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ABSTRACT: The electrochemical reduction of CO, (CO,RR) has the potential to be an economically viable method to produce
platform chemicals synergistically with renewable energy sources. Copper is one of the most commonly used electrocatalysts for this
purpose, as it allows C—C bond formation, yielding a broad product distribution. Controlling selectivity is a stepping stone on the
way to its industrial application. The kinetics of the reaction can be modified to favor the rates of certain products quickly and
inexpensively by applying additives such as ionic liquids and coelectrolytes that directly affect the electrocatalytic interface. In this
work, we propose tethered tetraalkylammonium salts as double-charged cationic modifiers of the electrochemical double layer to
control CO,RR product selectivity. A novel setup comprising a gas diffusion electrode (GDE) flow cell coupled with real-time mass
spectroscopy was used to study the effect of a library of the selected salts. We emphasize how the length of an alkyl linker effectively
controls the selectivity of the reaction toward C;, C,, or C; products at high relevant current densities (Jio,y = —400 mA cm™2) along
with the inhibition of the parasitic hydrogen evolution reaction. Standard long-term experiments were performed for quantitative
validation and stability evaluation. These results have broad implications for further tailoring an effective catalytic system for selective
CO, reduction reaction.

KEYWORDS: CO,, electroreduction, copper, electrocatalysis, modifiers, real time, GDE

Bl INTRODUCTION

The electrochemical reduction of carbon dioxide (CO,RR) is a
compelling process that combines the intermittent nature of
renewable electricity and the sustainable production of
chemical feedstock and fuels."”
numerous important achievements have been made to embrace

Over the last few decades,

a carbon-neutral circular economy.”® In order to compete
against fossil-fuel-based hydrocarbon cracking, CO, electro-
lyzers are expected to have a selected product partial current

~2, To achieve such a

density of several hundred mA cm
milestone, electrolyzers with gas diffusion electrodes (GDEs)
or membrane electrode assemblies (MEAs) are commonly
employed, circumventing the mass transport limitation.’
Nevertheless, the future of industrial CO,RR will be

determined by developing readily available and effective

© 2024 The Authors. Published by
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catalytic systems that fit a broad set of requirements, which
are extremely dependent on the catalyst of choice.

The reaction selectivity is often prioritized due to the
additional costs involved in separation. For this reason and due
to the prolonged stability of bismuth and silver catalysts, the
technology readiness level (TRL) of the electrochemical
conversion of CO, to single-carbon chemicals like formic
acid or carbon monoxide is rather advanced.”” Copper (Cu) is
one of the few catalysts that inherently enables the generation
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Figure 1. (A) Detailed configuration of the in-house designed GDE cell used for the electrochemical experiments (B) Schematic representation of
the GDE setup coupled with online product analysis used for the scanning experiments.(C) Electrochemical protocol applied to generate heat maps
of the (D) FE toward ethylene using tetraalkyl ammonium and diammonium salts. The chemical formula of the cations used is positioned alongside
its corresponding plots. Unmodified is designated to the experiments on Cu without additives. Electrode: 1.3 mg cm™> of Cu nanoparticles (20—30

nm). Electrolyte: 1 M KHCO;. Additive: 10 mM.

of C—C bondings that lead to highly valued multicarbon
products, such as ethanol, 1-propanol, and ethylene, depending
on the applied potential.”~"" However, Cu electrodes are often
related to fast deactivation and a broad liquid and gaseous
product distribution. A number of Cu-based catalysts with
varying compositions and morphologies have been investigated
extensively to improve the product selectivity and catalyst
lifespan, ranging from the nanoparticles with a specific ratio of
crystal facets to the sputtered fibers with a high surface area
and porosity (Table S1)."”"* Despite evident improvements,
the catalyst stability is still too weak to be applied on an
industrial scale. In addition to macroscopic deactivation
involving carbonation and the flooding of GDEs, the copper
lattice has shown evidence of self-reorganization, possibly due
to the adsorbate-induced ballbot-type movement.'*

Beyond the identity and morphology of the catalyst, the
interface structure between the electrode surface and a local
electrolyte composition or pH has a direct impact on CO,RR
performance. According to Koper et al, no products are
detected on gold in the absence of alkali cations.””~"”
Increasing the cation size of the electrolyte can boost
CO,RR and inhibit the hydrogen evolution reaction (HER),
shifting the selectivity toward CO and C, products, as

30108

evidenced by the number of reports in the literature.'>'®'®

While the precise mechanism of this phenomenon is not yet
fully understood, several explanations have been proposed. Of
these proposals, the cation-involved coordinative stabilization
of CO,RR-adsorbed intermediates has recently garnered
interest.”*° Altering the composition of the double layer
and electrode environment opens up the possibility of tailoring
the performance of the catalytic system. The latter was used as
a pivotal point to build up the present study.

