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Large-scale implementation of electrochemical CO2 conversion
to value-added products is currently hampered by high electro-
lyzer cell voltages, resulting in low energy efficiency and high
operating costs. Cell voltages are typically well above 3 V and
need to be significantly lowered whilst maintaining current
densities greater than 200 mAcm� 2 to enable energy-efficient
CO2 electroreduction. This can be addressed through modifica-
tion of the resistive components of the device to reduce energy
consumption and lower operating costs. Electrodes, electrolyte

solutions, and the separator between compartments, provide
the largest contributions to the overall cell voltage, therefore
decreasing their resistance can lower the electricity input
required to drive effective CO2 conversion. Here, by careful
analysis and tuning of the various sources of voltage drops
within the cell, an optimized diaphragm-based CO2R device is
presented, which is able to operate at an industrially relevant
current density of 200 mAcm� 2 with an jEcell j as low as 2.89 V,
amongst the lowest reported values to date.

Introduction

Electrochemical CO2 reduction (CO2R) offers a sustainable path-
way to convert intermittent renewable electricity into chemicals
and fuels.[1] Developing a technology able to yield large
amounts of valuable molecules starting from a waste product
such as CO2 would help to decouple the modern economy from
fossil fuels. Industrial application of electrochemical CO2 reduc-
tion (CO2R) requires efficient, high-rate generation of carbon
products. Critical parameters to consider for the scale-up of CO2
electrolyzers are the current density, selectivity towards multi-
carbon (C2+) products, CO2 utilization, stability, and the cell
voltage (Ecell). In previous work, the faradaic efficiency for
multicarbon products (FEC2+) and the CO2 utilization have been
optimized in acidic conditions.[2–6] However, the typically high
cell voltages required to reach industrially-relevant current
densities remain a barrier to the development of competitive
CO2 electrolysis.[7,8] Therefore, decreasing the overall Ecell
towards the values obtained for H2O electrolyzers has the
potential to reduce operating costs and improve access to
sustainable fuels.[9]

High-rate CO2 electrolysis can be facilitated using gas-fed
flow cells (GFFCs) and membrane electrode assemblies (MEAs).
Due to their modularity, many studies have focused on
improving the performance (in terms of selectivity, and energy
efficiency, among others) by altering components (catalyst,
membrane)[10–13] or conditions (temperature, pressure, pH).[14–16]

A major development in recent years has been the incorpo-
ration of acidic electrolyte solutions in GFFCs that prevent
permanent CO2 loss as (bi)carbonate and can therefore boost
the conversion of CO2R products.

[2–5] However, acidic conditions
have so far restricted the type of membrane that can be used
to either bipolar membranes (BPMs) or cation exchange
membranes (CEMs), which can lead to high cell voltages.[2,3,17]

While CEMs provide effective proton transport, it is preferable
to keep the anolyte free from metal cations which can cross the
membrane and accumulate in the catholyte, leading to an
increase in pH. In addition, CEMs impart a significant resistance
to the passage of positively charged species, which negatively
impacts the cell voltage.[18] On the other hand, BPMs prevent
crossover and enable different catholyte and anolyte pH to be
used,[19] but add an important voltage penalty (at least 0.83 V at
100 mAcm� 2),[20] due to the process of water dissociation that
occurs at the interface between the ion exchange layers.[21] An
alternative solution is to use a non-ion-selective diaphragm that
displays low resistance to charge crossover, greatly reducing
the voltage drop at the compartment separator. Although such
diaphragms are commonplace in water electrolyzers,[22,23] they
have not been used for CO2R, as the formed liquid products can
diffuse to the anode where they could be potentially oxidized.
The objective of this work is to assess different approaches

to significantly reduce the cell voltage of a CO2 electrolyzers.
Here, we explored how the use of a diaphragm, increased
operating temperature, and optimization of the cell architecture
could reduce the Ecell. Furthermore, external electrolyte mixing
was employed to obtain a stable system for long-term
electrolysis. By monitoring voltage, selectivity, and carbon mass
balance, we highlight advantages of diaphragm-based devices
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and present a future direction for low-voltage CO2 electro-
reduction.

