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ABSTRACT: Aqueous CO2-to-CO electrolysis is a promising
technology for closing the carbon cycle and defossilizing industrial
processes. Considering the technological readiness, consensus has
been achieved about using silver as a stable and selective
electrocatalyst for the CO2-to-CO reduction reaction in aqueous
electrolyte. On the other hand, challenges such as media flow
management, component stability, and force distribution are still
associated with improving the process performance and developing a
stackable cell concept to meet industrially relevant levels. We
therefore report on a promising stack concept with continuous
flowcells operated with gas diffusion electrodes (GDEs). To enhance
the CO2-to-CO conversion efficiency, dedicated media flow
chambers were developed on two levels. In the gas chamber,
which touches the GDE from the far side of the anode, the feed gas flow and distribution over the GDE were controlled by
introducing various gas path architectures in a modular flowcell. In addition, an ionically conductive spacer was implemented in the
catholyte chamber, which is adjacent to the opposite side of the GDE. The effect of these modifications on the cell voltage,
selectivity, and overall conversion was investigated at 100 mA/cm2 with varying CO2 feed gas flow and concentration. Noteworthy,
an optimized feed gas distribution generated an increase of the Faraday efficiency for CO under reduced CO2 supply. Furthermore,
the implementation of the spacer enhanced the process stability by suppressing gas-bubble-induced noise in the cell voltage
measurements. By functioning as support structures to the GDE, the combined modifications provided the cell with mechanical
integrity and allowed an ionic and electric contact over the full active cell area, which is required for both stacking and upscaling of
the cell. The corresponding performance was demonstrated by a two-cell short-stack.
KEYWORDS: carbon dioxide electroreduction, carbon monoxide, energy conversion, gas diffusion electrode, aqueous electrolytes

■ INTRODUCTION
The utilization of CO2 as a feedstock for industrial processes
can be a solution for closing carbon cycles and storing energy
from renewable sources. A possible approach is the electro-
chemical reduction of CO2 to platform chemicals.1,2 Despite
significant interest in this process, the current state-of-the-art
CO2 electrolysis systems require improvements in energy
efficiency and space time yield to enable the large scale
production of CO2 reduction products.3 Among different CO2
reduction processes, the CO2-to-CO electrolysis is one of the
closest to meet technically and economically sensible
production rates.4,5 While Ag is well established as a stable
and selective electrocatalyst, the multitude of possible cell
designs for the CO2-to-CO electrolysis, that can be found in
literature, reflects the difficulty of developing a mature process
around the CO2 reduction reaction.6−9

Promising potential has been widely demonstrated with
continuously operating mainly labscale flowcells, mostly
working with aqueous media as electrolytes, which are
separated by an ion exchange membrane. In this field gas

diffusion electrodes (GDEs) have widely replaced solid
cathodes as they circumvent transport limitation stemming
from the low solubility and slow diffusion of CO2 in the
electrolyte.10,11 Noteworthy, the choice of polymer electrolyte
membrane has a major impact on the process and the design
requirements for the cell. For instance, the use of proton
exchange membranes has been shown to require an electrolyte
buffer layer between the membrane and the GDE to reach
good selectivity. The application of anion exchange mem-
branes, on the other hand, enables use of a membrane
electrode assembly construction, where the GDE is directly
mated to the membrane, eliminating most of the electrolyte
conduction resistance.1,8,12 Highest performances were dem-
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onstrated with flowcells containing an anion exchange
membrane, but the transport of HCO3

− resulting in a parasitic
CO2 shuttling to the anode side remains an issue.13 With
proton exchange membranes, on the other hand, the ion flux in
the form of protons is from the anode to the cathode
compartment, thus preventing this undesired crossover.14

While these membranes have outstanding ionic conductivity,
they require the aforementioned buffer layer between the GDE
and the membrane (Figure 1), ideally with a high to neutral

pH value to suppress the hydrogen evolution reaction (HER)
at the cathode’s surface.1,4,13 In many cases a KHCO3 solution
is used as the buffer layer, causing the protons to react at the
membranes surface with HCO3

− to CO2 and H2O.4,6,15

Inevitably bubbles are formed in the catholyte, creating voids
in the current flow, resulting in a higher and unstable cell
voltage.15 On the other hand the formation of CO2 in the
electrolyte offers the opportunity to recover CO2, which can be
introduced to the feed gas.
Even though the CO2 recovery supports the reduction of