As the number of alkali cations is restricted, and the
solubility of multivalent inorganic cation carbonates is low, an
alternative application of water-soluble, positively charged
organic molecules under CO,RR conditions has received
considerable attention.”' ~** For instance, tetraalkylammonium
salts alter the electrode—electrolyte interface due to their weak
coordinating ability, favoring the selectivity shift toward
CO,RR, which so far is noticeable for CO on silver catalysts
and formate on copper.”> As in the case of surfactants,
changing the length of the alkyl chains could modulate
hydrophobicity, carbon/carbon coupling, and other effects,
altering the availability of interfacial water. 260729

This manuscript bridges the need of selectivity control and
stability in Cu-based catalysts with the essential role of cations
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Figure 2. (A) FE of CO,RR reaction products individually and (B) organized according to the total number of carbon atoms. The digits in x-axis
represent number of CH, units between two ammonium headgroups in the corresponding dications. Unmodified is designated to the experiments
on Cu without additives. Note that the sum of the faradaic efficiencies only displays the contribution of the CO,RR. The remaining efficiency is
destined to the evolution of hydrogen (Figure S4). Unmodified is designated to the experiments on Cu without additives. Current density: — 400

mA cm™% Electrolyte: 1 M KHCO;. Additive: 10 mM.

during CO2RR. Here, we report on the effect of symmetrical
monoammonium and tethered diammonium bromides as
coelectrolytes on copper-catalyzed CO, electrolysis on GDEs
for the first time. In this context, we propose that the tethering
of weakly coordinating tetraalkylammonium dications provides
an extra degree of freedom to modify an electrochemical
interface as they interact with the C—C bonds formed on the
Cu surface. Some examples of the usage of such salts could be
traced to a Monsanto process of acrylonitrile electrodimeriza-
tion and enhancing the stability of the lead electrode during
organic electrosynthesis applications,”* > which—to the best
of our knowledge—have not previously been studied under
CO,RR. Unlike prior studies where monocharged ammonium
cations often hindered C,, product formation on Cu, our
findings demonstrate a positive effect, as evidenced by the data
in Table S2. We employed both conventional chromatography
and real-time analysis techniques with subsecond time
resolution to monitor the broad product distribution. Addi-
tionally, impedance spectroscopy provided deeper mechanistic
insights into the process.

B RESULTS AND DISCUSSION

Effect of Diammonium Salts on the Selectivity of the
Cu Catalyst. The choice of the alkyl group at the ammonium
centers for the design of dications was inspired by previous
reports for the mechanistically similar CO reduction reaction
(CORR). Li et al.>* made the qualitative observation in a
differential electrochemical mass spectrometry (DEMS) setup
that tetraalkylammonium bromides influence the CORR
product distribution by varying the length of all four
substituents simultaneously. The methyl and ethyl substituents
displayed the greatest affinity toward ethylene production
during CORR, while chain elongation was found to be
detrimental for reduction until being fully blocked using
tetraoctylammonium bromide. The latter study is also relevant
for CO,RR, as both reduction reactions share similar
mechanism that leads to the formation of carbon bonding.

The effect of ammonium cations on CO,RR on copper
nanoparticles was evaluated according to the selectivity toward
ethylene using a GDE setup (Figure 1A). For quick operation,
the electrochemical cell was coupled with a proton transfer
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reaction (PTR) mass spectrometer calibrated for ethylene
detection (Figure S1), which allowed for product analysis in
real time (Figure 1B). Aqueous solutions of various
ammonium bromide salts with a concentration of 10 mM in
1 M KHCO; were used to compare their effect. To highlight
the influence of the additives as a function of their alkyl chain
compared to an unmodified catalyst, it was sufficient to use a
constant current protocol consisting of five different steps
(=60 mA cm™%, — 80 mA cm™2, — 100 mA cm ™, — 120 mA
cm ™2, — 140 mA cm?) for 30 s (Figure 1C). However, it was
necessary to maintain the negative (=5 mA cm™) current
between the pulses to avoid the oxidation of the electrode.
Copper has remarkable stability at negative potentials, as it
minimizes the chances of restructuring.”* However, scanning
electron microscope images of fresh and used catalysts
evidenced a softening of the surface roughness after the
electrolysis (Figure S8).

