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The electrochemical conversion of carbon dioxide (CO2) to
carbon monoxide (CO) is a favorable approach to reduce CO2

emission while converting excess sustainable energy to impor-
tant chemical feedstocks. At high current density
(>100 mAcm� 2), low energy efficiency (EE) and unaffordable
cell cost limit the industrial application of conventional CO2

electrolyzers. Thus, a crucial and urgent task is to design a new
type of CO2 electrolyzer that can work efficiently at high current
density. Here we report a polymer-supported liquid layer (PSL)
electrolyzer using polypropylene non-woven fabric as a separa-
tor between anode and cathode. Ag based cathode was fed
with humid CO2 and potassium hydroxide was fed to earth-
abundant NiFe-based anode. In this configuration, the PSL
provided high-pH condition for the cathode reaction and
reduced the cell resistance, achieving a high full cell EE over
66% at 100 mAcm� 2.

1. Introduction

In recent decades, the atmospheric CO2 concentration has been
rising rapidly from 290 to 400 ppm, leading to a series of
environmental issues.[1] The development of cost efficiency CO2

utilization technologies to reduce CO2 levels and reconciling
carbon-cycle is of great importance.[2] Electrochemical CO2

reduction (eCO2R) using sustainable energy to formic acid,[3]

carbon monoxide (CO),[4] methanol,[5] ethanol,[6] ethylene,[7] etc.,
could provide a new approach for utilizing the excess CO2. CO
is a versatile feedstock which can be facilely converted to high-
value oxygenates and hydrocarbons through the Fischer-
Tropsch process.[8] Techno-economic assessment has shown
that CO production via eCO2R method can be potentially
achieved competitively against conventional fossil-fuel based
processes.[9]

The levelized cost of eCO2R to CO contains capital invest-
ment like electrolyzer cost and operational costs such as CO2

feedstock, electricity consumption, and product separation.[10]

Among them, the electricity consumption is one of the major
costs and is mainly affected by the EE of the CO2 electrolyzer,
which is also a decisive factor to limit the development of
efficient eCO2R towards industrialization. EE depends on the full
cell voltage and CO Faradaic efficiency (COFE):

EE ¼
E0 * COFE

V

where E0 is the thermodynamic equilibrium potential of the
total reaction, and V represents the cell voltage. eCO2R to CO is
a pH-dependent reaction,[11] and the increase of hydroxide
concentration will promote CO2 to CO reaction and suppress
hydrogen evolution reaction (HER). Hence, high pH condition is
a crucial goal for the design of eCO2R-to-CO electrolyzer.

To date, two main architectures including gas-phase and
liquid-phase electrolyzers have been reported for eCO2R to CO.
Gas-phase electrolyzers use polymer electrolyte membranes
(PEM) such as cation exchange membrane (CEM),[12] anion
exchange membrane (AEM)[13] or bipolar membrane (BPM)[14]

between cathode and anode (Figure 1a). For the membrane
electrolyte, it is difficult to provide high pH conditions for the
cathode, so COFE in electrolyzers with CEM or BPM is still much
lower than 90% when current density exceeds
100 mAcm� 2.[8,12,14–15] The usage of AEM can make an improve-
ment of the COFE compared with the former two membranes,
but the high cell voltage still results in low EE and cannot meet
the industrial requirements.[13,16]

While, in liquid-phase electrolyzers,[17] a high pH environ-
ment at the cathode can be easily achieved by tuning the pH of
the liquid electrolyte, which can promote the eCO2R to CO
process (Figure 1b). Moreover, the alkaline condition of liquid-
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phase electrolyzers can avoid the usage of noble iridium oxide
catalysts at the anode, which can decrease the capital cost of
the electrolyzer. However, the electrolyte layer in the liquid-
phase electrolyzer structure usually brings considerable ohmic
loss, resulting in the increase of cell voltage and EE.[16b]

Herein, we report a polymer-supported liquid layer (PSL)
electrolyzer for eCO2R to CO, which uses a polypropylene non-
woven fabric separating the anode and cathode to avoid short
circuit and also maintain liquid electrolyte in it (Figure 1c). The
anolyte continuously passes through the anode and wets the
fabric to provide a high-pH condition for the cathode. In this
configuration, we achieved a low ohmic resistance and reduced
the voltage fluctuations commonly seen in liquid-phase
electrolyzers.[16b,18] As a result, the PSL electrolyzer delivered a
near unity CO selectivity with only 0.2% H2 FE, a low cell
voltage of 2 V, and a high EE of 66% at a current density of
100 mAcm� 2.