CO2 usage in the process, the CO2 consumption remains an
issue in the CO2-to-CO electrolysis.6,16 The exergonic HCO3

−

formation by the reaction of CO2 with OH−, favored in
alkaline environments, increases the cell voltage and forces the
state of the art CO2-to-CO electrolyzers to operate with CO2
in excess to sufficiently suppress the HER.13,16 As recent
studies show, the management of the feed gas delivery to the
GDE impacts the conversion rates of CO2. The formation of
concentration gradients in a meander gas path along the GDE
for instance enables only a partial exploitation of the GDE for
the CO2-to-CO conversion.17

Regarding the anode side of the CO2 electrolyzer, it is
feasible to adopt the anode from the polymer electrolyte
membrane water electrolysis (PEM).2 For this study an even
simpler and more robust zero-gap anode design is used. The
proton exchange membrane enables the use of an acid as
anolyte, which conditions a steady state operation of the
electrolyzer.18 The protons, which are delivered to the cathode,
are provided by the acid and reproduced at the anode. It
should be noted, that while PEM-electrolyzers typically operate

with pure water, the use of a PEM-anode in CO2-reduction still
requires an acid in the electrolyte to compensate for the
osmotic pressure from the catholyte buffer.

Furthermore, the adoption of the PEM-anode leads to the
major advantage of harnessing an already existing and mature
component, which is specifically of interest for the scale up of
the system.2 As the CO2 electrolysis is a rather young
technology, the scaling of CO2 electrolyzers operating at
ambient conditions is barely discussed in the literature.9,14,19,20

In electrolysis processes the scale ups are, aside from increasing
the cell size, commonly performed by the stack assembly of
multiple cells, which requires mechanically stable cell
components.19,21,22 These components function as supporting
structures to the GDE and enable an even force distribution,
while simultaneously managing the media flow distribution
within the cell. The bipolar plate, which connects the cells in
the stack and serves as a carrier of two poles plays a decisive
role in this respect.23,24 Furthermore, the components define
the management of the media manifolding, thus drawing
attention to the periphery of the experimental setup as well as
to shunt currents and equal media flow distribution within the
stack.24,25

The aim of this study is to optimize the performance of a
single flowcell under the condition of creating a stackable
flowcell architecture. By implementing flowfields with various
gas path architectures in the gas flow compartment and in the
form of a spacer in the catholyte flow compartment, this work
addresses the effect of the optimization of the feed gas delivery
and distribution over the GDE area on the flowcells
performance, as well as the optimization of the catholyte
flow compartment. The cell design utilized in this work is
presented in Figure 1 and is based on a flowcell which was
reported to be operating for over 1000 h with a cell voltage of
about −4.1 V at a current density of 100 mA/cm2.6

■ METHODS AND MATERIALS
The investigated cell (Figure 1) was assembled with the Micro Flow
Cell from ElectroCell (Europe, Denmark), containing two electrolyte
chambers with a depth of 2 mm and providing an active electro-
chemical area of 10 cm2. The electrolyte chambers were separated by
a Nafion 212 membrane (Sigma-Aldrich). The flowcell was assembled
with the cathode electrode for carbon dioxide electrolyzer from
Dioxide Materials.12 A titanium mesh with an Ir-MMO coating and a
mesh width of 4 mm × 2 mm was purchased from Metakem and used
as a zero-gap anode. The anode and the GDE were 4 mm apart.
H2SO4 (Honeywell Fluka) and KHCO3 (Honeywell Fluka) were
prepared with ultrapure water (PURELAB flex) to a 1 MH2SO4 and a
1 M KHCO3 solution and used as anolyte and catholyte. The
electrolytes were circulated with a volume flow of 50 mL/min through
the cell from reservoirs containing 250 mL of the electrolytes. After
passing the cell, the gas appearing in the catholyte was separated from
the catholyte with a membrane contactor (3M Liqui-Cel). The
product gas from the cathode and the separated gas from the
catholyte were analyzed separately via a Trace 1310 Thermo Scientific
gas chromatograph and quantified via a drum style gas counter or a
MilliGas counter (for gas flows below 20 mL/min). A total
quantification for one gas stream took 12 min, thus generating a
full data point containing both gas flows took 24 min. Three full data
points were averaged to one measurement. All experiments were
performed with a PGSTAT302N potentiostat (Metrohm), operating
in galvanostatic mode at 1 A (100 mA/cm2). Further information on
the used materials and devices can be found in the Supporting
Information.