Similarly to Li’s report, we tested their influence on the
reduction of CO, in a GDE setup, ultimately leading to the
same qualitative conclusion (Figure 1D). The highest faradaic
efficiency (FE) was observed for tetrabutyl and tetraethylam-
monium bromides, while tetraethylammonium inhibited the
formation of ethylene completely. Ethyl functionality for the
diammonium salts was therefore selected due to its better
synthetic practicability and lower molecular weight compared
to the butylA set of diammonium bromide salts, whose
structure was varied across the distance between the charged
species, was synthesized from readily available precursors.
Diammonium salts with a linker longer than octylene were
found to be impractical due to foam formation during
electrolysis, restricting the electrode area and flooding the
gas outlet tubing.

The heat map of Figure 1D displays the faradaic efficiency
calculated from the MS signal response for the diammonium
salts. The FE toward ethylene increased as the chain size of the
connecting alkyl unit became longer, and the current turned
more negative. Ethylene production is negligible at current
densities less negative than —100 mA cm™>. The highest FE in
this set of experiments was recorded at —140 mA cm ™2, with a
maximum of 11% for hexyl, and the lowest at 5.6% and 5.4%
for the unmodified catalyst and ethyl, respectively. The kinetics
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of faradaic processes follow an exponential relation with the
overpotential as in the Butler—Volmer equation. Considering
CO,RR has more favorable kinetics (steeper Tafel slope) than
hydrogen evolution (HER), there should be a tendency toward
ethylene formation as the potential becomes more negative.
On polycrystalline copper, ethylene formation thus reaches a
peak at approximately —1.05 V vs. RHE, which is mainly
caused by mass transport limitations.'”*> However, other
products such as methane start forming at this potential range,
which could also influence the selectivity trends and the
eventual decline of ethylene at more negative potentials. The
trend in Figure 1D supports the idea that the ethylene FE
would increase even further at higher current densities.

To study the influence of the additives on HER, a common
parasitic side reaction, the gaseous product stream was also
analyzed by an electron impact ionization mass spectrometer
operated in real time (Figure S2). A concentrated solution of
the diammonium salt 6 (octylene linker) was injected during a
constant current step at —200 mA cm 2, with the resulting
additive concentration equal to 10 mM. The fast effect
response from the modifier presence, which was observed by a
sudden increase in ethylene FE after the injection (Figure S3),
indicates perturbations in their double layer rather than the
creation of a passivation layer.

Long-Term Electrolysis. Confirmed upon brief screening,
the enhancement of CO,RR selectivity toward ethylene in the
presence of the diammonium salts was then tested further at an
industry-relevant current density of —400 mA cm™> for
extended operation times. The design and electrolyte
composition of the GDE cell remain the same as those used
for screening tests. To close charge balance, it was important to
quantify all products during the experiments. To this end, the
gaseous outlet stream was analyzed by an inline GC, while the
liquid products were sampled and quantified after the
experiments by NMR. The FEs of the individual products
and their sets, categorized by carbon number, are displayed in
Figure 2A,B.

Starting with the C; products, their formation rates are
boosted for all modifiers, compared to the unmodified copper,
and they change in an inverse parabolic trend within the alkyl
chain length of the linker. The lowest rate is observed for the
pentylene-linked modifiers and the highest rate for the
ethylene-linked modifiers. This can be explained by the
difference in the ability to stabilize the initial *CO,~
intermediate for the CO,RR. Methane contributes less than
5% of the FE, which could be attributed to its high
overpotentials on Cu. Nevertheless, it exhibits the greatest
increase in terms of percentage compared to the unmodified
catalysts. The highest production of CO among all the
experiments corresponds to a 41% FE with the ethylene
modifier, doubling the value from the blank catalyst. At the
same time, formate displayed the fastest production using short
alkyl chains (ethylene and propylene). Its production is the
least affected by the presence of modifiers, exhibiting FEs
smaller than or equal to 7%. Both CO and formate require the
same number of electron transfers with the highest selectivity
at potentials lower than —0.7 V vs. Epyg on polycrystalline
copper, which is relatively small compared to ethylene and
methane.'’ Initially, it was assumed they share the same
*COOH intermediate.>*>” However, according to later
studies, their mechanisms are separated, attributing the
generation of the formate to *OOCH** or the reaction of
*H with CO,.*" This explains the discrepancies in formate and

CO or methane formation upon using the diammonium
cations in this study.