2. Results and Discussion

2.1. Design of Electrolyzer Architecture and Catalyst
Characterization

We designed a membrane-free liquid-phase electrolyzer, which
comprised a series of polymethyl methacrylate plates and
silicone pads between the cathode and anode (Figure 1b and
Figure S1 in the Supporting Information). Ag nanoparticles
(AgNPs) and homemade multi-walled carbon nanotubes
(MWCNTs)[19] were mixed and deposited onto the carbon gas
diffusion layer to produce the Ag-based cathode (Figure S2a in
the Supporting Information). Scanning electron micrographs
(SEM) revealed a homogeneous mixture of AgNPs and MWCNTs

at the top of the carbon gas diffusion layer (Figure S3 in the
Supporting Information). In addition, high resolution trans-
mission electron micrographs (TEM) revealed that nanoparticles
exhibited a similar size around 30 nm (Figure S4 in the
Supporting Information). The X-ray photoelectron spectroscopy
(XPS) and the X-ray diffraction (XRD) patterns of the cathode
showed a metallic phase of Ag catalyst (Figure S5 in the
Supporting Information). In order to reduce the cost, a nickel
foam loaded with Fe-doped Ni3S2 arrays (NiFeS@NF) catalysts
was used as the anode, which was prepared through a one-pot
hydrothermal method[20] (Figure S2b in the Supporting Informa-
tion). The geometric active areas of the anode and cathode
were both 1 cm2. The cathode was fed with a humid CO2 gas
stream, and the anode was fed with 6 M KOH by a peristaltic
pump.

2.2. Effect of Electrolyte Layer Thickness on Enhancing EE

To study the influence of the liquid electrolyte layer thickness
on COFE and EE, different polymethyl methacrylate plates and
silicone pads were used to obtain liquid-phase electrolyzers
with various thicknesses of electrolyte layers. These cells were
operated at identical current density of 100 mAcm� 2. As shown
in Figures 2a–2c, when the thickness of middle liquid layer was
reduced from 10 to 1 mm, the cell voltage decreased from 2.39
to 2.12 V. Whereas the COFE was almost stable at around 100%,
and there was an increase of the EE from 55% to 62%
(Figure 2e). Ohmic resistance of the cell was measured using
electrochemical impedance spectroscopy method. The poten-
tiostatic mode was used at a cell voltage of 1.6 V (Figure S6 in
the Supporting Information). With the electrolyte layer thickness
of 10 mm, 4 mm, and 1 mm, the cell resistance was
3.38 Ωcm� 2, 2.63 Ωcm� 2, 1.74 Ωcm� 2, respectively (Figure 2e).
The reduction of the electrolyte thickness resulted in a 40%
decline in the energy wastage due to the ohmic loss (Figure S7
in the Supporting Information). Theoretically, the cell resistance
can continue to decrease as the thickness of the liquid layer
declines, further improving the EE. However, in the real cell
assembly process, when the electrolyte layer becomes thinner,
the anode and cathode often contact with each other, resulting
in short circuit and device failure.

