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ARTICLE INFO ABSTRACT

Keywords: Understanding the complexity of the multiple processes of mass, momentum, charge, and heat transport,
Electrochemical reactor and how these affect reaction kinetics at the electrode/electrolyte interface is one of the major challenges
€O, reiducmn in the field of energy and catalysis. The rapid and rational scale-up of electrocatalytic systems to industrial
Digital twin

scales require a detailed understanding of nonlinear transport-reaction processes, accessible only through the
building of multi-physics models that capture with high fidelity the complexity of real-world devices. The
gastight rotating cylinder electrode (RCE) reactor is a promising lab-scale tool that can decouple transport from
intrinsic kinetics to generate data for first-principle models useful in the design of industrial, electrochemical
reactors. Computational Fluid Dynamics (CFD) studies have previously been used to investigate the bulk flow
in RCE reactors for simple corrosion and electroplating processes. However, the quantification of changes
in local concentration within the viscous layer where catalysis takes place requires capturing the correct flow
conditions inside the hydrodynamic boundary layer near the surface of the electrode. This requires simulations
with spatial resolution in the nm and pm scale and temporal resolutions between ms and s scales that are
similar to the timescales for reactions on the electrode surface. In this study, experimental electrocatalysis
is combined with CFD modeling to elucidate and parameterize the hydrodynamics in a gastight RCE reactor.
CFD simulations of the electrochemical ferricyanide reduction reaction under mass transport limited conditions
are used to evaluate the validity of the CFD model parameters by comparing calculated dimensionless mass
transport descriptors to dimensionless correlations obtained experimentally. Justifications for assumptions and
details of the simulation methods used in this study are presented to provide a detailed understanding of the
effect that each model parameter has on the ability to accurately simulate electrocatalysis in RCE systems. The
simulation methodology reported here is a first step towards the development of multi-scale models for the
study of transport dependent electrocatalytic processes, such as the electrochemical transformation of CO, to
fuels and chemicals.

Electrocatalysis
CFD

1. Introduction water into high-energy density molecules in an electrocatalytic reactor,
however, requires precise control of the momentum, mass, charge, and

Providing energy for a population projected to reach 9 billion heat transport phenomena as well as control of the reaction kinetics
people in the middle of this century is one of the most pressing at the catalytic sites. Although substantial efforts have been made by

societal issues. Today, fossil fuels comprising coal, oil, and natural the electrochemical engineering community [3] to develop a detailed
gas products account for more than 80% of our global energy con-

sumption [1]. Electrified chemical and fuel manufacturing systems
promise to accelerate the renewable energy transition by replacing
fossil-sourced molecules with molecules synthesized from air, water,
and renewable electricity [2]. The efficient transformation of air and

understanding of the nonlinear transport-reaction relations in electro-
catalytic reactors, a more detailed understanding of these processes is
needed in order to rationally design and scale-up these technologies to
commercially relevant scales.
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In order to gain insight into complex electrocatalytic processes, we
have recently developed a gastight rotating cylinder electrode (RCE)
reactor for the study of electrocatalytic transformations under well-
defined transport conditions. Fig. 1(a) shows schematically the different
components of the RCE reactor, including the working and counter
electrode compartments as well as the inlets and outlets for gases and
the ports for sampling loops and auxiliary electrodes. The RCE reactor
also includes a heating/cooling element to study the dependence of
electrocatalytic transformations on temperature. Fig. 1(b) shows the
RCE reactor under operating conditions as well as a digital image of
the RCE shaft on which the active catalyst is mounted. The outlet of
the gas in the headspace is connected to an online gas chromatogram
and the back pressure on the cell is kept at atmospheric pressure unless
indicated otherwise.

The RCE geometry has been chosen here as it offers a high degree
of symmetry and homogeneity for primary and secondary current
distributions on the surface of the electrode [3-5]. This allows the study
of electrocatalytic processes under well-characterized electrochemical
and hydrodynamic conditions. Although the rotating disk electrode
(RDE) has been much more popular for the study of electrocatalysis
under well-defined transport, few studies recognize that the primary
current distribution in these electrodes is not uniform and that the
concentration of species along the radial direction of the disk varies
with position. In RDE systems, the potential drop in the solution, the
concentration overpotential, and the surface overpotential vary with
the radial position on the disk [6], and these gradients become larger
for larger disks. This has limited the diameter of RDEs to 5 mm or
less, and thus their use has also been limited for the fundamental
study of electrocatalytic transformations that require accurate gas and
liquid product quantification. Due to the limitations of the RDE system,
Newman suggested that perhaps more attention should be devoted to
the possibility of using rotating cylinder electrodes rather than rotating
disk electrodes [3]. In our previous work, we have shown that the
RCE cell is indeed a viable tool for the decoupling of intrinsic kinetics
from transport effects and the extraction of high-quality data for the
development of multi-physics electrocatalytic models, particularly for
chemistries involving low solubility gases as reactants and low partial
current densities for gas and liquid products [7]. A limitation of the
RCE cell in Fig. 1(a) is, however, the fact that the counter electrode
does not surround entirely the working electrode cylinder, which causes
measurable distortions in the primary current distributions around the
cylinder. These distortions become more significant under conditions
of high current density and low electrolyte ionic conductivity.