The FEs of the C, products, as screened in the preliminary
tests for ethylene, exhibited an almost linear increase with the
chain length of the connecting alkyl unit. For instance, the
ethylene FE went from 14% to 28% for dications with ethylene
and octylene linkers, respectively. Further elongation to
dodecyl did not affect its selectivity at 10 mM loading. With
respect to ethanol, the most significant change is noticeable for
the modifiers with ethylene and propylene linkers, where the
selectivity increased approximately three times the highest FE
for ethanol was 20% compared to 11% for the unmodified
catalysts. Looking closely, the rates at which ethanol and
ethylene production is affected by diammonium modifiers
substantially differ, which suggests that they do not share the
same reaction pathway under the given conditions. However,
there is no contradiction as the CO,RR mechanism bifurcates,
as supported by experimental evidence and theoretical
calculations."”*"** For instance, carbene-like intermediates
*CH, are able to circumvent the *CO dimerization process
that is usually attributed as an intermediate to oxygenated
products.”’ Overall, the selectivity toward C, products is
enhanced by all modifiers, except for the ethylene-linked CO-
selective one.

Under the given reaction conditions, 1-propanol (PrOH)
was detected as the only C; product. Compared to the FE from
the bare Cu catalyst (<1%), all modifiers increased PrOH
production to more than 5%, with the peak achieved for
butylene linker (10% FE). Considering the high currents
applied, it is a remarkably large value, comparable only with a
few specialized catalysts.**"*® These findings are again
consistent with the hypothesis that the conformational
flexibility of diammonium dications plays a significant role in
stabilizing and providing the required physical space for
CH,CHCHO*, a key intermediate for C; products.”’
Nevertheless, more studies are needed to navigate through
possible multiple schemes for double-layer perturbations.

As the octylene linker displayed the greatest selectivity to
CO,RR, analogous N-methylpiperidin-based, N-methylpyrolli-
din-based, and quinoclidine-based diammonium dications were
also tested. Quaternary nitrogen aliphatic cycles are more rigid
than trimethylammonium units, which were expected to act
differently. However, no major improvement in the product
distribution was observed compared to the blank catalysts
(Figure S7), highlighting the importance of the steric bulk
volume of the ammonium headgroup.

The effect of the loading of diammonium cations on CO,RR
was studied at —400 mA cm ™ (Figure SS) and a constant ionic
strength of the electrolyte of 0.5. As observed in the long
experiments, 10 mM of the organic additive (roughly 1%
molar) is sufficient to detect the influence, as is consistent with
reported surface coverage under OCP for monocationic
surfactants.”® Nevertheless, a further replacement of the
supporting electrolyte with diammonium cations was tested.
At the end of the set experiments, K* was extremely diluted.
The selectivity to ethylene was improved differentially,
reaching a maximum for the pure diammonium salt as the
only supporting electrolyte. This enhancement, however,
comes with a drastically decreased electrolyte ohmic
conductivity, compromising its industrial applicability.

Besides the overall activity, the stability of the modified
catalyst is also an important parameter. We therefore
conducted a CO,RR experiment with 10 mM octylene
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dication in catholyte for a 10-h operation. While an inline GC
(Figure 3) was used to monitor gas product formation for the
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Figure 3. Faradaic efficiency for carbon monoxide and ethylene
production for modified (blue) and unmodified (black) Cu NP
catalyst at GDE (20—30 nm, 1.3 mg cm™2) over 10-h operation. The
continuous line represents the mass spectrometer product detection;
1 M KHCO;, 10 mM octylene additive; ] = —400 mA cm™.

entire duration of the experiment, the real-time MS was
employed to track transient changes over the first 30 min. It is
worth emphasizing that the use of Cu catalyst is intrinsically
limited by its poor long-term stability, which originates from
electrode flooding. For this reason, the present study highlights
the differences that the organic additives cause to a standard
unoptimized Cu catalyst. While these differences are
significant, they are, unfortunately, still far from industrial
standards.