To solve the above problem, we used a piece of
polypropylene non-woven fabric absorbing liquid electrolyte as
the PSL to better separate the anode and cathode and
produced a liquid layer thickness of 0.6 mm. The structure
information and parameters were shown in Figure S8 and
Table S1. The fabric wetted with 6 M KOH electrolyte provided a
high pH condition for the cathode. As shown in Figures 2d and
2e, the usage of PSL further reduced the cell resistance to
1.15 Ωcm� 2, and the cell voltage at 100 mAcm� 2 accordingly
dropped to 2 V. The full cell EE of the PSL architecture
surpassed 66% at 100 mAcm� 2, saving 20% electricity com-
pared with traditional 10-mm-layer liquid-phase electrolyzer. In
comparison with the liquid-phase electrolyzer, this configura-
tion has a more stable voltage, avoiding the voltage fluctuation
that often occurs in traditional liquid-phase electrolyzer config-

Figure 1. a) Gas-phase electrolyzer with polymer electrolyte membranes
(PEM). b) Liquid-phase electrolyzer. c) Polymer-supported liquid layer (PSL)
electrolyzer.
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uration. The reason for the weakness of voltage fluctuation
could be ascribed to the restriction of oxygen diffusion to the
middle electrolyte layer by a zero-gap structure.[21]

2.3. Cell Performance

As revealed in Figure 3a, the cell voltage of the PSL electrolyzer
was only 1.62 V at 10 mAcm� 2. Even at such a low voltage,
COFE was still over 98%, indicating that the high pH environ-
ment provided by the liquid layer effectively inhibited HER, thus
providing the energy conversion efficiency of full cell to be up
to 80%. The cell voltage increased continuously with the

current density, whereas COFE remained greater than 98%
when the current density increased to 100 mAcm� 2, and H2FE
eventually fell to only 0.2% (Figure S9 in the Supporting
Information). To further assess the current/voltage character-
istics of our PSL electrolyzer, the linear sweep voltammogram
(LSV) was scanned at 10 mVs� 1 within the cell voltage range
from 1.2 to 2.4 V (Figure S10 in the Supporting Information).
When the cell voltage is above 2.0 V, the I–V curve appeared to
be linear, indicating that the I–V response was not limited by
the reaction rates of anode and cathode, but dominated by the
ohmic resistance of the electrolyzer. The above results positively
indicated that the PSL electrolyzer has the potential for efficient
eCO2R to CO at a high current density.

Figure 2. a–d) COFE and cell voltage of liquid-phase electrolyzers with 10-, 4-, and 1-mm electrolyte thickness and PSL at 100 mAcm� 2. e) Cell resistance and
EE of liquid-phase electrolyzers with 10-, 4-, and 1-mm electrolyte thickness and PSL.

Figure 3. (a–c) COFE and cell voltage at current densities between 10 to 100 mAcm� 2 of PSL, AEM and CEM electrolyzers, respectively. d) Full cell energy
efficiency of PSL, AEM and CEM electrolyzers. e) Nyquist diagram at a constant cell voltage of 1.6 V. f) Relative pH comparison of three electrolyzers using an
open circuit potential (OCP) measurement.
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To compare with the gas-phase electrolyzers using AEM and
CEM membranes, we replaced the polypropylene non-woven
fabric by commercial Sustanion AEM and Nafion-117 CEM,
respectively, using the same assembly method. As shown in
Figure 3b, the cell voltage of the AEM electrolyzer was higher
than that of the PSL electrolyzer at all current densities. The
COFE was maintained at about 98% at low current density, but
when the current density reached 100 mAcm� 2, the COFE
dropped to 90%. The cell voltage of CEM was much higher
than the PSL and AEM cells, and the COFE sharply dropped
below 75% and 20% at 50 and 100 mAcm� 2, respectively
(Figure 3c and S11 in the Supporting Information). One reason
for the low COFE of the CEM cell is that only H+ and K+ ions
can diffuse across the membrane, which cannot provide
enough high pH environment for the cathode. Therefore, with
the increase of current densities, HER replaced eCO2R and
became the dominant cathodic reaction.