Experiments were conducted under different CO2 supply rates and
were connected to the experimental parameter λ, which has been
introduced in literature to describe the CO2 excess in the experiment.6

Figure 1. Illustration of a flowcell assembled with a zero-gap anode,
proton exchange membrane and an Ag GDE, operating with H2SO4 as
anolyte and KHCO3 as catholyte.
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λ is defined as the ratio of the volumetric amount of CO2 V( )CO2

supplied to the cell, to the theoretical maximal producible volumetric
amount of CO V( )COmax (eq 1). The maximum volumetric formation
rate of CO can be calculated with the Faraday constant F, the amount
of transferred electrons z, the molar volume of CO (VCOmol

= 24.4 L/
mol), and the total cell current ICell (eq 2). According to literature a λ
≥ 3 is necessary to sufficiently suppress the HER in CO2 electrolyzers
operating with neutral to alkaline catholyte buffers.6

V

V
CO

CO

2

max

=
(1)

V
V

zF
ICO

CO
Cellmax

mol=
(2)

λ was varied by two different methods: (1) varying the partial pressure
of CO2 p( )CO2

in the feed gas by the substitution of argon, while
maintaining a constant feed gas volume flow at 35 mL/min; (2)
operating with pure CO2 gas and varying the feed gas volume flow.

The experiments with diluted CO2 feed gas are reminiscent of the
direct CO2-to-CO conversion in flue gas and it can portray the cell’s
behavior toward the cell’s exit, where the feed gas is diluted due to the
formation of products. Experiments with pure CO2 gas were
performed to increase the product concentrations in the product
gas and to detect possible mass transport limitations at low feed gas
volume flows. For all experiments one measurement point was
generated for the λ-values 4.5, 3, 2, and 1, while λ = 4.5 was the
starting value and λ was subsequently reduced. In experiments with a
pure CO2 supply, λ was additionally reduced to 0.5.

The experiments were conducted with cells containing various
structures in the gas chamber or flowfields (titanium grade 1) with
different gas path architectures. The flowfields and structures were
characterized by the obtained Faraday efficiency for CO (FE(CO)),
the cell voltage (UCell) and the determined concentrations of CO
(φCO) and CO2( )CO2

in the product gas from the cathode. FE(CO)

was calculated with the molar flow of CO n( )CO measured in the
product gases from the cathode and the catholyte (eq 3).

zn F
I

FE(CO) % 100CO

Cell
=

(3)

UCell was measured between the anode and the cathode. φCO and CO2

were calculated via the volume flow of CO/CO2 (VCOout
/VCO2out

)
based on the data obtained by the gas chromatograph and the total
volume flow of the product gas V( )totout

determined by the gas
counters (eq 4).

V

V
% 100CO/CO

CO /CO

tot
2

out 2out

out

=
(4)

■ RESULTS AND DISCUSSION
In order to design a stackable flowcell, flowfields providing a
supporting structure to the GDE and managing the feed gas
distribution were implemented at the gas side of the flowcell.
In experiments, two flowfields with different gas path
architectures were investigated, and their influence was
compared to the cell’s performance with an open frame
current collector (Chamber1) (Figure 2(a)). One flowfield
provided a meander gas path (Meander), the other one
(Rake1) contained a disconnected gas path with several
interlocking branches (Figure 2(a)). The open frame current
collector contacts the GDE via the GDE’s edges and provides
thereby a gas chamber over the full active GDE area with a
volume of 4 mL. The maximized GDE-gas contact area given
by Chamber1 enables the feed gas to have a minimal diffusion

length to the entire electrocatalyst area and can thus increase
the conversion of CO2-to-CO. But it also implies the reduction
of the GDE-current collector contact area to a minimum,
causing the GDEs’ electric in-plane resistance to influence UCell
to a greater extent. The flowfields provide, with 45%
(Meander) and 50% (Rake1) of the active GDE area, larger
GDE-current collector contact areas and can consequently
reduce the impact of the GDEs’ electric resistance on UCell. For
Meander, the GDE-gas contact area can be determined to be
55% of the GDE’s active area and is thus considerably lower
than with Chamber1. The reduction of the GDE-gas contact
area could diminish the CO2-to-CO conversion by hindering
the transport of CO2 to and the products from the
electrocatalyst layer. Evaluating the GDE-gas contact area for
Rake1 is less straightforward. The disconnected gas path forces
the feed gas through the back side of the GDE and generates at
best a GDE-gas contact area over the full active GDE area.
Furthermore, the branches in Rake1 essentially segment the
gas compartment, with each segment baring individual
concentration gradients. Hence, Rake1 induces positive effects
on FE(CO) and UCell simultaneously, by creating a more
efficient trade-off between the GDE-gas contact and GDE-
current collector contact area.

