyte/solid catalyst in gas diffusion electrode config-
uration, however, the liquid electrolyte between cathode and
anode causes a huge voltage drop and a low energy effi-
ciency due to a large ohmic loss [13]. The most practical way
is to develop zero-gap CO, electrolyzers using solid polymer
electrolyte membranes [14-20]. As the membrane is very
thin (usually tens of pm) and has very good ion conductivity,
the ohmic loss can be drastically decreased for meeting the
industrial requirements of high current density and energy
efficiency. Since hydrogen evolution reaction (HER) can be
efficiently suppressed in alkaline environments, anion ex-
change membrane (AEM) is preferred in zero-gap CO,
electrolyzers. However, to date only a few literatures re-
ported CO,RR performances in AEM-based electrolyzers

chem.scichina.com link.springer.com


https://doi.org/10.1007/s11426-020-9825-9
https://doi.org/10.1007/s11426-020-9825-9
chem.scichina.com
springerlink.bibliotecabuap.elogim.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11426-020-9825-9&amp;domain=pdf&amp;date_stamp=2020-08-17

1712

Wei et al.

[3-6,21-25] and the electrochemical properties of these
AEM-based electrolyzers are not well understood.

In this work, AEM-based CO, electrolyzer was con-
structed using Pd/C and Cu catalysts as cathode catalysts,
which are dominant for CO and hydrocarbon/oxygenate
production, respectively. The electrochemical properties of
the AEM-based CO, electrolyzer was investigated under
different reaction conditions. The cell voltage was obviously
decreased while the total Faradaic efficiency of CO,RR
products increased slightly when an alkaline aqueous solu-
tion was fed into the anode. The use of polytetra-
fluoroethylene (PTFE) instead of Nafion ionomer as the
binder in cathode catalyst layer improved the CO Faradaic
efficiency over Pd/C cathode and hydrocarbon/oxygenate
Faradaic efficiency over Cu cathode at high current densities,
thus enhancing the energy efficiency of the CO, electrolyzer.

The Pd/C catalyst was synthesized with a wet chemical
reduction method as reported previously by our group [12].
Figure 1(a) shows the transmission electron microscopy
(TEM) images of the Pd/C catalyst where the Pd nano-
particles (NPs) are dispersed homogeneously on carbon
support. The metallic state in the bulk of Pd NPs is confirmed
by the typical X-ray diffraction (XRD) patterns in Figure S1
(a) (Supporting Information online). The other cathode cat-
alyst used in this work is commercial Cu NPs. As shown in
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Figure 1 TEM images of Pd/C (a) and Cu (b) catalysts.

Figure 1(b), Cu NPs tend to form aggregates with size dis-
tributions from tens of nm to more than one hundred nm.
However, the crystalline size of Cu NPs is around 25 nm as
calculated from the Cu (111) peak of XRD patterns in Figure
S1(b). The presence of strong Cu,O peaks also indicates that
the commercial Cu NPs are severely oxidized, which how-
ever does not affect the CO,RR performance due to the in
situ reduction of Cu oxides under reaction conditions [6].
Figure 2 shows the configuration of an AEM-based CO,
electrolyzer. One graphite flow field plate and one Au-coated
stainless steel plate were used for CO, feeding and current
collecting at the cathode, respectively, while one titanium
flow field plate was used for aqueous solution feeding and
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Figure 2 Schematic of AEM-based CO, electrolyzer and cross-sectional SEM images of Pd/C cathode, QAPPT anion exchange membrane and IrO,-coated

Ni foam anode (color online).
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current collecting at the anode. The catalyst-coated (Pd/C or
Cu NPs) carbon paper and IrO,-coated Ni foam were used as
the cathode and anode, respectively, while the quaternary
ammonia poly(N-methyl-piperidine-co-p-terphenyl)
(QAPPT) membrane was used as the anion electrolyte
membrane. The cathode, membrane and anode constitutes
membrane assembly electrode (MEA) that is the core of an
AEM-based CO, electrolyzer [5,14,20]. Figure 2 also shows
the cross-sectional scanning electron microscopy (SEM)
images of the Pd/C cathode, QAPPT membrane and IrO,-
coated Ni foam anode. The QAPPT membrane has a thick-
ness of 28 um. The morphology and energy-dispersive X-ray
spectroscopy (EDS) elemental maps of the Pd/C and Cu
cathodes as well as the IrO,-coated Ni foam anode are shown
in Figures S2-S6.

