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multicarbon products in agueous electrolytes containing
tetraalkylammonium cations

Alkali-cation-free CO, electrolysis is important to address
the issue of salt precipitation. We investigated the effect

of tetraalkylammonium cations on C,, formation. With
tetramethylammonium, the C,, selectivity on Cu reached
69.6% at 1 A cm=. Theoretical simulations show that smaller
cations intensify the electric fields within the electric double
layer that stabilize the reaction intermediates, boosting

C,, formation. These findings offer valuable insights into
the design of alkali-cation-free, pure-water-fed membrane
electrode assembly electrolysis.
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Broader context

Alkali-cation-free electrochemical CO, reduction
to multicarbon products in aqueous electrolytes
containing tetraalkylammonium cationsf

@ Takashi Harada, ()3
*ab

Ryo Kurihara,® Shotaro Ito,® Shintaro Kato,
Shuji Nakanishi €2 2° and Kazuhide Kamiya

The electrochemical reduction of CO, to multicarbon (C,,) products is attracting attention for the
sustainable production of fuel and chemicals. Conventionally, electrolytes containing alkali cations are
typically used; however, salt precipitation associated with these cations often hinders stable CO,
electrolysis. Organic cations are promising alternatives to alkali cations. Herein, we conducted gaseous
CO, electrolysis in aqueous solutions containing tetraalkylammonium cations in the absence of alkali
cations to evaluate the effect of organic cations on C,, formation. When tetramethylammonium cations
were present as the only cation species besides protons, the faradaic efficiency for CO, reduction
exceeded 89% across a broad current density range of 0.1-1 A cm™2. In particular, C,, formation was
efficient under high total current density conditions, reaching a faradaic efficiency of 69.6% and a partial
current density of 0.7 A cm™2. By contrast, the use of larger cations such as tetraethylammonium and
tetrapropylammonium cations resulted in lower ethylene selectivity. Numerical simulations based on the
generalized modified Poisson—Nernst—Planck model suggested that the size of the tetraalkylammonium
cations affects the electric field strength within the electric double layer, with smaller cations forming a
stronger field that promotes ethylene formation.

Electrochemical CO, reduction offers a direct route to closing the carbon loop using renewable electricity. The production of multicarbon (C,,) products using
Cu catalysts is particularly attractive; however, conventional systems depend on alkaline electrolytes such as KHCO; or KOH. Alkali cations tend to precipitate
as carbonate salts within porous gas diffusion electrodes, compromising long-term stability. As a result, alkali-cation-free electrolysis is gaining increasing
attention. One promising strategy involves replacing alkali cations with organic cations bearing a tetraalkylammonium moiety. Here, we performed gaseous
CO, electrolysis in aqueous solutions containing tetraalkylammonium cations, without any alkali cations, to investigate the influence of these organic cations

on C,, product formation. When tetramethylammonium was the sole cation species present apart from protons, industrially relevant current densities for C,.

production were achieved. In contrast, the use of bulkier cations such as tetraethylammonium and tetrapropylammonium led to decreased C,. selectivity.

These findings offer valuable insights into the design of alkali-cation-free, pure-water-fed membrane electrode assembly electrolyzers where organic cations,
including cationic ionomers, serve as the primary electrolyte species.

1. Introduction

carbon-neutral society." The electrochemical CO, reduction
reaction (CO,RR) in aqueous systems has attracted attention as

The efficient reduction and conversion of CO,, a greenhouse
gas contributing to global warming, is crucial for achieving a
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a CO, conversion process that operates under ambient
conditions.*”® In particular, the selective production of high-
value C,, products by Cu catalysts, such as ethylene, ethanol,
and acetate, is highly desirable for their use as sustainable
fuels and as renewable feedstocks for carbon-based fine
chemicals.”** The operational efficiency, selectivity, and for-
mation rate for C,, products are critical factors determining the
feasibility of device implementation.

The selectivity and kinetics of the CO,RR are influenced by
multiple factors, including electrocatalysts, electrodes, and
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electrolyzers.">™*® Electrolytes also play a critical role in deter-
mining CO,RR activity. For instance, alkali cations, such as K"
and Cs', are known to enhance CO and C,, formation by
coordinating with reaction intermediates’®* and generat-
ing stronger electric fields within the electric double layer
(EDL).>*>” However, the use of alkali-cation-containing electro-
lytes leads to (bi)carbonate salt precipitation, which compro-
mises system stability.">***! Conducting CO, electrolysis in
the absence of alkali cations is expected to substantially
improve the long-term stability of the system.