In addition, a second generation of the open frame current
collector (Chamber2) and the rake flowfield (Rake2) (Figure
2(b)) were designed and tested based on the results obtained
with the first generation. Chamber2 provides a gas chamber
with a depth of 1 mm and a volume of 1 mL, in which a
titanium expanded metal (1 mm thick) with a mesh width of 4
mm × 2 mm was inserted as a baffle. To reduce the cell voltage
and to reduce the formation of concentration gradients
possibly forming in Chamber1, Chamber2 provides a larger
GDE-current collector contact area and a gas chamber with a
smaller volume. Rake2 was designed similar to Rake1 but with
a vertical orientation of the branches, to accelerate the removal

Figure 2. (a) Images of the first generation of the current collector
providing a gas chamber (Chamber1, (a)-left), the flowfield with a
meander gas path (Meander, middle), and the flowfield with
interlocking gas path branches (Rake1, (a)-right). (b) Images of the
second generation of the open frame current collector providing a gas
chamber with an implemented titanium mesh (Chamber2, (b)-left)
and the second generation of the rake flowfield providing the
interlocking branches in a vertical orientation (Rake2, (b)-right).
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of possible permeate in the gas chamber, which, if not removed
from the gas chamber, reduces the cell performance by
blocking the GDE-gas contact area.26

The results of the electrochemical experiments with the
flowcell operating with diluted feed gas and containing
Chamber1, Rake1, and Meander are depicted in Figure 3,
showing the determined FE(CO) (left) and UCell (right) over λ
and pCO2

in the feed gas. In every experiment, a decreasing
FE(CO) for decreasing λ-values can be observed. With
Chamber1 and Rake1, FE(CO) maintained over 90% for λ
≥ 3, with Meander FE(CO) ≥ 90% determined for λ = 4.5. At
λ = 1 FE(CO) decreased to a value of 35% in every

experiment. In all experiments, UCell increased with decreasing
λ. Similar UCell was measured in experiments with Rake1 and
Chamber1, increasing from UCell = 4.1 V at λ = 4.5 to UCell =
4.3 V at λ = 1. Lower UCell can be observed for Meander
decreasing from UCell = 3.75 V at λ = 4.5 to UCell = 3.9 V at λ =
1.

The results in Figure 3 show a relation between the GDE-
gas contact area and FE(CO) for diluted CO2 supply. Rake1
and Chamber1 provide the largest GDE-gas contact area and
show the highest FE(CO). A sufficient suppression of the HER
(FE(CO) ≥ 90%) could be maintained for Rake1 and
Chamber1 for λ ≥ 3 p( 0.67)CO2

. Further reduction of

Figure 3. FE(CO) (left) and cell voltage (right) over different λ-values and pCO2
in feed gas for experiments with Chamber1, Rake1, and Meander

at 100 mA/cm2.

Figure 4. (a−c) Schematic illustration of the electrical resistances of the titanium flowfield (RTI), the GDE in plane resistance (RC
IP), the GDE

through plane resistance (RC
TP), the ionic resistance of the electrolyte (RI) and the behavior of GDE on different flowfields. (a) GDE lies vertically