With the AEM-based CO, electrolyzer, we measured the
CO, electrolysis performance of the Pd/C and Cu cathodes
under industrial current densities. The cathode is fed with the
CO, gas, while the anode is fed with 0.1 M KHCO; and
0.1 M KOH aqueous solutions, respectively. Figure 3 shows
Faradaic efficiencies of various products and cell voltages as
a function of applied current densities. CO is the major
product over the Pd/C cathode at the current density from 50
to 200 mA cm ° with CO Faradaic efficiency of >95% in
both cases of 0.1 M KHCO; and 0.1 M KOH (Figure 3(a, b)).
However, the CO Faradaic efficiency sharply drops to 58.7%
at 250 mA cm ~ and 32.7% at 300 mA cm _ in the case of
0.1 M KHCO;. It is worth noting that the decrease in CO
Faradaic efficiency is less significant in the case of 0.1 M
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KOH, with 87.2% at 250mAcm’ and 55.0% at
300 mA cm . Over the Cu cathode, multicarbon (Cy4) hy-
drocarbons and oxygenates such as ethylene, ethanol and
acetic acid, were produced besides CO and H,. The Faradaic
efficiencies of C,, products increase while CO Faradaic ef-
ficiency decreases with the current density of up to
250 mA cm  in the case of 0.1 M KHCO;, suggesting that
CO is a key reaction intermediate for C,. production
[2,6,18]. When the cathode is fed with 0.1 M KOH aqueous
solution, the changes in the voltage-dependent Faradaic ef-
ficiencies of CO and C,, follow similar trends while Faradaic
efficiencies of C,, and C,H, become slightly higher (Figure 3
(c, d)). The maximum C,, and C,H, Faradaic efficiencies are
64.2% and 32.5% at 300 mA c¢m ~ in the case of 0.1 M KOH.
The cell voltages of both Pd/C and Cu cathodes are lower in
the case of 0.1 M KOH compared to 0.1 M KHCO;. The
difference in the cell voltage is attributed to the reduction of
thermodynamic voltage of full reaction due to the OH
concentration gradient in the presence of KOH [20]. On the
other hand, the increased pH due to the diffusion of KOH
through membrane is favorable to suppress HER at high
current densities [4,10]. Nevertheless, here we are able to
improve CO,RR Faradaic efficiency and decrease cell vol-
tage at high current densities by feeding 0.1 M KOH instead
of 0.1 M KHCOs at the anode.

The obviously increased H, Faradaic efficiency over the
Pd/C and Cu cathodes at high current densities may be as-
cribed to two possible reasons. One is that the kinetics of
facile HER increases more quickly than that of sluggish
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Figure 3 Faradaic efficiency (FE) and current density-voltage curves of the Pd/C (a, b) and Cu (c, d) cathodes measured in 0.1 M KHCO; (a, ¢) and 0.1 M

KOH (b, d) with Nafion as a binder (color online).
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CO,RR with increasing overpotentials. The other one is that
CO, mass transport is limited by the excess water at the
cathode [26]. In order to improve the CO, mass transport of
cathode, PTFE was used as the binder to replace Nafion
ionomer in cathode catalyst layer. Figure 4(a) and Figure S7
(a) show that the PTFE-bounded Pd/C cathode improves CO
Faradaic efficiency at current densities of >200 mA cm°
compared to the Nafion-bounded Pd/C cathode. The PTFE-
bonded Cu cathode shows an improved Faradaic efficiency
and current density of CO,RR than the Nafion-bounded Cu
cathode (Figure 4(b) and Figure S7(b)). Therefore, the CO,
electrolysis performance of AEM-based electrolyzers could
be significantly improved by enhancing the mass transport of
CO, at the cathode. Energy efficiencies were calculated
based on applied cell voltages and thermoneutral voltages
(Table S1, Supporting Information online) in combination
with Faradaic efficiencies of desired CO,RR products (See
Supporting Information online for calculation details). Fig-
ure 4(c, d) show energy efficiencies of the Pd/C and Cu
cathodes with PTFE and Nafion as a binder in cathode cat-
alyst layer. The Pd/C cathode with the Nafion binder shows a
current density of 200 mA cm ~ with CO Faradaic efficiency
0f 98% and energy efficiency of 48.8%, while the Cu cathode
with the PTFE binder shows a current density of
350 mA cm ~ with total CO,RR Faradaic efficiency of
81.9% and energy efficiency of 30.5%. The role of the PTFE
binder is minor at low current densities but becomes sig-
nificant at high current densities. For instance, the energy

