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1 | INTRODUCTION
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Abstract

Understanding the interplay between intrinsic kinetics and transport remains a
central challenge in electrocatalysis. Rotating disk electrodes (RDE) are widely used
because their transport can be described analytically, but radial concentration gradients
complicate analysis of multi-electron processes. Rotating cylinder electrodes (RCE) pro-
vide an improved convective transport profile that better separates transport from
kinetics. However, multiphysics simulations show that the use of a single flat counter
electrode distorts the electric field in low-conductivity electrolytes. We present a
third-generation gastight RCE cell (RCE-3) with two flat counter electrodes symmetri-
cally positioned around the cylinder. This configuration doubles the counter electrode
area, increases achievable current density, and improves field symmetry while
maintaining well-defined hydrodynamics. Electrochemical CO, reduction experiments
demonstrate that asymmetric electric fields bias apparent kinetics in non-aqueous elec-
trolytes, whereas symmetric counter electrode operation minimizes these distortions,
enabling reliable extraction of intrinsic kinetic parameters. The RCE-3 cell contributes

to advancing the mechanistic understanding of non-aqueous electrocatalytic systems.
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transport resistance® by controlling the thickness of the concentration
boundary layer through the electrode's rotation rate.® In recent years,

Electrochemical cells are the primary tools used to study electrocata-
lytic reactions. The three main components of these cells are the
electrodes (anode and cathode), the electrolyte, and the vessel. The
various designs of electrochemical cells offer different mass transport®
and electric field profiles.? Glass and polymer vessels with one or two
compartments have been traditionally employed in electrocatalysis
because they are commercially available, easy to assemble, and
require little specialized expertise for their operation, while still
enabling reproducible characterization of catalyst performance within
the same cell.> Among the most common electrode designs are rotat-

ing disk electrodes (RDE),* which allow systematic variation of mass

electrochemical cell and electrode designs have become more diverse
and correspondingly more complex in their assembly, operation, and
mathematical description.” For example, gas diffusion electrodes
(GDE) cells use thin porous catalyst layers deposited on gas diffusion
layers that enhance mass transport compared to stagnant or mechani-
cally stirred electrolytes.® While in RDE systems and stagnant electro-
chemical cells the concentration boundary layer ranges from tens to
hundreds of micrometers in thickness, in GDEs the concentration
boundary layer is reduced to only a few nanometers at the three-phase
boundary.” Thin concentration boundary layers are particularly useful

in the study of small gas molecule activation chemistries such as CO,,
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N,, CO, CH,4, and NO,where the reactant has a low solubility in the
electrolyte. GDEs, however, have complicated three-dimensional and
temporal concentration gradients that complicate the study of intrinsic
reaction kinetics.2® With growing interest in evaluating catalysts under
conditions relevant to industrial operation, specialized vessel designs
have also been introduced to probe the influence of temperature®* and
pressure.’? However, these designs often neglect potential asymme-
tries in transport and electric fields, complicating the reliable extraction
of intrinsic kinetic parameters and limiting the translation of catalytic
performance and insights across different vessel and electrode
geometries.'® Understanding the relation between reactor kinetics
(the result of the pairing of the electrodes with the vessel) and reac-
tion kinetics (each electrode individually independent of the vessel)
is a standing challenge in electrochemical engineering and requires
the development and use of electrochemical cells with well-defined
transport characteristics.*

Among electrochemical cells with well-defined and controllable
hydrodynamics, the RDE has become the most widely adopted rotat-
ing geometry in electrocatalysis. The relation between hydrodynamics
and mass transport is described analytically by the Levich equation,
which connects the diffusion-limited current to electrode rotation
speed, kinematic viscosity, and species diffusivity, providing a simple
quantitative framework to separate mass transport from reaction
kinetics.'> However, the RDE geometry inherently produces radial
concentration gradients across the disk surface,” which complicates
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FIGURE 1

the interpretation of potential-dependent kinetics for multi-electron
processes.® These limitations are not present in the rotating cylinder
electrode (RCE), where convective mass transport ensures the devel-
opment of uniform secondary and ternary current distributions.!” In
contrast to the RDE, the RCE provides a uniform transport boundary
layer across the electrode surface,** facilitating isolation of intrinsic
kinetics. Despite these advantages, RCEs remain relatively uncommon
in electrocatalysis, even though they are widely used in corrosion
engineering® and metal protection research,'’ where accurate mass
transport control is critical.