Cell Configuration and Voltage Contributions

All systems studied here were based on previously reported
GFFC configurations composed of a cathode chamber and an
anode chamber divided by a physical separator (Fig-
ure 1).[2,19,24,25] In this configuration, the CO2 is supplied through
a gas channel and passes through the gas diffusion electrode to
react at the catalyst/catholyte interface. As the catalyst is
directly deposited on a hydrophobic gas diffusion layer (PTFE),
liquid is prevented from crossing into the gas channel. A gas-
diffusion cathode composed of Cu nanoparticles on a PTFE
support was used, with the cathode directly contacted with the
gas-flow plate for all systems. Additionally, an IrOx layer
deposited on porous carbon paper was used as the anode.
However, as other components and distances will be varied, we
have used a notation for the configurations: j j C j dcs j S j das j

A j dab j j , in which II are the endplates, C is the cathode, dcs is
the cathode-separator distance, S is the separator type, das is
the anode-separator distance, A is the anode, and dab is the
anode backplate separation. All d values are given in mm.
The full cell voltage of a gas-fed flow cell is composed of

voltage contributions from the cathode reaction (Ered), the
anode reaction (Eox), the voltage drops (Eloss) associated with the
resistance of the separator (Esep), the resistance of the solution
and ionic diffusion gradients (Esol), and the pH difference
between the cell compartments (EpH, ΔpH=pHcatholyte� pHanolyte).
In Equations 1–5 the modulus for Ecell, Eloss, Ered, and Eox was used
to obtain absolute values.

jEcellj ¼ Eredj jþ Eoxj jþjElossj (1)

Ered ¼E
o
red �

RT
nF lnðQÞþhred (2)

Eox¼E
o
ox �

RT
nF lnðQÞþhox (3)

Eloss¼ jEsolj þ jEsepjþEpH (4)

EpH¼
2:303 RT
F DpH (5)

The Ered and Eox terms are dictated by the thermodynamics
of the products formed at the electrodes and their relative
overpotentials (η) for a given catalyst. As the same electrodes
and catalysts were used throughout the work, the only
modifications to these values are due to changes in temper-
ature and pH, which are linked to the half-cell potential through
the Nernst equation (Equations 2 and 3, where n is the number
of electrons, R is the universal gas constant, T is the temper-
ature, F is the Faraday constant, and Q is the reaction quotient).
The focus of this study concerns specific contributions to the
Eloss term, which will be evaluated by assessing the voltage
penalties related to the electrolyte solution and the separator
(i. e. Esol, Esep).
The conductivity of an electrolyte solution and the resulting

solution resistance is defined by the nature of the salts, the
distance through which the ions must be transported, the
concentration of each species, and the conditions of the system
(e.g. temperature, pressure).[26] Here, we consider three key
parameters: the electrolyte solution composition, the distance
between the electrodes, and the temperature of the electrolyte

Figure 1. Illustration of the main elements of a gas-fed flow cell. dcs: distance between cathode and separator; das: distance between anode and separator; dab:
distance between anode and back plate. The separator can either be a cation-exchange membrane or a diaphragm.
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solution. As for the separator, a cation ion exchange membrane
is typically used to prevent gas, anion, and liquid product
crossover. However, this introduces a significant resistance and
increases Esep, which is dependent on the type of membrane
used and also on the reaction conditions (electrolyte composi-
tion and pH).[12] We therefore investigated the use of a
diaphragm separator as a novel approach to reduce the Esep
contribution. However, to compare the performance to a
standard setup, we first used a CEM-based electrolyzer for
subsequent alterations.

CEM-Based Electrolyzer

GFFCs for acidic CO2R typically employ a cation exchange
membrane (CEM), an acidic catholyte containing alkali metal
cations (typically K+ or Cs+) and an acidic anolyte.[27–29] There-
fore, we initially designed a CEM system as a starting point for
modification.
Initially, a standard catholyte containing 3 M KCl and 0.05 M