on the meander, electrical current can pass along the flowfield. (b) Pressure generated by feed gas in Rake1 pushes GDE toward electrolyte and
decreases GDE-current collector contact area, electrical current path is forced through in plane area of the GDE. (c) Force induced by a spacer
pushes GDE onto Rake1, electrical current can pass along flowfield. (d) Influence of loss-mechanisms possibly affecting the cell voltage of
electrolyzers over current density, expanded adaption from Endrődi et al.
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CO2 supply led to an increase of the HER. Hence, higher UCell
were determined with decreasing λ in every experiment.
Minimal UCell were determined with Meander. As Meander
provides a comparatively large GDE-current collector contact
area, the electrical current, following the lowest electrical
resistance, is led along the titanium flowfield rather than along
the in-plane area of the GDE (Figure 4a). The electrical ohmic
losses and thus the sum of the ohmic losses are reduced. The
ohmic losses can be considered as a part of the loss
mechanisms in an electrolyzer affecting the cell voltage (Figure
4d), hence a lower UCell is determined for Meander than for
Chamber1. With Rake1 however, the determined UCell is
similar to UCell determined for Chamber1 despite the larger
GDE-current collector contact area provided by Rake1. As
illustrated in Figure 4b, forcing the gas through the GDE with
Rake1 increases the pressure on the gas side, the GDE is
pushed toward the catholyte chamber, and the GDE-current
collector contact area is reduced. This effect forces the electric
current along the in-plane area of the GDE rather than along
the titanium flowfield and increases thereby the electrical
ohmic losses. To counteract the force originating from the
pressure on the gas side of the cell, a spacer needs to be
implemented inside the catholyte chamber. This spacer needs
to complete the force closure within the cell to ensure full
contact of the GDE to Rake1 (Figure 4c).
Spacers in electrolyte chambers can hinder the removal of

gas bubbles by blocking their path toward the chamber’s exit.
This causes a reduction of the ionic conductivity through the
electrolyte chamber, leading to an increase of cell voltage and a
decrease of the overall cell performance.27 To minimize this
issue and to avoid isolating effects an ionically conductive
hydrophilic spacer was implemented. Ion exchange resin (IER)
beads were used to fill the catholyte chamber. The use of IERs
in electrodionization processes or electrodialysis, to increase
the conductivity in electrolyte chambers to reach cell voltage
reduction, has already been shown in the literature.28−31

Regarding CO2 electrolysis, a hydrophilic and strongly acidic
cation exchange resin was employed in CO2 to formic acid
electrolysis.32 The IER was implemented as a flow through
polymer electrolyte, to increase conductivity in the electrolyte
chamber. In this work, the same IER was implemented as a
spacer. Its effect on the electrolyte’s conductivity was
measured. A conductivity of 55 mS/cm was measured in a
test tube with a 1 M KHCO3 solution and the IER, for a pure 1
M KHCO3 solution a conductivity of 73 mS/cm was
determined. The exact procedure of the conductivity measure-
ment is described in the Supporting Information.

The results obtained in the electrochemical experiments
with the cell containing the spacer and operating with diluted
feed gas are illustrated in Figure 5. For the first and the second
series of flowfields, the determined FE(CO) and UCell are
shown over λ and pCO2

. In all experiments a decrease of
FE(CO) with decreasing λ can be observed, starting at
FE(CO) ≥ 90% for λ = 4.5. With Rake1, Rake2, and
Chamber1, FE(CO) remained over 90% until λ = 3 and
decreased with further reduction of λ to 35% (Rake1,
Chamber1) and 37% (Rake2) for λ = 1. A more rapid
decrease of FE(CO) can be observed for Meander and
Chamber2, with a determined FE(CO) = 80% for λ = 3
decreasing to 30% and 28% for λ = 1.

In every experiment, UCell increased with decreasing λ. With
Rake1 and Rake2, UCell = 3.88 V and UCell = 3.9 V were
determined for λ = 4.5 increasing to UCell = 4 V and UCell =
4.05 V for λ = 1. Higher cell voltages were determined with
Meander and Chamber2 increasing from UCell = 3.95 V and
UCell = 4 V for λ = 4.5 to UCell = 4.1 V at λ = 1. Similar to that
in previous experiments, highest cell voltages were determined
with Chamber1 increasing from UCell = 4.1 V at λ = 4.5 to UCell
= 4.3 V at λ = 1.

The determined FE(CO) values for Chamber1, Rake1, and
Meander show similar characteristics to the previous results
without the spacer (Figure 3). In both cases, higher FE(CO)
values were obtained when larger GDE-gas contact areas were
provided. Rake2 provides a similar GDE-gas contact area to
Rake1 and similar FE(CO) values were obtained. Despite the
large GDE-gas contact area, given by Chamber2, a stronger
decrease of FE(CO) can be observed compared to the other
experiments. Due to the mesh structure in Chamber2, a
removal of accruing permeate is difficult, the accumulating
permeate in the gas chamber blocks parts of the GDE-gas
contact area and diminishes the conversion of CO2-to-CO.
However, the mesh structure increases the GDE-current
collector contact area of Chamber2 compared to Chamber1
and reduces UCell. But the low FE(CO) indicates an increased
appearance of the HER resulting in higher UCell for Chamber2
compared to the flowfields.