Organic cations have been proposed as potential alternatives
to alkali cations. Recent studies have demonstrated the CO,RR
under alkali-cation-free conditions using organic cations as
electrolytes. Weng et al. reported CO formation on Au and Ag
electrodes using tetraethylammonium and poly(dimethyl dia-
llyl ammonium) cations in the absence of alkali cations.*?
Similarly, Jang et al. observed CO production on a Au electrode
with cetyltrimethylammonium cations under alkali-cation-
free conditions.*®* Regarding C,, production on Cu catalysts,
organic cations have been explored primarily as ionomers or
surfactants on electrode surfaces.>*® However, most studies
on C,; production involving organic cations have been con-
ducted under conditions where alkali cations are also present.
Gao et al. conducted CO,RR on Cu catalysts using an electrolyte
that contained only piperidinium cations and reported that the
aggregation state of piperidinium cations affects CO,RR
activity.>® Although their study is regarded as pioneering for
utilizing solely organic cations in the system, no study has yet
examined CO,RR on Cu catalysts in which the simplest and
most representative tetraalkylammonium cation serves as the
sole cation species in aqueous solution. Therefore, the effects
of organic-cation structure and size on CO,RR on Cu catalysts
remain poorly understood. Furthermore, the impact of organic
cations on gas-fed CO, electrolysis in flow cells has not been
investigated under practically relevant high current density
conditions. The lack of studies on such C,, production reac-
tions is likely attributable to the complexity of the CO,RR on Cu
catalysts, which involves multi-electron transfer beyond two
electrons, resulting in diverse products and complex reaction
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mechanisms. Thus, how organic cations affect C,, formation
and the C,. formation mechanism, and which specific cations
facilitate C,, production remain unclear. A comprehensive
understanding of organic cation effects is essential for advan-
cing the CO,RR in pure-water-fed membrane electrode assem-
bly (MEA) systems, where alkali cations are absent and cationic
ionomers are expected to function as the primary electrolyte
cations.*®10*>

In the present study, we investigated the CO,RR to produce
C,. products in alkaline aqueous solutions containing tetraalkyl-
ammonium cations with various alkyl chain lengths under
industry-relevant current densities (>100 mA cm™?). Tetraalkyl-
ammonium cations are commonly used as side chains in anion-
exchange ionomers, and their size can be readily tuned by
modifying the alkyl chain length. This is the first study to
demonstrate C,, production in an aqueous electrolyte with tetra-
alkylammonium cations. Our findings reveal that smaller cations
lead to higher ethylene production rates. When TMA was used,
the faradaic efficiency for C,, reached a maximum of 69.6% at a
total current density of 1000 mA cm 2. In addition, to elucidate
the role of tetraalkylammonium cations at the electrode-electro-
Iyte interface, we conducted numerical simulations to analyze
cation effects within the EDL.

2. Results and discussion

We pasted 100 nm-diameter CuO nanoparticles (CuONPs) onto
gas diffusion electrodes (GDEs). Details of the characterization
of our catalyst and electrode are shown in the Supporting
Information. Briefly, X-ray photoelectron spectroscopy (XPS)
and X-ray absorption near edge structure (XANES) spectra
(Fig. S1 and S2, respectively, ESIT) show that the oxidation state
of Cu both on the surface and in the bulk was Cu(u). The X-ray
diffraction (XRD) pattern shows peaks at 35.5° and 38.7°, which
correspond to the CuO(002) and CuO(111) planes (Fig. S3,
ESIt). Fig. S4 (ESIf) shows a scanning electron microscopy
(SEM) image of the CuONPs. Fig. S5 (ESIf) shows a cross-
sectional SEM image and corresponding energy-dispersive
X-ray (EDX) mapping image of the CuONPs/GDE. The thickness
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(a) Linear-sweep voltammograms recorded in different tetraalkylammonium hydroxide solutions (1.0 M) under CO, gas. (b) Faradaic efficiency of

COzRR in 1.0 M tetramethylammonium hydroxide solutions at different current densities.
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of the CuONPs catalyst layer was approximately 1-2 pm. The
surface of the microporous layer was almost fully covered by
CuONPs.