H2SO4 (pH 1) was used with a Nafion 115 CEM and a 1 M H2SO4
anolyte (pH 0.4) – this configuration was denoted j j C j 4 j CEM
j 4 j A j 0 j j (an illustration of the full GFFC setup is shown in
Figure S1). The measured jEcell j was 3.61 V for a current density
of 200 mAcm� 2, while the product selectivity showed that CO
production was favored over C2H4, alongside minor H2 forma-
tion as previously observed for this setup (Figure S2).2 The high
voltage required to reach 200 mAcm� 2 can be partly attributed
to the CEM component, which facilitates the transport of
cations through electrostatic interactions with the negatively
charged functional groups within their structures (sulfonic acid
groups in the case of Nafion), giving rise to resistance.[30] The
membrane resistance depends on the nature of the cation,[18]

and therefore its contribution to the cell voltage (Esep) plays a
large role when the typically high salt concentrations required
to prevent H2 evolution are used in acidic CO2R.
An additional drawback of this setup is that the choice of

the anolyte is restricted to metal-cation-free solutions. This is
because metal cations can migrate from the anode compart-
ment towards the cathode compartment in competition with
protons that are present in solution already, or that are
generated by the anodic reaction. The preferential cation
transport leads to an increased pH in the catholyte over time
since the protons consumed by CO2R are not replenished.

[31]

The cation transport is unidirectional and driven by the internal
electric field in the cell, and therefore is only problematic for
anolyte cations rather than catholyte cations with a CEM-based
system. We showed this experimentally by performing electrol-
ysis with two separate systems, for which the anolyte contained
K+ (Figure S3a) or no cationic species (Figure S3b). With 1 M
K2SO4 present in the anolyte, preferential K

+ transport resulted
in an increased pH at the cathode (Figure S3a), however when
only H+ was present, the protons depleted at the cathode were
continuously replenished by those coming from the anolyte,
and the pH was constant over several hours (Figure S3b).

Due to the issues introduced by the utilization of a CEM, an
alternative compartment separator was assessed to reduce the
associated voltage drop.

Diaphragm-Based Electrolyzer

We aimed to replace the CEM with a diaphragm to reduce the
resistance and Esep. For this, we employed Zirfon, a well-known
separator used for alkaline water electrolysis applications,
consisting of a hydrophilic composite diaphragm comprising a
polysulfone matrix and a zirconium oxide inorganic filler.[23,32–34]

With no charged groups, Zirfon is a non-ion-selective separator
and its conductivity is only determined by the electrolyte
used;[35] hence, the diaphragm imparts less resistance to charge
transport compared with Nafion. To compare the charge
transport resistance of Zirfon and Nafion, the voltage drop of
the separator in contact with the electrolyte (jEsep j) was
measured, as the voltage drop depends on the working
conditions and therefore reflects the total contribution of the
separator to the Ecell. When tested in the same conditions, the j
Esep j for a Zirfon-based system (0.26 V) was lower than that of
an identical Nafion setup (0.93 V) (Figure 2). The lack of
selectivity allows any solution-phase species, either charged or
neutral, to cross from one side of the cell to the other, while gas
crossover is prevented. This makes the diaphragm suitable for a
system using the same electrolyte in both cell compartments.

Electrolyte Selection

Selecting the most appropriate ions for low resistance solutions
is not straightforward due to the wide range of possible salts,
but molar ionic conductivity values can be used to guide the
electrolyte selection to provide highly conductive solutions
(Figure S4).[36,37] The previously described CEM system used 3 M
KCl, which is highly soluble (340 gL� 1, 20 °C), but does not
exhibit high ionic conductivity values (K+ : 73.5 Scm2mol� 1, Cl� :
76.3 Scm2mol� 1). As 3 M KCl is a concentration close to the
saturation point, the salt content cannot be increased to
improve the conductivity. Furthermore, Cl� can be oxidized at
the anode to generate toxic Cl2 gas. A non-chloride-based salt
able to provide a higher ionic strength would therefore increase
the solution conductivity and help improve the Ecell.
Alkali cations are essential to favor CO2R over HER in acidic

solutions, with weakly hydrated ions being more effective due
to their stronger propension to adsorb on the negatively
charged cathode (Li+<Na+<K+ <Cs+).[3,38,39] We tested a
number of potassium salts, however these showed limited
success due to either their low solubility or excessive H2
production (Figure S5). We therefore turned our attention to
Cs2SO4, as the larger cations display weaker hydration and
possess a remarkably high solubility (1790 gL� 1, 20 °C), provid-
ing ions with a good ionic conductivity (77. 3 Scm2 mol� 1 for
Cs+ and 160.0 Scm2mol� 1 for SO4

2� ). With 1.5 M and 3 M
Cs2SO4, the Ered values were � 1.2 V and � 1.1 V respectively,
demonstrating the high conductivity of the electrolyte solution
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(Figure S5e), and CO2R was favored over HER. Cs2SO4 was
therefore chosen as an appropriate salt to evaluate the
performance of the diaphragm-based electrolyzer.