The first couple of minutes reveal the most changes in
selectivity, which can be seen using MS detection (Figure S6).
The reaction starts with a high FE toward ethylene, which
decreases steadily for 2 and 60 min for the modified and
unmodified catalysts, respectively. This transient behavior
might be due to the change in GDE macroproperties, such as
wettability or interfacial viscosity, including the effect of the
formation of alcohols. However, further experimentation is
required to understand the dynamics at the reaction interface.
After this point, the efficiency reaches a maximum and slowly

decays. In the case of the modified catalysts, the activation is
faster, while the decay is gradual. A substantial increase in
ethylene formation (13%) also accompanies the enhanced
stability in the presence of tested diammonium cations. The
drift in the potential with the modifier during the experiment
remained almost constant, increasing by just 0.1 V. We
attribute the enhanced stability to the long hydrophobic alkyl
chains that inhibit carbonation, as the Helmholtz outer plane
has a high concentration of ammonium cations. The size of the
cations makes the precipitation of carbonates less favorable
than for potassium.

Mechanistic Considerations. Although the unified
mechanism for the cation effect is the subject of intensive
discussion, it is clear that near-surface cation organization
directly affects the double-layer properties. In contrast to well-
defined, spherical hydrated alkali cations, the structuring effect
of nonsymmetric tetraalkylammonium salts on double layer
formation is yet to be addressed.

Thoi et al. therefore studied the effect of trimethyl(alkyl)-
ammonium surfactants on copper by electrochemical impe-
dance spectroscopy (EIS) and IR.** They observed an increase
in charge transfer resistance and a decrease in the double-layer
capacitance (Cpy) across the alkyl chain length. This was
attributed to a double-layer disorganization and the low
dielectric permittivity of the alkyl chains. Noteworthy, the Cp,
concentration dependence exhibited a local minimum, which
can be explained by the gradual reordering of the double-layer
structure within the increased presence of ammonium cations,
as revealed by Stark probe near-field IR spectroscopy.
However, opposite trends were reported for Ag electrode
material results, where charge transfer resistance was
substantially lower in the presence of CO, than for HER. By
taking into account outstanding CO formation selectivity for
Ag compared to Cu, it is clear that the electrochemical
interface structure is determined not only by electrolyte—
electrode interaction but that it also involves CO,RR-adsorbed
intermediates.

The alkylene-tethered diammonium bromides are partic-
ularly interesting in such a context, as they carry two spatially
separated positive charges per molecule. Electrochemical
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Figure 4. Nyquist plot of EIS experiments conducted in (A) argon and (B) CO,-saturated electrolyte using diammonium salts in an H cell. The
digits in top-label represent number of CH, units between two ammonium headgroups in the corresponding dications. (C) Capacitance fitted to
the given equivalent circuit from the experiments from A (dashed lines) and B (filled columns) in 1 M KHCO; and 10 mM of the additive.

Unmodified is designated to the experiments on Cu without additives.
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Figure 5. (A)Proposed mechanism with which the diammonium salts stabilize CO, intermediates for alkyl substituents with (B) small and (C)

large chain lengths.

impedance spectroscopy (EIS) was used (see Supporting
Information for details) for copper to gain further insights. We
emphasize that polycrystalline copper was chosen to average
the influence of the organic additives on multiple Cu crystal
structures. In this way, we could neglect the surface restructure
that copper might undergo during the reaction. Moreover,
energy dispersive X-ray analysis on the composition of the
catalysts after the reaction displayed that the catalysts remained
as Cu, and no nitrogen intrusion into the lattice was observed
(Figure S8).

In a first set of experiments, the electrolyte was saturated
with argon to assess the effect of the organic modifiers on HER
without the presence of CO,. At potentials from —0.4 to —0.8
V vs. Egyp the charge transfer resistance (Rcr) increases
monotonically within the length of the alkyl linker (Figure 4),
similar to previous reports.”* Surface-populated weakly
coordinating ammonium units displace alkali cations from
the double layer, disrupting interfacial water mass transfer and
causing HER suppression. The ethylene-linked modifier
appears to be exceptional, most likely due to the increased
charge density of the molecule.

In the case of the CO,-saturated buffer (Figure 4B), the
relations of the observed changes in Rcy across varied chain
lengths are more complex with respect to both HER and
CO,RR. In such a case, the corresponding charge transfer
resistance is a function of the number of electron transfers
required to form the variety of adsorbed intermediate species.
While Rcr steadily increases until the maximum for the
butylene linker, further chain elongation results see the Rer
decline to values lower than those of bare copper for linkers
longer than hexylene.