1004

80

60 -

CO FE (%)

40

—a— Pd/C-Nafion
204 _e—Pd/C-PTFE

(@)

0 T T T T
0 100 200 300 400
Current Density (mA cm?)
100
—a— Pd/C-Nafion
< 801 —e— Pd/C-PTFE
=
2
& 60
o
£
U 40
=
[}
C
w20
0 (c)
0 100 200 300 400

Current Density (mA cm)

Sci China Chem  December (2020) Vol.63 No.12

efficiency of the Pd/C cathode for CO production increases
from 6.3% in the case of Nafion to 28.6% in the case of
PTFE at 350 mA c¢m ~ and it increases from 10.7% to 21.3%
over the Cu cathode for C,; production at 450 mA cm 2. In
comparison with previously reported AEM electrolyzers [4—
6,16,21-24], our electrolyzer shows very promising CO,
electrolysis performance in terms of current density, Faradaic
efficiency as well as energy efficiency (Table S2).

Under the optimized conditions with 0.1 M KOH elec-
trolyte and PTFE binder, we performed stability tests over
the Pd/C and Cu cathodes in the AEM-based electrolyzer
(Figures S8 and S9). The stability test of the Pd/C cathode
was conducted at a constant current density of 100 mA cm .
As shown in Figure S8, the CO Faradaic efficiency keeps
almost unchanged at around 98% and the cell voltage in-
creases from 2.6 to 2.8 V during the measurement of 40 h. At
the constant current density of 200 mA cm , the Cu cathode
shows stable C,H, Faradaic efficiency of 30% and cell vol-
tage of 2.85 V in the course of 22 h, respectively (Figure S9).
These results indicate that our AEM-based electrolyzer de-
livers a stable performance for continuous production of CO
and hydrocarbons at industrial current densities.

In summary, an AEM-based electrolyzer device was de-
veloped to evaluate CO, electrolysis performance at in-
dustrial current densities. The Pd/C and Cu cathodes show
high Faradaic efficiency for CO and multicarbon hydro-
carbon/oxygenate production, respectively. The alkaline
electrolyte at the anode is beneficial to decrease cell voltage

—a— Cu-Nafion
2091  —e—Cu-PTFE

(b)
0 100 200 300 400 500
Current Density (mA cm)

100

—a— Cu-Nafion
80 —e— Cu-PTFE

[2]
o
L

Energy Efficiency (%)
N
o

N
o
1

(d)
0 100 200 300 400 500
Current Density (mA cm?)

0

Figure 4 CO Faradaic efficiency (a) and energy efficiency (c) of the Pd/C cathode as well as total CO,RR Faradaic efficiency (b) and energy efficiency (d)
of the Cu cathode measured in 0.1 M KOH with Nafion or PTFE as a binder (color online).
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and suppress HER at the cathode. Improving the mass
transport of CO, in cathode catalyst layer is critical to im-
prove the Faradaic efficiency and current density of CO,
electrolysis at high current densities. Under optimized re-
action conditions, the Pd/C cathode shows a current density
of 200 mA c¢m > with CO Faradaic efficiency of 98% and
energy efficiency of 48.8%, while the Cu cathode shows a
current density of 350 mA cm ~ with total CO,RR Faradaic
efficiency of 81.9% and energy efficiency of 30.5%. The
AEM-based electrolyzer presented in this work holds pro-
mise for practical electrocatalytic CO, conversion to fuels
and chemicals.

Although current density, Faradaic efficiency and energy
efficiency of current CO, electrolyzers for CO production are
almost at the industry level (Table S2), to date only quite few
studies have demonstrated CO, electrolysis at an industrially
relevant time scale of thousands of hours [16,27]. Current
issues regarding to the long-term performance and stability
[1], another key parameter for practical application, should
be well addressed in the future. In the case of CO,RR to
higher-value C,, products such as ethylene and ethanol, se-
lectivity towards single specific product at industrial current
densities should be further improved so as to reduce the cost
of downstream separation and purification.
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