One-Gap Diaphragm Electrolyzer

In a j j C j 4 j DIA j 4 j A j 0 j j configuration with 1.5 M Cs2SO4
(pH 5, adjusted through addition of H2SO4), the jEcell j value was
3.90 V for an applied current density of 200 mAcm� 2. However,
upon increasing the salt concentration to 3 M Cs2SO4 (pH 5), the
jEcell j was reduced to 3.67 V (Figure 3a). At this stage, the global
product distribution is not a concern and the selectivity of gas
products was measured only to verify that CO2R remained
predominant over hydrogen production.

The distance between the cathode and the anode influen-
ces the overall jEcell j , since a larger distance results in thicker
layers of electrolyte between the electrodes and therefore
higher jEsol j . The j j C j 4 j DIA j 4 j A j 0 j j system can be
described as a two-gap reactor, as there are two gaps filled with
electrolyte separating the electrodes, with the diaphragm in
between. By removing the gap between the diaphragm and the
anode, a one-gap reactor setup can be obtained. We did so by
placing the anode in direct contact with the Zirfon, while the
cathodic side was unchanged, as required for acidic CO2R. As
the anode is composed of IrOx deposited on porous carbon
paper, the anolyte can flow between the electrode and the
backplate, thereby maintaining the contact between the
electrolyte solution and the anode catalyst. This one-gap
configuration is denoted as j j C j 4 j DIA j A j 4 j j with the

Figure 2. (a) Comparison of jEsep j between two identical setup featuring either Nafion or Zirfon as a separator. (b) Illustration of the cell setup. Esep, Ered and Eox
also account for part of the solution voltage drop, Esol. In this test, Ered, Eox, and Esol are constant, therefore the variation if Esep is due to the different
compartment separator. Conditions: 3 M KCl/0.05 M H2SO4 catholyte (pH 1), 3 M KCl/0.05 M H2SO4 anolyte (pH 1), 20 mL min

� 1 feed CO2 flow rate,
� 200 mAcm� 2, j j C j 4 j separator j 4 j A j 0 j j configuration.

Figure 3. (a) jEcell j optimization with the electrolyzer in a j j C j 4 j DIA j 4 j A j 0 j j (two-gap) and a j j C j 4 j DIA j A j 4 j j (one-gap) configuration and (b)
corresponding gas product Faradaic efficiency (FE), with different Cs2SO4 concentrations (both solutions have a pH around 5) and cell configuration.
Electrolysis was carried out for 30 min each at 200 mAcm� 2 with an inlet flow rate of CO2 of 20 mL min

� 1.
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electrodes separated by a distance of 4.5 mm. In this arrange-
ment with 3 M Cs2SO4, the jEcell j dropped to 3.20 V, whilst
maintaining the same gas product distribution (Figure 3).
The one-gap diaphragm-based system with Cs2SO4 afforded

an Ecell value 0.41 V lower than that obtained for the two-gap
CEM-based electrolyzer. However, similarly to the Nafion system
shown in Figure S3a, the electromigration of Cs+ from the
anode to cathode resulted in an increased catholyte pH due to
preferential cation crossover as opposed to protons. As a result,
after 30 min of electrolysis with this one-gap diaphragm-based
electrolyzer, the catholyte pH increased from pH 5 to 11, while
the anolyte pH decreased to pH 2. We therefore explored the
possibility of developing an externally mixed electrolyte
solution setup to maintain solution pH and composition
constant during electrolysis.