Comparing the UCell values for Rake1 obtained with (Figure
5) and without (Figure 3) the spacer, a significant decrease of
UCell from 4.1 V to 3.88 V for λ = 4.5 can be observed with the
spacer implementation. As illustrated in Figure 6, the spacer
provides a structure in the catholyte chamber which enables
force closure through the entire cell area. Thereby, the GDE is
pressed onto Rake1 and the electric current is distributed in
the metallic flowfield rather than in the carbon based GDE

Figure 5. FE(CO) (left) and cell voltage (right) over different λ-values and pCO2
in feed gas for experiments with Chamber1, Chamber2, Rake1,

Rake2, and Meander in cell with spacer at 100 mA/cm2.
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(Figure 4c). This reduces the electrical ohmic losses and hence
UCell for the cell with the spacer compared to the cell without
the spacer.
Furthermore, the measured UCell determined with the spacer

shows significantly reduced noise compared to the ones
determined without the spacer. For a better illustration of this
effect, UCell is shown in Figure 7 over the full time for the
experiments with Meander. The results of the experiment
without the spacer are depicted for different λ in Figure 7(a)
and with the spacer in Figure 7(b). Without the spacer, the cell
operated at an average UCell ≤ 3.8 V for λ = 4.5, with the
implemented spacer an average value of UCell = 3.95 V was
determined. Comparing UCell at lower λ, similar differences
between the two experiments can be observed.
Figure 7(a) shows extreme noise (e.g., standard deviation =

0.08 V (λ = 4.5)) in the voltage measurements, which indicates
voltage instabilities caused by the bubble formation in the
catholyte chamber. Figure 7(b) shows in contrast a more stable
(e.g., standard-deviation = 0.01 V (λ = 4.5)) but higher cell
voltage. To describe the effect of the spacer on UCell, the
current flow is illustrated in Figure 8(a) for a cell containing
Chamber1 without a spacer and for a cell containing a flowfield
and the spacer. Without the spacer, the current flow is forced
to evade around the formed bubbles in the catholyte chamber
and is afterward led along the GDE to Chamber1. These
deflections of the current flow lead to a local increase of the
current density and to the voltage instabilities observed in
Figure 7(a). As illustrated in Figure 8(b), the deflections of the
current flow can be avoided by implementing the ionically
conductive spacer, which bridges the bubbles and provides a

linear current flow through the catholyte chamber. UCell is
therefore dependent on the conductivity of the IER, which was
determined in this work to be lower in combination with the 1
M KHCO3 solution, than the conductivity of the pure 1 M
KHCO3 solution. This accompanies the observation of the
higher UCell determined with the spacer compared to the
experiment without the spacer. Furthermore, the linear current
flow is completed by the flowfield implementation, which
provides a larger GDE-current collector contact area and
prevents thereby the deflection of the current flow along the
GDE.

The results of the experiments performed with pure CO2
supply and different λ are illustrated in Figure 9. For
Chamber1, Meander, Rake1, and Rake2, FE(CO) remained
over 90% for λ ≥ 2 and decreases to 40% for λ = 0.5. While
Meander and Chamber1 decline more rapidly, reaching only a
FE(CO) of 67% for λ = 1, for Rake1 and Rake2 a FE(CO) =
79% could be determined. The most rapid decrease of
FE(CO) can be observed for Chamber2, decreasing from
under 90% for λ = 2 to 40% for λ = 0.5. The results show an

Figure 6. Illustration of the force closure through the cell.
Noncomplete force closure for a cell without the spacer and open
frame current collector (left) and complete force closure through cell
with spacer and flowfield (right).

Figure 7. Voltage measurements and averaged UCell over time for experiment with Meander for different λ at 100 mA/cm2. (a) Voltage
measurement on cell without the spacer, (b) voltage measurement with ionically conductive spacer show reduction of bubble induced noise in
measurement of cell voltage.