Until recently, RCE cells that were both gastight and compatible
with rigorous electrocatalytic analysis were not available. The chal-
lenge lies in the dual requirement of hermetically sealing the cell while
incorporating a counter electrode separated by an ion-conductive
membrane, which allows physical separation of catholyte and anolyte
compartments. This feature is critical in electrocatalysis, where accu-
rate quantification of gas and liquid products is essential. In our earlier
work, we introduced two gastight RCE cells with well-characterized
hydrodynamics (Figure 1A,B), a working electrode cylinder area of
3 cm? (fifteen times larger than that of a typical RDE), and detection
limits in the micromolar and parts-per-million range for liquid and gas
products, respectively.?’ The first-generation gastight RCE (RCE-1)
shown in Figure 1A was restricted to a low maximum current density
(=7.5 mA/cm? in 0.1 M KHCOj3, Figure 1D) because the distance
between the working (WE) and counter (CE) electrode was very long
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Schematics and current capacity comparison of three generations of the gastight RCE cell. (A) First-generation RCE cell (RCE-1)

with an H-cell design. (B) Second-generation RCE cell (RCE-2) with a flat counter electrode compressively attached to one side of the cell. The
distance between the working and counter electrode is shorter, and the cross-sectional area of the ion-conductive membrane separating the two
cell compartments is larger compared to RCE-1. (C) Third-generation RCE cell (RCE-3), featuring two flat counter electrodes placed symmetrically
on opposite sides of the cylinder. In all the RCE cells, the cylinder electrode has a diameter of 12 mm and an electrode active area of 3 cm?.

(D) Current-potential response measured on an electropolished copper cylinder working electrode in each of the three generations of the RCE
cell using Pt foils as counter electrode and a Ag/AgCl reference electrode in 0.1 M KHCO3. No iR correction is applied. Measured solution
resistances between the working and reference electrode were respectively 9.5 Q, 9.3 Q, and 12.3 Q for the RCE-1, RCE-2, and RCE-3 cells.
Here, shortening the distance between the working and counter electrodes, increasing the cross-sectional area of the ion-conductive membrane,
and doubling the counter electrode area increase the maximum current capacity achievable in the cell. The maximum potential that can be applied

between the reference and the cylinder electrode is 10 V.
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and the cross-section area of the membrane separating the two elec-
trode compartments was very small.2° The second-generation RCE
cell design (RCE-2) shown in Figure 1B, addressed these limitations by
bringing the two electrodes closer together and by increasing the
cross-sectional area of the membrane separating the two compart-
ments. In the RCE-2, the counter electrode was a flat metal foil with
an active area of 6 cm? compressively attached to one side of the
cell. This new design increased the maximum current density
achievable to over —125 mA/cm? in 0.1 M KHCOj; (Figure 1D). The
RCE-2 cell thus enabled systematic studies of intrinsic kinetics
decoupled from mass transport? across a wide range of electrocataly-
tic reactions at different current densities, and this in turn allowed a
more technical analysis in dimensionless terms of multi-electron and
multi-product electrocatalytic reactions such as the electrochemical
oxidation of methane?! and reactive CO, capture (RCC).22

One of the major advantages of the RCE-2 cell in the study of
electrocatalytic systems is that it provides consistent hydrodynamics
at the electrode surface regardless of the chemistry under study.
This is because all the momentum transfer to the fluid occurs within
a few hundred micrometers from the electrode, where the viscous
sublayer thickness is well-defined all around the cylinder.?® The
RCE-2 design was used to determine an empirical dimensionless
relation that universally linked cell hydrodynamics to mass film trans-
fer coefficients for any reaction substrate, intermediate, and product
with 20% accuracy.?® Although mass transport is well-defined, multi-
physics simulations that include electric potentials described below
reveal that the RCE-2 design suffers from distortions of the electric
field and current distribution (Figures S1-S5 in Supporting Informa-
tion), particularly under conditions of low electrolyte conductivity
and high current densities. The difference in potential drop
between the various points on the surface of the cylinder electrode
and the counter electrode on one side of the cell can be on the
order of hundreds of millivolts for typical current densities used in
electrocatalysis, and complicates the study of electrode kinetics,
particularly in low conductivity electrolytes (Figure 2). To address
these limitations, we have developed a third-generation gastight
RCE cell (RCE-3) that introduced two flat counter electrodes placed
symmetrically on opposite sides of the cylinder with a total counter
electrode area of 12 cm? (Figure 1C). This modification doubles the
counter electrode area relative to the RCE-2, reduces current den-
sity at the counter electrode surfaces, and improves the uniformity
of the electric field.