Electrolyte Solution Mixing Stabilizes Operation

In commercial water electrolysis, the catholyte and anolyte
solutions can be mixed externally to account for any differences
in time-dependent pH or concentration fluctuations so that
they are eventually balanced. Mixed electrolyte solutions have
also been used to equilibrate the electrolyte composition
during CO2 electrolysis to CO with silver GDEs,

[40–42] however
there are no previous reports investigating the effects of the
mixing in complex systems where several gaseous and liquid
CO2R products are formed.
Implementing a mixed electrolyte setup with the one-gap

Zirfon-based electrolyzer required some additional components
to facilitate effective mixing and to avoid parasitic losses. The
electrolyte was injected into both cell compartments from a
main reservoir using peristaltic pumps (Figure 4). The solution
coming from the cathode chamber (rich in CO2R products, CO2

and H2) was directly recollected in the main reservoir (catholyte
outlet 3), while the liquid output of the anodic compartment
(anolyte outlet 4) required degassing in a separate reservoir
(degassing reservoir) to remove the anodically-generated oxy-
gen before being transferred to the main reservoir with a
second pump (degassing reservoir liquid outlet 5). In the
absence of this degassing setup, O2 can be reduced at the
cathode, competing with CO2 for the available electrons. No
oxygen could be detected in the headspace of the main
reservoir following degassing of the anolyte liquid output,
confirming that O2 was prevented from reaching the cathode.
Gas reduction products and unreacted CO2 were collected in
the gas trap through the direct outlet of the cell (7) and the gas
outlet of the main reservoir (8), and were detected using online
gas chromatography (gas trap outlet 9), while liquid products
were quantified by 1H NMR. Gas flow rates were monitored
using multiple flow meters and a full carbon mass balance was
ensured (see below). As shown in Figure S6, we verified that
mixing the electrolyte had no effect on the jEcell j and product
selectivity over 30 min electrolysis, and that the pH at each side
of the reactor remained constant over the course of 3 h
electrolysis. Therefore, the mixed diaphragm-based electrolyzer
enhanced electrolyte stability without affecting the perform-
ance. It is worth noting that implementing a mixed 3 M Cs2SO4
electrolyte with a Nafion membrane ( j j C j 4 j CEM j 4 j A j 0 j
j) resulted in an jEcell j of around 9 V, highlighting the
incompatibility of Nafion with cesium sulfate, which may stem
from the strong interaction between Cs+ ions and the sulfonic
groups of Nafion.[43]

Figure 4. Illustration of the mixing setup with the j j C j 4 j DIA j A j 4 j j configuration. (1) catholyte inlet, (2) anolyte inlet, (3) catholyte outlet, (4) anolyte
outlet, (5) degassing reservoir liquid outlet, (6) CO2 inlet, (7) direct outlet, (8) main reservoir outlet, (9) gas trap outlet to GC, (10) degassing reservoir gas
outlet.
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Assessing the Degree of Liquid Product Oxidation

Even though electrolyte mixing did not seem to affect the
product distribution, liquid CO2R products building up in
solution over time would likely reach the anode and be
oxidized. Therefore, the propensity for oxidation of such
products was assessed in the mixing setup. We evaluated the
oxidation properties of the three major liquid products: formic
acid, ethanol, and propanol. Water electrolysis was conducted
(HER at the cathode and OER at the anode) before adding one
of the products to the electrolyte solution. The amount of the
products added roughly represents the amount of the same
species formed during a 30 min electrolysis at 200 mAcm� 2.
In the first test, ethanol was added to a 3 M Cs2SO4 solution

(pH 5) after 5 minutes of water electrolysis to obtain a
concentration of 1.4 mM. Ethanol was gradually transformed
into acetic acid, with near complete consumption after
160 minutes (Figure 5a). At the end of the electrolysis, the total