Figure 8. (a) Illustration of the current flow through the cell. ((a)-
left) Nonlinear current flow for cell with open frame current collector
and without the spacer, ((a)-right) linear current flow for cell with
spacer and flowfield. (b) Illustration of current flow through part of
the catholyte chamber, ((b)-left) current flow in chamber without a
spacer evades around a CO2 gas bubble, ((b)-right) ion exchange
resin (IER) bridges the CO2 gas bubble and enables a more linear
current flow.
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increase of UCell for decreasing λ for every experiment. Similar
UCell were determined for Rake1 and Rake2, increasing from
UCell = 4.01 V for λ = 4.5 to UCell = 4.2 V for λ = 0.5. For λ =
0.5 the same UCell was determined for Meander and
Chamber2, but in both cases, UCell increased from UCell =
4.1 V for λ = 4.5. The highest UCell were measured in
experiments with Chamber1, increasing from UCell = 4.3 V at λ
= 4.5 to UCell = 4.45 V at λ = 0.5.
The results in Figure 9 show the positive effect of the

optimized feed gas distribution over the GDE, performed by
Rake1 and Rake2, on FE(CO) and UCell for low CO2 supply (λ
= 1). The effect becomes apparent in the comparison of the
results obtained with Rake1 and Rake2 to the results obtained
with Chamber1. With Chamber1 the maximum GDE-gas
contact area is provided, with Rake1 and Rake2 however, a
higher FE(CO) is determined for λ = 1. Possible mass
transport limitations, appearing with Chamber1, cause the
formation concentration gradients in the gas chamber not only
along the GDE but also perpendicular to the GDE. Other than
with Rake1 and Rake2 not all of the CO2 which enters the
Chamber1 gas chamber is transported to the electrocatalyst
surface and can be potentially converted to CO.
For the same experiments, the determined concentrations

φCO and CO2
in the product gas are illustrated over λ in Figure

10. In all experiments a φCO = 20% for λ = 4.5 was determined,
increasing with decreasing λ. At λ = 1 the highest φCO were
measured for every experiment, with Rake2 and Meander
values of φCO ≥ 60% being obtained. A further reduction of λ
to 0.5 leads to a decrease of φCO with a maximum value of φCO
= 50% obtained with Rake2. A decrease of CO2

with

decreasing λ can be observed for all experiments. In all
experiments, highest values were measured with 80%CO2

for λ = 4.5. The fastest decrease of CO2
was observed with

Meander, decreasing under 10% for λ = 1 and under 5% for λ =
0.5. For Rake1 and Rake2 similar CO2

values were determined,
decreasing to 20% for λ = 1 and under 10% for λ = 0.5. With
Chamber1 and Chamber2, the higher values of CO2

were
determined, decreasing to 30% for λ = 1 and to 20% for λ =
0.5.

φCO increases and CO2
decreases with decreasing λ due to

the reduction of the total feed gas volume flow and the high
conversion rates. With CO2

decreasing under 10% in
experiments with Rake1, Rake2, and Meander one can derive
an increase of CO2 consumption compared to experiments
with Chamber1 and Chamber2. In the case of Rake1 and
Rake2 the increased consumption is accompanied by the
higher FE(CO) determined in the experiments. Furthermore,
Rake1, Rake2, and Meander can overcome the aforementioned
mass transport limitations and can therefore not only increase
FE(CO), but also increase the transport of CO2 into the
catholyte.

The modifications on the cell design increased the cell
performance under reduced CO2 supply and enabled an ionic
and electric contact through the entire active cell area. Aside of
the enhanced process parameters, the combination of the
modifications formed a cell architecture with mechanically
stable components and an even force distribution, ensuring
mechanical integrity for the single cell and for a possible stack.

Figure 9. FE(CO) (left) and UCell (right) over λ for experiments with pure CO2 feed gas for experiments with Chamber1, Chamber2, Rake1,
Rake2, and Meander in cell with spacer at 100 mA/cm2.

Figure 10. Concentration of CO (φCO) (left) and concentration of CO2( )CO2
(right) in the product gas over λ for experiments with Chamber1,