In this work, we validate the design of the RCE-3 cell, characterize
its hydrodynamics, and compare them with those of earlier RCE cells.
The electric field symmetry is experimentally evaluated using CO,
reduction as a probe reaction. The results demonstrate that the
RCE-3 preserves the well-defined hydrodynamics of earlier RCE
designs while greatly reducing electric field distortions, particularly in
non-aqueous electrolytes. In addition to the new cell design, we intro-
duce the use of a bipotentiostat as a novel means to control current
densities on the two counter electrodes and maintain a uniform elec-
tric field. The RCE-3 cell thus allows for more reliable extraction of

electrode kinetic parameters across a wide range of electrolyte
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conductivities and contributes to a more systematic characterization

of catalysts for the future scale-up of electrocatalytic technologies.

2 | RESULTS AND DISCUSSION

21 |
of RCE-3

Electric field distortions in RCE-2 and design

The motivation to redesign the RCE-2 cell emerges from the growing
interest in characterizing electrocatalytic systems in non-aqueous elec-
trolytes. The RCE-2 cell consists of a main working electrode compart-
ment and a smaller counter electrode compartment attached on one
side of the cell, as shown in Figure 2A. Figure 2C,D shows the result of
a multi-physics simulation when a potential of —5 V against the coun-
ter electrode was applied on the cylinder electrode. The model devel-
opment for the multi-physics simulation is detailed in the Supporting
Information. Notably, the effective electrolyte potential at the cylinder
surface can vary by more than a hundred millivolts between the side
facing the counter electrode and the side away from it (Figure 2D)
when the current density is on the order of 10 mA/cm?. Multi-physics
simulations on the RCE surface for the hydrogen evolution reaction in
the RCE-2 cell (Supporting Information) show that the effective elec-
trolyte potential on different points over the surface of the cylinder
can differ by 15 mV at 1 mA/cm? (Figure S5) in this cell configuration
when using 0.1 M KCIQ4 as the supporting electrolyte. These findings
are not necessarily new or unexpected,’* since this has been exten-
sively studied via numerical simulations in both a RCE system?* and
a rotating cylinder Hull system,?> and yet underscore the need for a
redesigned RCE geometry that could maintain the advantages of a
gastight configuration while ensuring symmetric fields and reliable
kinetic measurements. Field distortions are expected to be particularly
acute in non-aqueous low conductivity electrolytes, where ohmic
losses can significantly bias apparent electrocatalyst kinetics. Details
on how these distortions relate to the classic framework of primary,
secondary, and tertiary current distribution are provided in the
Supporting Information, and a longer discussion is avoided here for
brevity. Numerical simulation studies of rotating cylinder electrode
cells have previously shown that asymmetric flat-plate counter-
electrode configurations lead to non-uniform primary current distribu-
tions, whereas symmetric or concentric counter-electrode geometries
substantially restore electric field uniformity, with these effects
becoming increasingly pronounced at higher current densities and
lower electrolyte conductivity.?® Importantly, these simulations fur-
ther demonstrate that secondary and tertiary current distributions
on the rotating cylinder approach uniformity when symmetric
counter-electrode geometries are employed.