amount of carbon species (residual ethanol+accumulated
acetate/acetic acid) accounted for 93% of the ethanol added at
the beginning, the remainder being attributed to overoxidation
to CO2, as verified using GC analysis and considering that a
molecule of ethanol would be ultimately oxidized to two
molecules of CO2. Propanol oxidation to propionic acid behaved
similarly (Figure 5b). In this case the carboxylic acid accumu-
lated in solution more slowly and the total amount of the two
species decreased progressively over time. After 120 min, only
54% (residual propanol+accumulated propionic acid) of the
initial propanol amount (1.2 mM) was left. The CO2 molar flow
recorded during the test corresponds well with the missing
46%, considering that propanol complete oxidation gives 3
molecules of CO2 per molecule of alcohol. Formic acid oxidation
to CO2 was more straightforward as there are no intermediate
products (Figure 5c), and after 190 min it was completely
oxidized (initial concentration: 2.8 mM). We additionally
checked the ability of blank carbon paper (the anode support)
to be oxidized into CO2, but observed no significant CO2
evolution during electrolysis, verifying that liquid product
oxidation was responsible.
The assessment of anodic oxidation evidenced that care

must be taken when dealing with a mixing setup involving
CO2R liquid products, and that their oxidation can possibly lead
to a decreased total FE if the products are lost as CO2.
Nevertheless, if the overoxidation to CO2 can be limited,
oxidation products such as carboxylic acids might be of
interest.[44] It is worth noting that the selectivity shown in
Figure S6 for the mixing system does not reflect liquid product
oxidation. This is probably due to different reaction kinetics
since in this case the amount of species in solution starts from
zero and their concentration during the 30 min electrolysis
reflects continuous production at the cathode and oxidation at
the anode. Finally, this issue can potentially be avoided by
implementing a catalyst selective towards gas products such as
CO and C2H4.
The carbon mass balance of the reactor was evaluated to

ensure that no CO2 losses occurred in the mixing setup. Overall,
mass balance was maintained even with the mixing electrolyte
(Figure S7), confirming the absence of unwanted reactant
losses. A detailed description is provided in the Supporting
Information.

Increasing Temperature Reduces the Cell Potential

Industrial electrolyzers operate at high temperatures that
originate from resistive losses. Higher working temperatures
could reduce the cell voltage by decreasing the potentials and
voltage drops associated with kinetic and thermodynamic
contributions of CO2 reduction.

[45] There are several reported
examples that investigate the temperature effects on the
performance of CO2R systems.

[13,45–52] However, most of these
reports focus mainly on formic acid and carbon monoxide,
while neglecting systems forming multicarbon products, or do
not conduct analysis in flow cells. Here, we assessed the impact
of elevated electrolyte solution temperatures in our system.

Figure 5. Results of the three oxidation tests: (a) ethanol; (b) propanol; (c)
formic acid. Electrolysis was carried out in a mixing j j C j 4 j DIA j A j 4 j j
configuration at 200 mAcm� 2 with no flowing CO2 and a 3 M Cs2SO4
electrolyte (pH 5, 20 mL).
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Although this temperature varies inside the cell due to the
addition of gas and limited insulation, the electrolyte solution
temperature is quite consistent and gives a good measure of
the ways in which cell voltage can be further improved.
When the temperature of the electrolyte was increased

from 20 °C (room temperature) to 60 °C, the jEcell j was reduced
from 3.2 V to a remarkable value of 2.89 V for a current density
of 200 mAcm� 2, representing a further overall gain of 0.31 V
(Figure 6a). The decrease in jEcell j did not come at the expense
of the selectivity and a comparable product distribution was
maintained from 20 °C to 60 °C (Figure 6b). With the increase in
temperature, lower jEred j , jEox j , and jEsol j values contributed to
the decrease in jEcell j .

Increasing the CO2 Conversion Results in High Multicarbon
Product Selectivity

As shown above, the system described here yields mostly C1
products (CO and HCOOH). Steering the selectivity towards C2+

species is possible through decreased feed CO2 flow rate, as
previously shown by our group.[2] Lowering the flow rate from
20 mLmin� 1 to 1.25 mLmin� 1 increased the cell voltage (jEcell j
=3.17 V at 60 °C) (Figure 7a), and simultaneously boosted the
selectivity for multicarbon products at the expense of C1
products (Figure 7b). At low flow rates, CO has a longer
residence time in the reactor and therefore has more time to
react on the catalyst surface to give multicarbon products,
resulting in a higher amount of ethylene and ethanol. As we
maintain the same current density, this results in a greater
portion of the inlet CO2 being consumed at low flow rates,

Figure 6. Effects of the electrolyte solution temperature. (a) Cell voltage decrease due to the increase in temperature and (b) relative product distribution for
the three tests. Electrolysis was carried out for 30 min each at 200 mAcm� 2 with a feed flow of CO2 of 20 mLmin

� 1 in a 3 M Cs2SO4 solution (pH 5) and a
mixing j j C j 4 j DIA j A j 4 j j configuration.