We investigated the CO, reduction behavior in tetraalkylam-
monium hydroxide aqueous solutions using a custom-made
three-compartment cell (Fig. S6, ESIt). Fig. 1(a) and Fig. S7
(ESIT) show the current density vs. potential curves for our
electrode in 1.0 M tetramethylammonium hydroxide (TMAOH),
tetraethylammonium hydroxide (TEAOH), tetrapropylammo-
nium hydroxide (TPAOH), and tetrabutylammonium hydroxide
(TBAOH) under continuous CO, or Ar delivery conditions. The
applied potential was compensated for using the current inter-
ruption method**** (see ESIt for details). Under CO, supply
conditions, a high cathodic current density (>100 mA cm™>
at —0.40 V wvs. reversible hydrogen electrode (RHE)) was
obtained in TMAOH, whereas the current density was less than
100 mA cm 2 at —0.40 V vs. RHE in TEAOH, TPAOH, and
TBAOH. In the TPAOH and TBAOH electrolytes, the current
density under Ar conditions was greater than that under CO,
conditions (Fig. S8, ESIT).

We next analyzed the products of the CO,RR carried out
under galvanostatic conditions. The faradaic efficiencies (FEs)
of CO,RR products in 1.0 M TMAOH solutions are shown in
Fig. 1(b). At all examined current densities, the FE for H,
production was approximately 10% and the major products
were CO, C,H,, and C,HsOH. Although CO was the major
product (FE for CO = 57%) at 100 mA cm >, the C,, selectivity
increased with increasing current density. At a total current
density of 1000 mA cm™?, the FEs for C,H,, C,H;OH, acetic
acid, and n-propanol reached 39.0%, 22.1%, 3.7%, and 4.8%,
respectively, resulting in an overall C,., selectivity of 69.6% with
a corresponding partial current density of 696 mA cm 2. The
present study represents the first report on CO, electrolysis in
an aqueous solution containing tetraalkylammonium cations,
and the maximum C,, partial current density achieved here
represents the highest reported production rate for CO,
electrolysis using organic cations, including ionomer-
based systems.*®*"*>*> When the current density exceeded
1500 mA cm >, the catalyst layer became flooded with electro-
lytes, leading to the cessation of electrolysis. The tendency for
the FE for C,; to increase with increasing current density while
the production of CO decreases monotonically is a common
phenomenon when alkali cation solutions are used. The CO
partial pressure in the catalyst layer increases with increasing
current density, implying a corresponding decrease in the CO,
partial pressure. Consequently, the reduction of CO to C,; is
favored over the reduction of CO, to CO, which leads to an
increase in the FE for C,, products.’®> CO,RR stability was
evaluated in a 1.0 M TMAOH solution, showing sustained
ethylene selectivity for over 10 hours (Fig. S9, ESIt). It should
be noted that the duration over which C,, production activity is
maintained can vary significantly depending on the electrolyzer
configuration and electrode materials.

To examine the influence of cation size on product selectiv-
ity, we evaluated the CO,RR activity in TEAOH and TPAOH
solutions and compared the results with those for a TMAOH

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

solution. As shown in Fig. S10(a) and (b) (ESIt), the major
gaseous product of the CO,RR was CO in both the TEAOH and
TPAOH solutions. The FE for C,H, slightly increased with
increasing current density, reaching a maximum value of
14.7% in TEAOH at 500 mA cm > and 7.1% in TPAOH at 300
mA cm ™. These values are substantially lower than the max-
imum value of 39.0% in TMAOH at 1000 mA cm ™ >. By contrast,
the FE for CO monotonically decreased with increasing current
density across all three solutions. At higher current densities,
H, and methane production apparently increased in the
TEAOH and TPAOH solutions. With larger cationic species,
the FE for H, and CH, started to increase at lower current
densities.