Inspired by previous work in improving current distributions on
rotating cylinder electrodes,?® we introduced two flat counter elec-
trodes placed symmetrically on opposite sides of the cylinder in the
RCE-3 cell design (Figure 1C). The cell cap was also redesigned so
that the reference electrode could be positioned equidistantly from

both counter electrodes. Although a concentric counter electrode
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FIGURE 2

(A) Schematic of the gastight RCE-2 cell developed in our earlier worl
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k,2° showing the hermetically sealed design and physical

separation of catholyte and anolyte compartments by an ion-conductive membrane. (B) Cross-section and top view of the fluid velocity profiles in
the RCE cell at 400 rpm,2® which remains consistent across different electrocatalytic transformations. The fluid velocity profile shows the
concentration of the momentum transfer to the liquid in a very thin layer around the cylinder electrode. (C) Results of multiphysics simulations of
mass and charge transport, illustrating distortions in the electric field in the RCE-2 cell design, under conditions of low electrolyte conductivity
and high current density for an applied voltage of 5 V between the working and counter electrode. (D) Electric potential as a function of position
along the radial direction of the cylinder electrode for the RCE-2 cell under conditions of low electrolyte conductivity and high current density in
(C). The potential difference between the surface of the cylinder electrode facing the counter electrode and the surface facing away from it can

be over a couple of hundred millivolts.

surrounding the cylinder would provide the most uniform field,?”
incorporating a cylindrical ion-exchange membrane poses engineer-
ing challenges in a gastight configuration.?® The use of two flat
electrodes, therefore, represents a practical compromise that
increases field symmetry while maintaining compatibility with quan-
titative product detection.

The ratio of working to counter electrode areas is critical in
determining the maximum current density that can be sustained.
Larger counter electrode areas lower current density at the coun-
ters, reduce overpotentials, and minimize parasitic reactions. In the
RCE-3 cell, the total counter electrode area is twice that of
the RCE-2 cell. As shown in Figure 1D, this modification allows the
RCE-3 cell to maintain stable current densities that exceed —200
mA/cm? in 0.1 M KHCO; when using a Cu cylinder working electrode
and Pt foil counter electrodes, compared to —125 mA/cm? in the

RCE-2 cell under identical conditions.

This progression illustrates a systematic evolution of gastight
RCE cell designs. The RCE-1 cell was limited by resistance associ-
ated with membrane and compartment geometry, the RCE-2
cell was limited by counter electrode kinetics and area, and the
RCE-3 cell, by design, now achieves higher current densities
with improved symmetry of the electric field, while preserving the
gastight architecture required for quantitative product analysis. In
the following section, we evaluate whether these modifications
alter the well-defined hydrodynamic characteristics of the RCE
geometry.

2.2 | Characterization of hydrodynamics

To verify that the modifications introduced in the RCE-3 did not
alter the well-defined transport properties of the RCE geometry

8508017 SUOLULLIOD 3AIEID 3ol [dde U3 Aq pauLBA0B 818 SB0Ne VO '8N JO S3IN1 104 ARIq 1T BUIIUO AB|IM UO (SUORIPUOO-PUE-SWBYWI00™A8 I ARelq Ul UO//:SANY) SUORIPUOD PUe SLLB | U} 89S *[9202/50/T0] Uo Aiqiaulluo A8|IM * sspBuy S0 ILI0}1D JO ANSBAIUN - SSPLOISLIYD SholBeued Ad ¥620L 01./200T OT/I0pAu00 A8 | IM Aeld1Bul[Uo'8Yfe//SHiY WO14 ppeojumod 9 ‘9202 ‘S06SLYST



ISHIDA ET AL

AI?BIFJ R NALJE’;f11

FIGURE 3 Determination of (A) r r . . r . . . . . y
the mass transfer coefficient (ky), . [Fe(CN)]> + e — [Fe(CN)e]* i 41-15
in the gastight RCE-3 cell from NE
s 104 9
limiting current measurements é’ - 41-2.0
during the electrochemical £ ’.w‘
reduction of (A) ferricyanide and ~ = 3/3’_ -2.5 E
>‘ -~
(B) protons. Currents were "5 - O,
. _ -~ 1
measured ona sputtered silver S 1 | & 1-30x
rotating cylinder electrode as a © - o
function of rotation speed in g _ 35 L
0.1 M KCIO, containing 10 mM = ) 188 rpm [~ 1
of the respective reactants K;[Fe 8 goo ;z$ km o« (0-5854
(CN)e] and HCIO, 0.4 J==1200rom I 1740
-16 -14 -1.2 -1.0 -0.8 -06 -04 00 04 08 12 16 20
Potential (V vs. Ag/AgCl) log (wlrad/sl)
. {2H*+2e > H, I 17290
NE e~ 5
S 10 IR v A . /Q/
2 1N .
- Z 1-25
é > ® Y
= . E
2 . 5
[} - s 1-3.0 =&~
© s (@)]
= 1 1 “ o
g =0 rpm
S 200 om 35
rpm B 0.5631 179
o e 400 rpm km x W
w800 rpm \
-2.0 -1.6 -1.2 -0.8 -0.4 00 04 08 12 16 20
Potential (V vs. Ag/AgCI) log (w[rad/s])
itself, we characterized mass transport using the electrochemical ReRCE:Ucyfcylﬂ @)