Figure 7. CO2 feed low rate and temperature influence on cell voltage (a) and product selectivity (b). Electrolysis was carried out for 30 min each at
200 mAcm� 2 in a 3 M Cs2SO4 solution (pH 5) and a mixing j j C j 4 j DIA j A j 4 j j configuration.
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improving the likelihood of CO reduction. As this reaction
typically requires larger overpotentials, we hypothesize that this
enhancement in CO reduction rate is responsible for the
increased cell voltage, however further work is required to
verify this which is beyond the scope of the current study. The
FE for CO decreased from 37% to 2%, while C2H4 was
particularly affected with the FE increasing from 9% to 36%. FE
values for C2H5OH and C3H7OH also increased, while HCOOH
production diminished. The single-pass conversion efficiency
for carbon products achieved for the low-flow operation was
33%. The product distribution is not affected by electrolyte
mixing and temperature variation (Figure S8). Therefore, by
adjusting the CO2 flow rate, the product output of the device
can be tailored to target high added-value C2+ products like
C2H4.

Voltage Optimization Summary

The voltage optimization for the Zirfon-based system is
summarized in Figure 8a–b. The cell potential could be lowered
from 3.90 V to 2.89 V, a gain of more than 1 V. The main
contributions for the optimization were: (i) increased cesium
sulfate concentrations (from 1.5 M to 3 M, both pH 5), which
reduced the jEcell j by 0.23 V; (ii) decreased electrode spacing
(from 8.5 mm to 4.5 mm, with 3 M Cs2SO4), resulting in a gain of

0.47 V; (iii) higher temperature (from 20 °C to 60 °C, with 3 M
Cs2SO4 and 4.5 mm electrodes distance), which lowered the cell
voltage by 0.31 V. The mixing did not affect the voltage, but it
stabilized the electrolyte over time in terms of pH and species
concentration. It is important to note that when applying the
same modifications to the initial j j C j 4 j CEM j 4 j A j 0 j j
setup (jEcell j =3.61 V), thereby obtaining a j j C j 4 j CEM j A j 4
j j configuration, the voltage could not be lowered to the same
extent and gave an jEcell j value of 3.24 V at 60 °C (Figure 8c–d).
It is therefore evident that the resistance introduced by Nafion
is a significant barrier to lowering the cell voltage, which can be
overcome by employing a diaphragm.

Conclusions

The work presented here highlights a combination of strategies
to lower the cell voltage of an acidic CO2 electrolyzer by
tackling its resistive components. By replacing a commonly
used CEM with a diaphragm, minimizing the inter-electrode
distance, and increasing the temperature to 60 °C, the cell
voltage required to reach a current density of 200 mAcm� 2 was
reduced from 3.61 V to 2.89 V, a value approaching that needed
for scale-up and commercialization. Through assessment of the
contributing potentials and products, we showed that the setup
could operate with good selectivity and activity with a mixed

Figure 8. Optimization summary for the Zirfon- (a, b) and the Nafion- (c, d) based systems at 200 mAcm� 2. (a) j j C j 4 j DIA j 4 j A j 0 j j ; (b) j j C j 4 j DIA j A j
4 j j ; (c) j j C j 4 j CEM j 4 j A j 0 j j ; and (d) j j C j 4 j CEM j A j 4 j j .
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electrolyte solution. By ensuring a full carbon mass balance, we
showed that although some liquid products were oxidized in
this setup, there was limited overoxidation of high-value C2+

products to CO2 and therefore such setups could be practicable
for generation of carboxylic acids.
We envisage that modifications including implementing

catalysts that require lower half-cell potentials and further
reduction of the inter-electrode distance will benefit the cell
potential. Overall, the outcomes of this study are fundamental
to building robust and efficient systems that can propel CO2
electrolysis towards commercialization.
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