Chamber2, Rake1, Rake2, and Meander in cell with spacer operating with pure CO2 feed gas at 100 mA/cm2.
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To investigate the cell’s performance in a stack, two cells
were connected via a bipolar plate to a two-cell short-stack
(Figure 11). The used titanium (grade 1) bipolar plate
connected the cathode of the first cell to the anode of the
second cell and provided a gas path architecture similar to
Rake1 to the cathode and a meander electrolyte path similar to
Meander to the anode. The global cathode was assembled with
Rake1 and the global anode was assembled similar to the
previous experiments and the catholyte chambers were filled
with the IER beads. The catholyte was introduced to the cell
using two different pumps, each of them fed only one catholyte
chamber with a volume flow of 50 mL/min. The CO2 feed gas
was supplied parallel to both cathodes sharing the same
entrance and exit of the stack. The anolyte chambers were
supplied parallel with anolyte over a shared entrance and exit
with 100 mL/min. A detailed flowsheet for the stack operation
mode and the manifolding of the flow media can be found in
the Supporting Information. Experiments were conducted at a
constant current of 1 A (100 mA/cm2) and a λ = 6.5 to ensure
a sufficient supply of CO2 to both cathodes. The product gases
from both gas chambers and both catholytes were analyzed via
the gas chromatograph and FE(CO) was determined. The
voltage was measured between the anode of the first cell
(Figure 11 left) and the cathode of the second cell (Figure 11
right).
In Figure 12 the obtained FE(CO) (left y-axis) and UCell

(right y-axis) are depicted over time. Additionally UCell of two
single cells is illustrated in the figure at 7.8 V (2 × 3.9 V). The
stack was operating for over 150 min at a minimum cell voltage
of UCell ≤ 7.8 V. The determined FE(CO) increased over time
to maximum values of ≥70% after 100 minutes.
Based on the results obtained from experiments with the

stack and in comparison to the performance of the individual
single cells, a stackability of the designed flowcell can be
deducted. By implementation of the mechanically stable
flowfields and spacer, force closure through the individual
cells and hence through the stack could be provided. Thereby,
an electric and ionic contact is provided through the active
stack area resulting in a stack voltage similar to the cell voltage
of two individual cells operating with Rake1. However, the
stack assembly requires optimization regarding the manifolding
of the media flows. For instance, the separation of the CO2

supply into two individual feed gases could regain control over
the pressure and volume flows in the gas chambers. Due to the
limitation of entrances for the media in the flowcell, this
separation was not possible, and a sufficient and equal supply
of CO2 to the cathodes could not be ensured. The subsequent
uneven distribution caused FE(CO) to be lower with the stack,
than with the single cell (Figure 9), despite operating with a
higher λ in the experiment with the stack.

■ CONCLUSION
This work demonstrates the potential of improving the
flowcells performance by optimizing the feed gas distribution
over the GDE area and the media flow in the catholyte
chamber. It was demonstrated that the increase of the GDE-
gas contact area leads to an increase of the conversion rates of
CO2-to-CO under diluted and reduced CO2 supply, but it
conditions a trade-off with the GDE-current collector contact
area which, when increased, leads to a reduction of the cell
voltage. An optimization toward a more efficient version of this
trade-off was demonstrated by an optimized distribution of the
feed gas over the GDE with an open gas path architecture,
which forces the feed gas through the GDE and creates thereby
large GDE-gas and GDE-current collector contact areas
simultaneously. The optimized feed gas distribution addition-
ally led to an increase of FE(CO) in experiments with reduced

Figure 11. Illustration of the two-cell short-stack including the flowsheet of electrolyte and feed gas (left) and image of the top view of the
assembled stack (right). The two cells are connected via a bipolar plate, which provides a gas path architecture similar to Rake1 to the cathode of
the first cell (left) and a meander for the anolyte to the second cell (right). The catholyte chambers were filled with the IER beads.

Figure 12. FE(CO) (left y-axis) and UCell (right y-axis) over time for
experiment with stack at 100 mA/cm2 and λ = 6.5 and UCell of two
single cells at 7.8 V (2 × 3.9 V).
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feed gas volume flow, where mass transport limitations are
most severe. These characteristics influence the CO2
consumption of CO2-to-CO electrolyzers by generating high
selectivity under reduced CO2 supply and by keeping this high
selectivity even under diluted supply. Regarding the
modification of the catholyte chamber, the implementation
of an ionically conductive spacer reduced the nonconductive
areas which appeared in the form of gas bubbles. A more linear
current flow through the catholyte chamber was created
resulting in a more stable process. Furthermore, the combined
modifications provided the cell with the necessary mechanical
stability to assemble a two-cell short-stack. While improve-
ments on the manifolding of the feed gas need to be executed
to raise the performance of the stack to the performance of the
single cell, experiments with the stack demonstrated that the
designed cell fulfilled the prerequisites for a scaleup.
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