reduction of ferricyanide (Equation 1) and protons (Equation 2) as
probe reactions. These systems were chosen because their kinetics
are fast enough that the current at high overpotentials becomes
solely limited by mass transport (Figure 3). In this regime, the limit-
ing current reflects the convective-diffusive transport of species to
the electrode surface.

[Fe(CN)(J>~ +e™ = [Fe(CN),J*" (1)
2H" +2e” = H, 2)

The mass transfer coefficient (k) was obtained from the limiting

current density (jj,) according to:

. iji
Jim = %m =2zFCipkm (3)

where iji, is the limiting current, A the electrode area, z the number of
electrons transferred, F Faraday's constant, and C;, the bulk concen-
tration of electroactive species.

To standardize mass transport analysis across different reactants,
dimensionless groups were introduced. The Reynolds number (Re)

characterizes the ratio of inertial to viscous forces:

where U,y is the peripheral velocity of the cylinder, d,, its diameter, p
the fluid density, and p the viscosity.

The Schmidt number (Sc) compares the kinetic viscosity of the
fluid to the molecular diffusivity of the electroactive species:

Se=12 (5)

and provides a measure of the relative rates of momentum and mass
transport by diffusion in a fluid. The Schmidt number simplifies the
understanding of how these relative rates are affected by changes in
the temperature of the system, without the need to treat these vari-
ables explicitly.

Finally, the Sherwood number (Sh) represents the ratio of convec-

tive to diffusive transport:

_ m
Shgee = D/dey (6)

For the RCE system, an empirical correlation®* establishes the relation

between these dimensionless numbers:
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FIGURE 4 Dimensionless analysis of hydrodynamics in the RCE-3 cell. (A) Correlation between the Sherwood, Reynolds, and Schmidt
numbers for ferrocyanide and proton reduction experiments in Figure 3. Experimental results show that the relation between mass-transport to
the cylinder electrode and the hydrodynamics in the cell for the RCE-3 is the same empirical correlation as that in the RCE-2 cell

(Sh = 0.204Re%>?5¢%-33), confirming that the addition of a second counter electrode does not alter the hydrodynamics of the system and the mass
transport of species to the surface of the cylinder electrode. (B) Relative error between measured and predicted Sh values using the experimental

correlation of the RCE-2 cell in Equation (7).

Shrce = 0.204Re37 5S¢0 7)

The relation between rotation rate and mass transport for both the
RCE-2 and RCE-3 collapse onto the same Sherwood-Reynolds-
Schmidt relation in Equation (7)%° (Figure 4A), confirming that the
addition of the second counter electrode does not alter the hydrody-
namics. The relative error between the measured and predicted Sher-
wood numbers (Figure 4B) is below or around 20%, consistent with
the variability previously reported for the RCE-2 cell described and
characterized by Jang et al.2°

The exponent of 0.59 for the Reynolds number suggests that
eddy-driven mixing dominates mass transport in the turbulent bound-
ary layer at the high-Re regime in the RCE cells. In this regime, the vis-
cous sublayer adjacent to the electrode shrinks to just a few
micrometers and is still disrupted by eddies formed in the buffer layer.
This thin viscous sublayer is uniform around the cylinder surface area
of 3 cm?, and guarantees that the reactants and products enter and
exit the electrode surface at all points, eliminating concentration gra-
dients along tangential and azimuthal directions of the electrode.?® By
contrast, in the RDE system, the 0.5 Reynolds exponent reflects trans-
port dominated by molecular diffusion alone in the viscous sublayer
and the dragging of reactants and intermediates along the radial direc-
tion of the disk.® These concentration gradients become more signifi-
cant with larger electrode areas, and this is why the RDE is limited to
an electrode surface area of just around 0.2 cm?. This distinction high-
lights the fundamentally different transport regimes of RCE and RDE
geometries.!*

Together, these results demonstrate that the RCE-3 cell maintains
the same well-defined transport behavior as previous RCE designs,
ensuring that the improved counter electrode symmetry does not

compromise the hydrodynamic advantages of the cylinder geometry.