The full cell EE of the three configurations for eCO2R to CO
was shown in Figure 3d, in which the PSL cell exhibited much
greater EE than the other two cells. To understand the differ-
ence between the PSL, AEM, and CEM electrolyzers, electro-
chemical impedance spectroscopy was measured at a constant
cell voltage of 1.6 V. The ohmic resistance of the PSL electro-
lyzer was close to the AEM electrolyzer and much lower than
the CEM electrolyzer, but this affected the selectivity of CO little
and was not the main reason for the difference of the cell
performance. The charge transfer resistance of the PSL electro-
lyzer was 2.3 and 5 times lower than that of the AEM and CEM
electrolyzers, respectively (Figure 3e). Because the three cells
had the same anode and cathode configurations, the improve-
ment of the cell performance could be attributed to the
enhanced charge transfer at the interface between cathode and
electrolyte. Since eCO2R to CO is a pH-dependent reaction, the
hydroxyl ion concentration could account for the difference of
charge transfer resistance among the three cells. To verify this
explanation, we compared the relative pH values of the three
cathode/electrolyte interfaces using a similar method reported
in the previous works.[22] The open-circuit potential is linearly
related to pH value, and the more negative the open-circuit
potential, the higher the pH of the solution. As shown in
Figure 3f, the PSL electrolyzer had the most negative open-
circuit potential with the highest pH value at the cathode/
electrolyte interface among the three configurations. We further
conducted Tafel polarization measurements in different electro-
lyzers. As shown in Figure S12, the slopes were measured to be
215 mVdec� 1, 187 mVdec� 1, and 152 mVdec� 1, for CEM, AEM,
and PSL electrolyzers, respectively. The lowest Tafel slope value
of 152 mVdec� 1 also suggested that a higher pH condition for
the cathode in PSL structure, which facilitated the eCO2R
reaction.[11]

Since the formation of bicarbonate/carbonate is an issue for
conducting eCO2R in alkaline electrolyzers, we investigated the
stability of our PSL electrolyzer and monitored the pH value of
the anolyte (Figure S13 in the Supporting Information). The PSL
electrolyzer operated at a current density of 50 mAcm� 2 for two
hours, with a stable high COFE (>90%) and slightly increases of
the cell voltage (<4%). The pH value of the anolyte remained

almost constant, and no carbonate precipitate was observed on
the microporous layer of the GDL.

2.4. Solar-Driven CO2-to-CO System

To further fully take advantage of the high EE and low cell
voltage, we coupled the PSL electrolyzer with a 24.3%-
efficiency all-perovskite monolithic tandem photovoltaic cell
(Figure S14 in the Supporting Information) to compose a solar-
driven CO2-to-CO system. The tandem cells were fabricated
according to previous works,[23] and powered by simulated AM
1.5G irradiation.

The electrolyzer and the tandem cell have identical areas of
1 cm2. The solar-to-CO efficiency of this system can be
calculated as follows:

Solar-to-CO efficiency ¼
E0 * I * COFE

Psolar

where I is the current density of the system, and Psolar represents
the power density of AM 1.5G irradiation (100 mWcm� 2). The
current density of the system can be estimated by the
intersection of the individual I–V curves of the tandem cell and
the PSL electrolyzer, i. e. ~14.6 mAcm� 2 at 1.68 V (Figure 4a).
Due to high COFE (>98%) of our PSL electrolyzer, we can
achieve a high solar-to-CO efficiency over 19% at the
intersection. When the PV connected to the PSL electrolyzer at
steady-state mode under simulated AM 1.5G irradiation, the
PSL-PV standalone system showed a stabilized solar-to-CO
efficiency of 14.3% (Figure 4b). The loss between the steady-
state efficiency and the intersection efficiency may be due to
the increase of system ohmic resistance during the actual
connection.

3. Conclusion

In summary, we report a configuration of the eCO2R to CO
electrolyzer with a polypropylene non-woven fabric to separate
the anode and cathode. The fabric wetted by the electrolyte
forms a thin PSL with only a 0.6-mm-thickness. When a strong
alkaline electrolyte is used, this configuration provides a high
pH condition for the cathode and achieves an ultra-low cell
resistance, avoiding the disadvantages of conventional gas-
phase and liquid-phase electrolyzers. Only using relatively low-
cost catalysts like Ag as the cathode and NiFeS as the anode,
the EE of the PSL cell is up to 80% and 66% under the
operating condition of 10 and 100 mAcm� 2, respectively, with
the COFE remaining above 98%. Compared to the conventional
gas-phase and liquid-phase electrolyzers, the PSL cell showed
the highest EE reported in the literature (Table 1).
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