We conducted inductively coupled plasma optical emission
spectroscopy (ICP-OES) measurements to quantitatively deter-
mine the concentration of alkali cation contaminants in
TMAOH electrolyte. The CO,RR was conducted at 500 mA cm™>
in 1.0 M TMAOH (Fig. S11, ESIf), and Li, Na, and K in the
cathode electrolyte were quantified before and after electro-
lysis. Table S1 (ESIT) shows the concentration of Li, Na, and K
in the tested solutions. The concentrations of Na and K in the
pre- and post-electrolysis TMAOH samples showed no signifi-
cant increase compared to the acid blank (approximately
0.20 mM; see the note in Table S1 for details, ESIT), and were
therefore considered below the limit of quantification. Further-
more, to rule out the possibility that trace alkali cations affect
C,, formation, we intentionally introduced 0.10-0.50 mM
NaOH into a 1.0 M TPAOH electrolyte and carried out CO,RR
(Fig. S12, ESIT). Compared with the Na-free control experiment,
no significant difference was observed in the faradaic efficiency
for ethylene. These observations indicate that even if trace
alkali cations at concentrations on the order of 0.50 mM are
present, their influence on C,, formation is limited. Consider-
ing the ICP-OES results and the alkali cation addition experi-
ments, the influence of contaminant alkali cations on C,.
formation is considered negligible.

To more closely examine how the cation in the electrolyte
affects the CO,RR products, we investigated the potential
dependence of product formation. Fig. 2 shows plots of the
partial current density for each gaseous product against the
applied potential. The partial current density for CO and
ethylene increased at more positive potentials when smaller
cations were used (Fig. 2(a) and (b)). Specifically, TMA triggered
ethylene production starting at —0.4 V vs. RHE, reaching
390 mA cm™? at maximum. By comparison, TEA and TPA
required more negative potentials to initiate ethylene for-
mation, reaching maximum partial current densities of 93.4
mA cm 2 and 24.6 mA cm 2, respectively. In contrast, the
partial current density for methane drastically increased at
potentials more negative than —0.85 V vs. RHE when TEA or
TPA was used, reaching 144 mA cm > and 102 mA cm 2 at
maximum, respectively (Fig. 2(c)). With TMA, the most negative
potential tested was approximately —0.7 V vs. RHE, and no
substantial increase in methane production was observed.
Hence, the formation rates of ethylene and CO improved
substantially when smaller cations were used, whereas

EES Catal., 2025, 3,1055-1061 | 1057
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Fig. 2 Potential dependence of partial current density for (a) CoH4, (b) CO, (c) CH4, and (d) H; in 1.0 M tetraalkylammonium hydroxide solutions.

methane formation showed less cation dependence compared
with CO and ethylene formation, increasing notably at poten-
tials more negative than —0.85 V vs. RHE.

In previous studies on the effect of alkali cations in the
CO,RR, the cation species have been reported to play an
essential role in coordinating intermediates'®>' or form-
ing the electric field.>*” However, for tetraalkylammonium
cations, the coordination effect is considered negligible
because of their low Lewis acidity.*® Thus, under the assump-
tion that the formation of the electric field depends on the
tetraalkylammonium cations, which results in variations in C,,
formation activity, we conducted numerical simulations to
verify the electric field effect of tetraalkylammonium cations.
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Fig. 3

We calculated the local concentration of cations and the
electric field strength within the Stern layer using the general-
ized modified Poisson-Nernst-Planck (GMPNP) model, solved
with finite element methods®®*>*"~*° (see ESIt for details). We
used different radius values in eqn (S1) (ESI}) for each cation
species.”® The cation density in the outer Helmholtz layer
(OHP) decreased with increasing radius. Cations with a smaller
radius can accumulate more densely on the electrode surface,
resulting in a higher local concentration on the surface. For
example, at —1.1 V vs. the point of zero charge (pzc), the
concentration of TMA cations at the OHP was 4.2 M, whereas
it decreased to 3.2 M for TEA, 2.3 M for TPA, and 1.7 M for TBA
(Fig. 3a). Smaller cations create a potential distribution in
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(a) Local concentration of cation species near OHP, as calculated using GMPNP simulations. The concentration at an electrode potential of —1.1V

vs. pzc is shown as a representative example. (b) Electric field strength in Stern layer as function of electrode potential in 1.0 M tetraalkylammonium
hydroxide solutions. The thickness of the Stern layer was assumed to be the radius of the cation. The electric field strength was determined on the basis

of the potential distribution calculated using the Poisson equation.
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Fig. 4 Schematic of effect of different tetraalkylammonium cations on
CO3RR.

which the applied potential is more effectively pushed into the
EDL (Fig. S13, ESIf). Because the potential profile and the
thickness of the Stern layer are dependent on the cations,
the electric field strength in the Stern layer becomes stronger
as the radius of the cations decreases, even under the same
applied potential conditions (Fig. 3b). At —1.1 V vs. pzc, the
electric field values in 1.0 M TMA and TPA were —2.4 V nm ™'
and —1.8 V nm ', respectively.