2.3 | Effects of uniform electric field on
electrochemical CO4R product distribution

The impact of counter electrode symmetry on electrocatalytic mea-
surements was evaluated during electrochemical reduction of CO,,
where it is well known that hydrogen, CO, formate, and C; and C,
hydrocarbon and oxygenates are the major products on Cu elec-
trodes. Figure 5 shows the different configurations used in this work
to connect the cylinder and the two Pt foils as working or counter
electrodes. Electrolysis was performed in 0.1 M KHCO; at —1.40 V
vs. SHE using an electropolished copper cylinder as the working elec-
trode, and two Pt foils connected to the same potentiostat lead as the
counter electrode. This is schematically shown in Figure 5C, where
the positioning of the two counter electrodes and the reference elec-
trode is shown relative to the working electrode. Gaseous products
were quantified by online gas chromatography, while the liquid prod-
uct (formate) was quantified by post-electrolysis *H NMR. Notably,
the concentration of formate differed by a factor of 4.7 between the
left (CEL) and right (CER) anolyte compartments (Figure 6A). The
crossover of the product formate through the anion exchange mem-
brane is both current-dependent and potential-dependent, since for-
mate is a negatively charged compound.?’ The difference in
concentration of formate between the two counter electrode com-
partments reflects an asymmetric secondary current distribution
between the two electrodes, with current being higher at the counter
electrode on the left of the cell (CEL). It must be noted that still most
of the formate remains in the working electrode chamber in the cen-
ter of the cell, where the concentration of formate is similar, but the
volume of electrolyte is larger.

This asymmetry in concentration of the formate in the two coun-

ter electrode chambers indicated that having two counter electrodes
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FIGURE 5 Electrical configurations of the RCE-2 and RCE-3 cells. (A) Symbol key for working (WE), counter (CE), and reference

(RE) electrodes. (B) RCE-2 cell, consisting of a cylinder working electrode and a single counter electrode. (C) RCE-3 cell operated in the
conventional configuration, with the cylinder as the working electrode and two Pt foils connected in parallel as counter electrodes. The reference
electrode is positioned at the midplane to approximate electrochemical centering. (D) RCE-3 cell operated with a bipotentiostat, in which the two
Pt foils are controlled independently as working electrodes, while the cylinder in the center of the cell is the counter electrode. The bipotentiostat
ensures symmetric potential shifts at both Pt electrodes relative to the cylinder, eliminating field distortions.
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FIGURE 6 Quantification of formate crossover in the RCE-3 cell during aqueous CO, reduction in 0.1 M KHCO3 at 100 rpm and —1.40 V vs.
SHE. Here, an electropolished Cu cylinder is used as the working electrode, and Pt foils as counter electrodes. Formate concentrations measured
in the left (CEL) and right (CER) anolyte compartments (A) before and (B) after making the activity of the two Pt electrodes and resistance of the
membranes the same. Asymmetric formate distribution in (A) shows that geometric symmetry alone is not sufficient and that the electrode
activity and membrane resistance also matter. The experiment in (B) is carried out in a bipotentiostat mode, schematically shown in Figure 5D.

of identical geometric area located more or less equidistant from the voltammetry was performed separately on each of the two Pt foils by
cylinder was not sufficient to ensure field uniformity: The activity of connecting them as the working electrode. The response of each Pt
each counter electrode must also be identical. To verify this, cyclic foil (labeled as right or left depending on their position relative to the
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Cu cylinder) is shown in Figure 7A. The original foils exhibited distinct
current-potential curves, confirming unequal activities. The Pt elec-
trode on the left side of the cell was more active (Figure 7A), and thus
more of the anodic current was distributed to this electrode. This
explains the higher concentration of formate in the left anolyte com-
partment in Figure 6A, demonstrating that formate concentration is a
proxy for current distribution in this specific experiment. When the
two Pt foils are replaced with new foils and new membranes are used,
the current-potential curves for the two anodes overlapped
(Figure 7B), highlighting that electrode activity matching is critical for
achieving a symmetric electric field and current distribution.