The double-layer capacitance change of all diammonium
salts, in contrast to that reported for monoammonium cations,
tended to be nonsystematic within the chain length variation
under HER conditions (Figure 4C). At the same time, under
CO,RR conditions, the double-layer capacitance of all
diammonium salts displays an apparent, almost linear decay
as a function of the applied electrode potential and the chain
length from 58 F cm™ of blank copper to 43 F cm™ of
octylene diammonium bromide, respectively. Unlike the
reported behavior of surfactants on copper, the corresponding
dications express an increased disorder in the double layer,

30112

which could be attributed to the alkyl chain’s degree of
freedom to the system.

These observations indicate a strong dipolar interaction
between adsorbed diammonium and CO,-derived intermedi-
ates. The latter directly supports an enhanced total activity
toward CO,RR upon dynamic electrode modification.
However, the changes in the rate-determining step, surface
charge density, and interface water acidity cannot be ruled out.

Considering the ability of alkylammonium cations to be part
of the inner Helmholtz plane (IHP), we hypothesized two
modes of their surface orientation analogous to the
dynamically formed assembly of ammonium-based surfactants
on Ag catalysts during CO,RR. The order of the surfactant,
where the positive heads pointed toward the negatively
charged electrodes, increased as the potential became more
negative. The first “perpendicular” mode involves only one
ammonium facing toward the electrode surface, with the other
charged side oriented to the electrolyte. Excess anions and the
noncovalent interactions between hydrophobic linker chains
can stabilize such a configuration. The second mode, however,
indicates that both charged headgroups are participating in
IHP, resulting in “horizontal” coordination, which is
thermodynamically more favorable due to the increased
entropy factor (Figure SA). Previous experimental results
using monocharged quaternary ammonium salts exhibit purely
vertical orientation, which resulted in predominant formate
production. The absence of formate in our experiments gives
further proof to the proposed horizontal orientation (Table
S2). The increasing hydrophobicity across the alkyl chain
might enhance the aggregation of diammonium salts in the
double layer. However, their actual surface orientation also
depends on the presence of surface CO,RR intermediates due
to their electrostatic interactions with the ammonium head-
group. The highest CO selectivity of the ethylene-linked
diammonium cation can thus be attributed to a horizontal
orientation, which stabilizes the corresponding CO,* inter-
mediate and restricts dimerization due to its steric bulk (Figure
5B). Further elongation of a linker brings more conformational
allowance, resulting in mixed modes of surface orientation that
affect interfacial water and CO, mass transfers (Figure SB).
The observed selectivity trends are in agreement with the EIS
data, supporting the orientation change during CO,RR.
Further elaboration of such an intriguing hypothesis is
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currently ongoing. Molecular dynamics simulation could give a
better overview of the possible arrangements

B CONCLUSIONS

A set of linked bis-ammonium dibromides as electrode
microenvironment modifiers were assessed for CO,RR. We
tested the influence of the size of their alkyl substituents to
define the distance between the two nitrogen atoms. The study
reveals that these organic modifiers enhance CO,RR over
hydrogen evolution reaction, resulting in an FEcorr above

75% for ethylene and octylene linkers on standard copper
nanoparticles at industrially relevant current densities (up to
—400 mA cm™?). We attribute the selectivity increase to the
quaternary nitrogen dications stabilizing key CO, intermedi-
ates and the controlled repulsion of water molecules to the
hydrophobic alkyl chains on the Cu surface. Adding to current
state of the role of cations during CO,RR, we could
experimentally see the process happening with only the
presence of the ammonium salts in absence of alkali cations.

Interestingly, the CO,RR selectivity toward C;, C,, and C;
products is controlled immediately upon adding organic
modifiers, indicating changes in the double-layer structure.
C, products tend to form as the length of the modifier
becomes larger (FEc,, ~ 40% for the octylene diammonium
linker), while C; products display the opposite trend (FE; ~
40% for the ethylene diammonium linker). C; product
formation shows a local maximum for organic modifiers
possessing alkyl chains with similar molecular sizes (propyl to
butyl), reaching an FE of 10%. Trends in CO,RR product
distribution, supported by EIS data, suggest that the
diammonium surface orientation depends on the linker chain
length and the adsorbed CO,RR intermediates. Moreover,
ethylene production under high current densities reaches a
stable value faster and decays much slower in electrolytes
modified with the diammonium salts than in untreated
catalysts.