Previous studies have suggested that the electric field strength
within the Stern layer affects the stability of reaction intermedi-
ates. In particular, the binding energy of reaction intermediates
with dipole moments is modulated by an electric field. Reaction
intermediates such as *CO, and *OCCO,'**"**? which are
regarded as key species in the formation of CO and ethylene,
respectively, exhibit relatively large dipole moments.*** In addi-
tion, Resasco et al. have shown that these intermediates become
more stable in the presence of strong electric fields.>* A smaller
cation, such as TMA, can enhance CO and ethylene formation by
generating a stronger electric field within the Stern layer. The
variation in CO,RR activity observed with different tetraalkylam-
monium cations is thus likely driven by cation-size-induced
changes in the electric field strength (Fig. 4). Meanwhile, methane
formation is generally considered to involve the hydrogenation of
*CO, forming *CHO or *COH as a key step.”*® Intermediates
such as *COH and *CHO have been reported to have small dipole
moments,”*? implying that the electric-field stabilization effect is
considerably weaker than that for *CO, or *OCCO intermediates.
In addition, the tendency for methane production at more
negative potentials is consistent with earlier findings related to
methane generation by Cu catalysts used in conjunction with
alkali cations.®®*®> Therefore, methane formation is less suscep-
tible to the electric field effects induced by different cation species
and is primarily promoted in regions with large overpotentials.
Namely, the electric field predominantly influences the formation
of C,, products and CO, thereby altering the overall selectivity of
CO,RR.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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We demonstrated that C,, production proceeds even when
organic cations alone are used as electrolytes and that the use
of smaller tetraalkylammonium cations, in particular, facili-
tates ethylene formation. These findings suggest that, even in
electrolysis systems such as a pure-water-fed MEA in which
organic ionomers serve as the sole cationic species (i.e., without
the use of alkali cations), the ionomer would substantially
affect the rate of product formation. Although smaller cationic
groups in an ionomer are considered beneficial for creating a
strong electric field within the EDL, the charge density at the
electrode surface is not only determined by the cation group
size but also by the chemical structure of the ionomer itself.
Several reports have documented C,, production using iono-
mers in pure-water-fed MEA system.***'*?> However, most of
these studies have focused primarily on developing electrolysis
systems or optimizing reaction conditions, with limited exam-
ination of how ionomers function as cationic species influen-
cing C,, formation reactions within the EDL. As our results
indicate, organic cations strongly influence C,, production at
the microscale level of the EDL. Therefore, focusing on the
molecular-level effects of organic cations is crucial for further
enhancing selectivity and improving reaction rates.

3. Conclusions

In summary, we conducted the CO,RR in aqueous solutions
containing tetraalkylammonium cations to investigate the
effect of cation species on product formation. We confirmed
that ethylene and CO production rates increased when smaller
cations were used. Specifically, the partial current density for
ethylene reached 390 mA cm™> with the tetramethylammonium
cation, whereas it was substantially lower for tetraethylammo-
nium and tetrapropylammonium cations (93.4 mA cm > and
24.6 mA cm” 2, respectively). By contrast, methane formation
exhibited a minimal dependence on the cation species. Numer-
ical simulations revealed that tetraalkylammonium cations
influence the electric field strength within the EDL, with
smaller cations generating a stronger field because of their
smaller radii. This enhanced electric field is considered to
stabilize reaction intermediates. The proposed mechanism for
CO and ethylene formation in the presence of tetraalkylammo-
nium cations highlights that the formation rates of these
products increase with decreasing cation size because the
higher concentration of smaller cations at the OHP and the
thinner Stern layer intensify the electric field inside the EDL,
thereby stabilizing key intermediates. These findings under-
score the critical importance of cation design in optimizing CO,
electrolysis and provide a foundation for the future exploration
of highly selective and stable electrolysis systems. Even in
alkali-cation-free systems such as pure-water-fed MEAs, the
effect of organic cations is considered to play a critical role.
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