Electrode activity alone, however, could not fully account for the
observed asymmetry. The membrane resistance also contributes signifi-
cantly to the total resistance between each counter electrode and the
reference electrode located in the middle compartment. To assess this,
electrochemical impedance spectroscopy (EIS) was conducted with the
two Pt foils on each side of the cell connected as working and counter
electrodes, and with the reference electrode sitting in the middle com-
partment between the two cell membranes. Impedance measurements
were taken as the reference electrode position was rotated in 45°
increments (Figure 7C,D) for the two cases where each Pt foil was con-
nected as the working electrode. The results demonstrated that
the pair of membranes had comparable resistance, but slight differ-

ences (= 1 Q) remained between each Pt foil and the reference

Position of RE (deg.)

electrode. These residual differences can distort the secondary cur-
rent distribution even after centering the reference electrode.

To overcome this limitation, we implemented a bipotentiostat
configuration (bipot) in which both Pt foils were independently con-
trolled as working electrodes (WE1 and WE2), while the Cu cylinder
served as the counter electrode (Figure 5D). This arrangement
ensured that equal currents were independently enforced at both Pt
foils, resulting in a uniform electric field distribution on both sides of
the Cu cylinder. It should be noted that this configuration does not
change the electrode of interest; the focus remains on CO,reduction
at the copper cylinder. Another approach could be to add large resis-
tors between the counter electrodes and the counter electrode con-
nector. Unlike the bipotentiostat, this method requires a higher
applied voltage and lacks precise control over the current supplied to
each counter electrode.

Using the RCE-3 (bipot) operation, we observed that the formate
concentration became identical in both anolyte compartments
(Figure 6B), confirming that the bipotentiostat successfully restored
symmetry to the electric field.

Together, these experiments demonstrate that the apparent
kinetics and product distributions measured in the RCE-3 could
depend sensitively on counter electrode symmetry. Reliable kinetic
analysis requires not only geometric balance but also matched elec-

trode activity, balanced membrane resistance, and appropriate
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potential control. The bipotentiostat configuration provides a practi-
cal means to achieve these conditions, eliminating asymmetries that
would otherwise bias product quantification. Supporting Information
Figure S6 shows that the product distribution as a function of poten-
tial in aqueous electrolytes for the RCE-2 and RCE-3 cells remains
largely unchanged by the addition of the second counter electrode,
likely due to the high conductivity of the aqueous bicarbonate elec-
trolyte. This is in agreement with the initial multiphysics simulations
that predicted a difference in surface overpotentials in the range of
15 millivolts for current densities of the order of 1 mA/cm? for the
0.1M KClOg4electrolyte, which has a similar conductivity to the
0.1M KHCOz3 electrolyte. Although the difference in surface overpo-
tentials in the RCE-2 cell is not negligible, it does not affect the study
of CO, reduction in the bicarbonate electrolyte when the potential
window studied is greater than a few hundred millivolts and the cur-
rent densities are in the range of 1 to 10 mA/cm?.

24 | Non-aqueous CO,R

Field distortions are expected to be more severe in non-aqueous sys-

tems due to the low ionic conductivity of organic electrolytes. To

Potential (V vs. Fc/Fc")

10784

Current density (mA/cm?)

1070+ ;
—@—RCE-2
co —m— RCE-3 (bipot)
29 28 27  -26

Potential (V vs. Fc/Fc*)

evaluate the performance of the RCE-3 under these conditions, we
carried out CO, reduction in 0.1 M TBAPF¢ in acetonitrile using a sil-
ver cylinder as the cathode electrode.