The results presented herein demonstrate that the electro-
catalytic performance of reactions can be finely tuned by
employing low concentrations of diammonium salts. It is
highly recommended to explore this concept within ionomers
or by directly bonding to the Cu catalyst surface in alternative
cell designs devoid of electrolytes (MEA). Further inves-
tigations are required to understand the mechanism of double-
layer perturbations at the atomic level for a predictive
structure—activity relationship (SAR) evaluation, which is a
topic for the follow-up research.

B EXPERIMENTAL PART

Preparation of the Catalysts. For the catalysts, Cu NPs
(100 mg) with a size of 20—30 nm (Sigma) were mixed with
isopropanol (3.18 mL) and Nafion (20%w Sigma) (25 mg) to
form an ink, which was dispersed using an ultrasonication horn
(Branson 150) for 20 min and 40% of intensity. The latter was
sprayed (TAMIYA HG Airbrush III 0.3 mm) onto a 5.5 X 3
cm carbon paper (Freudenberg 23B) on a surface heated
surface (70C). The final catalyst loading was equal to 1.3 mg
CuNP cm™2 with 4% Nafion.

General Procedure for Synthesizing Bromide Anions
Containing Diammonium Cations and Alkyl Linkage
Chains of Length “N”. Reagents and solvents were used as
received from the supplier. The corresponding 1,n dibromoal-
kane (58 mmol) was reacted with triethylamine (46.5 g, 465

mmol) in acetonitrile (30 mL) and stirred for 24 h at 60 °C
under an inert atmosphere (argon). The organic solvent and
the excess of trimethylamine were removed in vacuo using a
rotary evaporator. The resulting solid material was then
dissolved in ethanol (15 mL) and recrystallized using ethyl
acetate. The crystals were dried overnight under a high vacuum
at 60 °C to obtain a white powder.

2. 1,2-bis(triethylammonium)ethane dibromide. 'H NMR
(chloroform-d6, 600 MHz):51.4 (t, 18 H), 3.44—3.5(q, 12 H),
3.61-3.66 (m, 4 H).

3. 1,3-bis(triethylammonium)propane dibromide 1H NMR
(chloroform-d6, 600 MHz):51.4 (t, 18 H),1.72—1.78 (q, 2 H),
3.54—3.55(m, 12 H), 3.86—3.91(m, 4 H)

4. 1,4-bis(triethylammonium)butane dibromide 1H NMR
(chloroform-d6, 600 MHz):51.39 (t, 18 H),1.70—1.71 (m, 4
H), 3.45—3.55 (m, 12H) 3.5-3.67 (m, 2 H).

5. 1,5-bis(triethylammonium)pentane dibromide 1H NMR
(chloroform-d6, 600 MHz):51.38 (t, 18 H),1.66—1.73 (q, 2
H), 2.05-2.12(q, 4 H), 3.4—3.51 (m, 12H) 3.57—3.63 (m, 2

6. 1,6-bis(triethylammonium)hexane dibromide 1H NMR
(chloroform-d6, 600 MHz):51.37 (t, 18 H),1.57—1.66 (m, 4
H) 1.94-2.03(m, 4 H), 3.44—3.57 (m, 16 H).

8. 1,8-bis(triethylammonium)octane dibromide 1H NMR
(chloroform-d6, 600 MHz):51.37 (t, 18 H),1.46—1.54 (m, 8
H) 1.81-1.90(m, 4 H), 3.56—3.46 (m, 16 H).

12. 1,12-bis(triethylammonium)dodecane dibromide 1H
NMR (deuterium oxide-d6, 600 MHz):61.19 (t, 18
H),1.33—1.22 (m, 16 H) 1.56—1.65(m, 4 H), 3.05—3.11 (m,
4 H), 3.17-3.24 (q, 12 H).

Electrochemical Measurements. Electrochemical meas-
urements were conducted in an in-house-developed two-
compartment and three-electrode configuration cell compat-
ible with a gas diffusion electrode. The cell material was PTFE
for the electrolyte containers and graphite for the flow field.
The electrolytes in the two half-cells were separated by a
bipolar membrane (Fuel Cell Store). The latter provided an
appropriate mechanical stability and ensured a stable pH
gradient across the cell during the operation. The electro-
chemical measurements were controlled by a potentiostat (SP
240, BioLogic), an Hg/HgO reference electrode (BASi), an Ir-
MMO counter electrode(Metakem), and the respective
working electrode with an exposed area of 1 cm?.