The development of a multi-physics model of the RCE reactor will
be of value for scale-up efforts if it reproduces with high-fidelity the
experimental observations. Furthermore, by cross-validating the multi-
physics model against a broad range of chemistries studied in the same
cell and under the same hydrodynamic conditions, overparameteriza-
tion will be reduced, and a deeper understanding of the relationship
between transport and reaction processes at multiple time- and length-
scales will be gained. Multi-physics models have the unique advantage
of accessing multiple levels of spatial and temporal resolution, which
cannot be achieved through experimental electrocatalytic or spectro-
scopic methods. From a fundamental heterogeneous electrocatalysis
perspective, these models reveal time constants for processes that are
obscured in experimental cells, such as the timescales for surface
reaction and diffusion as well as the distribution of timescales for
the transport of species in and out of the proximity of the electrode.
From an engineering and scale-up perspective, a multi-physics model
that is correctly parameterized could enable the accelerated in silico
development of new electrocatalytic processes, where the complex and
nonlinear interactions between transport and reactions are unknown
to the experimentalist and yet, are captured in simulations carried out
across multiple scales [8]. In this first work, we present a systematic
approach and detail the initial process of parameterizing a multi-
physics model of the gastight RCE reactor. Through the building of a
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multi-physics model for the RCE reactor, which has a rather simple and
idealized geometry, we generate enough fundamental knowledge and
know-how to explicitly list four minimum requirements needed in the
development of high-fidelity multi-scale electrocatalytic models. These
requirements are:

» The use of enhanced surface treatment functions at the elec-
trode/electrolyte interface to capture accurately the momentum
and energy transfer at the time- and length-scales relevant to
electrocatalysis.

The use of a fine mesh with a computational cell size at least
one order of magnitude smaller than the characteristic length of
the phenomena involved in the transport reaction process. For
example, a computational cell size one order of magnitude smaller
than the diffusion boundary layer thickness is needed to reveal
the effects of cell hydrodynamics in the transport of species in
and out of an electrocatalyst surface.

The use of small simulation time steps to avoid numerical errors,
but long simulated process times to capture transient behaviors
that can then be validated against time-dependent experimental
data.

Validation of highly detailed simulations against correlations de-
rived experimentally from high quality data that lump parameters
relevant to the description of transport and reaction properties
in the electrocatalytic cell. For example, the comparison of cor-
relations between the dimensionless Reynolds (Re), Sherwood
(Sh), and Schmidt (S¢) numbers obtained from simulations and
experiments.

The multi-physics model presented in this work captures both the
transport processes at the micrometer and microsecond scale occurring
near the electrode/electrolyte interface, as well as the cell hydrodynam-
ics and flow conditions developed in the system over millimeter and
minute scales. The four minimum requirements listed here should in-
form further attempts to design, simulate, and construct electrocatalytic
reactors at increasingly larger scales, and contribute to the acceler-
ated scale-up of electrified chemical and fuel manufacturing systems
by closing the existing gap between experimental electrocatalysis in
bench-scale reactors and multi-scale models.

2. Experimental electrochemical methods in transport phenom-
ena and catalysis

Among the various electrocatalytic transformations of relevance to
the renewable energy transition, we have studied in the RCE reactor
the electrochemical proton reduction to generate hydrogen (Eq. (1)),
the electrochemical reduction of nitrites to ammonia (Eq. (2)), and
the electrochemical reduction of CO, to fuels and chemicals such as
liquid alcohols, ethylene, and carbon monoxide. The generation of
carbon monoxide (Eq. (3)) is of particular interest as it is the first step
in transforming CO, into all other further reduced hydrocarbons and
alcohols. An additional reaction studied in the RCE reactor is the one-
electron reduction of ferricyanide (Eq. (4)). This last reaction is used to
characterize mass transport properties in electrochemical cells, as the
kinetics on the surface of the electrode are fast, the entropy change in
the process is small, and the reaction does not involve proton-coupled
electron transfer steps that could be affected by changes in the local pH
at the electrode/electrolyte interface.