Three configurations of the RCE cells and their operation were
compared using cyclic voltammetry (CV) (Figure 8A). The difference in
the absolute current density value at an applied potential is a function
of the catalyst synthesis and the number of active sites on the surface
as each experiment used a new electrode; however, the observed
Tafel slope and the charge transfer coefficient depend on the electro-
chemical reduction mechanism and the electric field distribution.
Despite the current densities being similar at low overpotential, the
charge transfer coefficient for the silver electrode tested in the RCE-2
cell is smaller than that observed in the RCE-3 cell (Figure 8B). The
use of one or two counter electrodes around the rotating cylinder
electrode is already enough to affect the observed charge transfer
coefficient. These results confirm that field asymmetries, which are
amplified in low-conductivity electrolytes, can be mitigated by the
symmetric counter electrode configuration and bipotentiostat control.

Tafel analysis is often invoked to discuss reaction mechanism and
in recent years, it has been finally acknowledged that the cell geome-
try and the cell hydrodynamics have a large impact on the Tafel slope

measured.>® We have shown here that the cell hydrodynamics are the
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same in the RCE-2 and the RCE-3 cell, and the experiments carried
out in the non-aqueous electrolytes provided further evidence that
the field symmetry also affects the Tafel slope observed. In the RCE-2
cell, the apparent transfer coefficient (a) deviated substantially from
the expected value of 0.5 for CO, reduction in aprotic organic electro-
lytes. In contrast, both configurations of the RCE-3 yielded o ~ 0.5,
consistent with theoretical expectations®! and confirming that the
new design minimizes measurement artifacts caused by electric field
distortions (Figure 8B).

Constant current electrolysis was also performed in the RCE-2
and RCE-3 cells to see how the electric field could affect product dis-
tribution in non-aqueous CO, reduction. The experiments were con-
ducted using a silver cylinder electrode at fixed currents of —1, —1.67,
and —2.3 mA/cm?. Figure 8C shows the production rate of CO as a
function of potential. The potential here is corrected for the resis-
tance of the electrolyte between the silver cylinder and the reference
electrode. In agreement with the cyclic voltammograms in Figure 8A,
the overpotential on silver for each current was lower in the RCE-3
cell operated in the bipotentiostat mode compared to the RCE-2 cell.
Nevertheless, the only product observed is CO, indicating that for this
specific system, the Faradaic efficiency is not changed, but the
current-potential response is affected by the distortion of the electric
field. As the applied current increases, the difference in the measured
overpotential becomes more significant in the non-aqueous electro-
lytes compared to the aqueous systems for the CO, reduction in the
RCE cells (Figure S7). The use of the RCE-3 cell will be beneficial for
the study of CO, reduction using non-aqueous systems or ionic lig-

uids under well-defined mass transport conditions.

3 | CONCLUSION

In this work, we modified our previously reported RCE-2 cell to
include two flat counter electrodes placed symmetrically on oppo-
site sides of the cylinder. This RCE-3 cell doubles the counter elec-
trode area compared to the RCE-2 design, resulting in reduced
counter electrode overpotentials and a higher maximum achievable
current density.

Hydrodynamic characterization confirmed that the new RCE-3
cell follows the same Sherwood-Reynolds-Schmidt correlation as the
RCE-2 cell, demonstrating that the addition of a second counter elec-
trode does not alter the well-defined transport properties of the RCE
geometry. Instead, the primary effect of the new design is to improve
the uniformity of the electric field at the cylinder electrode surface.

Electrochemical CO, reduction experiments highlighted the impor-
tance of counter electrode symmetry. When the Pt foils had unequal
activity, significant asymmetry was observed in the distribution of for-
mate between the two anolyte compartments. After replacing the foils
and using a bipotentiostat configuration, the activities were balanced,
and the product distribution became symmetric. These results show
that achieving reliable kinetic parameters with the RCE-3 cell requires
not only geometric symmetry but also matched electrode activity, bal-

anced membrane resistance, and appropriate potential control.

These results establish the RCE-3 cell as a robust platform for
studying electrocatalysis under conditions where ohmic losses and
field distortions are significant. By enabling accurate kinetic measure-
ments while maintaining gastight operation for quantitative product
detection, the RCE-3 cell provides a practical and scalable design for
probing intrinsic electrocatalytic behavior in both conventional and

low-conductivity electrolytes.
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