Steady-state electrolysis was performed in 1 M KHCO3 and
10 mM of the organic modifiers unless specified. The 15 mL
electrolyte volume of the working compartment was
recirculated with a flow rate of 20 mL min-1 using a peristaltic
pump (ISMATEC, REGLOICC) to avoid the possible
accumulation of gas bubbles or liquid products at the
electrode’s surface. The flow field was fed with a constant
CO, rate of 20 mL min—1. All electrolytes were prepared in
ultrapure water (18.2 MOhm cm, a totalorganic carbon level
below 4 ppb; Milli-Q IQ 7000, Merck), and the gas flow was
controlled by a mass flow controller (EL-FLOW Prestige,
Bronkhorst). Simultaneously, a mass flow meter measured the
outlet gas stream (CORI-FLOW, Bronkhorst). The latter
ensured a precise product flow estimation regardless of the
ever-changing properties of the gas mixture. All measurements
were conducted under ambient conditions. The electrolysis
was performed (if not specified) for 1 h and repeated three
times to ensure reproducibility.

Product Analysis. The outlet of the working electrode
half-cell was connected to an online GC (Clarus 580, Arnel
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Engineered, PerkinElmer). The gas phase products were
quantified by a thermal conductivity detector and a flame
ionization detector during steady-state electrolysis. The gas
separation was performed on a hayesep N (NR021501,
PerkinElmer) and a molecular sieve 13X (NR022501,
PerkinElmer) with Ar as a carrier gas with a flow rate of 30
mL min~". During electrolysis, the GC gas injections were
performed at 2, 20, 38, and 56 min, and the calculation of the
faradaic efficiency used the average value of all injections and
the outlet flow rate.

After 1 h of current holds, the catholyte was collected to
quantify the liquid products. For this purpose, 500 mL of the
electrolyte with the electrolysis products was mixed with a 500
mL solution of 10 mM dimethyl sulfoxide (DMSO) in
deuterated water after the hour-long electrolysis. The mixture
was analyzed using 'D'H NMR (600 MHz, JEOL). Standard
curves were made using ethanol, formate, and 1-propanol over
the concentration range of interest. The internal standards
used DMSO in 1 M KHCO3, and the water peak was
suppressed by a presaturation sequence. All NMR parameters
used were identical for the quantification and calibration
procedures. The peak area ratios from DMSO and the
products allowed product quantification compared to standard
curves.

The partial current density, j, and the faradaic efficiency,
FE, for each product are calculated in the following way:

For gases

j, = xzFV; (1)

For liquids

. v zF
= —_—
], i"WE t (2)
Ji
FE, = ——100x
]Total (3)

where x; represents the volume fraction of the products
measured via the online GC using an independent calibration
standard gas; z; is the number of electrons needed to obtain a
given product, V,, represents the molar CO, gas flow rate that
was evaluated at the moment of the injection, ¢; is the molar
concentration detected in the NMR, Vi is the volume of the
working electrode, t is the total electrolysis time, and F is the
Faraday constant.

Real-Time Mass Spectroscopy. The gaseous products
were split into two separate gas streams. One led to the online
gas chromatography set; the other to one of the mass
spectrometers.

The proton-transfer-reaction time-of-flight mass spectrom-
eter, coupled with the selective reagent ionization technology
(PTR/SRI-TOF-MS Ionicon), has a PEEK capillary inlet of 1/
16 heated by a heating hose at 80 C°. The sample flow rate is
determined by the internal pressure of the instrument, which
operates with multiple vacuum pumps and without any valves
for the sample path. The quantification (Supporting
Information) mainly focuses on ethylene recording the signal
of primary water ions and ethylene at 22 m/z.

EI-QMS A 1/16" capillary led the gas sample to an
ionization chamber, which was ionized by a robust Ir filament
(Pfeiffer) and subsequently evaluated in a quadrupole detector
equipped with an electrode multiplier (Pfeifer HICUBE). The
sample flow rate is regulated by a complex interplay of the

pressure of a preconditioning chamber and the main ionization
chamber. At 20 mL min~" of CO, for the main experiments,
the pressure remained at 107> and 1077 dPa, respectively. The
quantifications of the gaseous stream were only achieved by
comparing the raw spectrometer output with the already
calibrated GC response.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.4c04632.

Additional information on the mass spectroscopy
methods, the faradaic efliciencies of hydrogen evolution,
the performance of other functional groups for the
organic dications in CO,RR, and real-time product
quantification (PDF).
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