2H* +2¢” = H, (€]
NOj + 5H,0 + 6¢~ = NH; + 70H" 2
CO, + Hy0 +2¢™ = CO + 20H™ 3)

[Fe(CN)g >~ + ¢~ = [Fe(CN)g]*~ 4
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Fig. 1. (a) Schematic of the RCE reactor showing the separation between the working and counter electrode compartments. (b) Digital image of the RCE reactor under operation.
The inset shows the insulating RCE shaft with an electropolished copper cylinder as the working electrode. (c) Current density vs. potential curves for the electrochemical reduction
of ferricyanide on an electropolished copper cylinder electrode under different electrode rotation speeds. A 0.1 M potassium perchlorate solution with the addition of 0.01 M
potassium ferricyanide was used as the electrolyte for ferricyanide reduction experiments at a scan rate of 50 mV s™! at 20 °C. (d) Current density vs. potential curves for the
electrochemical reduction of protons on a mechanically polished titanium cylinder electrode under different electrode rotation speeds at a scan rate of 50 mV s~ at 20 °C. The
electrolyte is a 0.05 M potassium perchlorate solution adjusted to a pH of 2.5 using perchloric acid. (e) Current vs. time curves for the electrochemical reduction of CO, on a
nanoporous polycrystalline copper cylinder electrode in a 0.2 M KHCO; electrolyte at different rotation speeds. The applied potential is —1.28 V vs. SHE. Detailed experimental

methods for electrode preparations are reported in [7].

2H,0 + 2¢~ = H, + 20H" )

Examples of experimental potential vs. current curves obtained for the
reduction of ferricyanide and protons at 20 °C are shown in Fig. 1(c)
and (d), respectively. At potentials positive of —1.4 V vs. the Standard
Hydrogen Electrode (SHE), the current density for these two reactions
is limited by mass transport, and increases as the rotation speed of the
electrode increases. At potentials negative of —1.4 V vs. SHE, the com-
peting hydrogen evolution reaction from water (Eq. (5)) takes place,
resulting in a current density dependence on the applied potential,
which is not observed for the reactions limited only by external mass
transport at more positive potentials. Fig. 1(e) shows the current vs.
time curves obtained during the electrochemical reduction of CO, to
fuels and chemicals on a nanoporous polycrystalline copper electrode.
In comparison to the ferricyanide and proton reduction in Fig. 1(c) and
(d), the average current density for the electrochemical reduction of
CO, shows a smaller dependence on the rotation speed when changing
the rotation of the electrode from 100 to 800 rpm. In this case, the
currents observed are the result of the complex coupling of transport
and intrinsic surface reactions for multiple products, which cannot be
readily separated.

Under mass transport limited conditions, the kinetics at the surface
of the electrode are faster than the transport of reactants from the
bulk of the electrolyte to the surface of the electrode. This large

difference between intrinsic reaction and transport timescales results
in transport-limited current densities jj;;,, independent of the applied
potential. Under these conditions, the current densities are proportional
to the bulk concentration of the reactant C;, the number of electrons
transferred per reacting molecule z, and the mass transport coefficient
kn (Eq. (6)). Here, the limiting current is iy;,,, F is Faraday’s constant,
and the geometric area of the electrode is A.
A 2l Gy )
In the RCE reactor, we have experimentally measured the transport-
limited current densities for the reactions in Egs. (1) through (4) under
different rotation speeds, reactant bulk concentrations, and temper-
atures. The details of these experiments have been previously dis-
cussed [7].

The transport-limited current densities provide a wealth of infor-
mation on the transport phenomena occurring not only in the hydro-
dynamic boundary layer, but also within the first few electrolyte layers
at the electrode/electrolyte interface through the small oscillations in
the current density that occur as a function of time [9,10]. For example,
the frequency and amplitude of the current oscillations are similar for
the electrochemical reduction of ferricyanide and protons (Fig. 1(c) and
(d)) indicating that these oscillations are related only to the transport
phenomena and independent of the nature of the reactant molecules or
the catalyst surface composition. As the rotation speed of the electrode
increases from static conditions (with only gas bubbling in the bulk
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of the cell) up to rotation speeds of 400 rpm, the amplitude and
frequency of the current oscillations around an average value increase.
When the rotation speed is higher than 400 rpm, the frequency of
the current oscillations continues to increase while the amplitude of
the current oscillations decreases. These changes in frequency and
amplitude of the current density oscillations are the fingerprints of the
different modes and timescales of mass, heat, and momentum transfer
at the electrode/electrolyte interface and are important components
in the process of describing how transport influences selectivity and
conversion in electrocatalysis.

An accurate simulation of a complex and yet industrially relevant
reaction such as CO, electrochemical reduction requires the correct
parameterization of numerous interactions: such as heterogeneous re-
action kinetics, homogeneous reaction kinetics, mass transfer between
gas and liquid phases, as well as heat generation and transfer. This must
also be done under non-ideal conditions with local changes in species
concentration, and changes in applied surface potential when current
distributions are not uniform. This requires a multiscale understanding
of these interactions that is aided by the use of multiphysics models at
multiple scales. This can be accomplished by separating a multi-scale,
multi-physics model into three parts: (1) a CFD component that cap-
tures the continuum behavior of the reactor and transport phenomena
at the macroscale (timescales of ms to minutes), (2) a molecular dynam-
ics (MD) component that captures the interplay among the chemical
events occurring at the mesoscale such as absorption and desorption
processes at the electrode/electrolyte interface as well as buffer reac-
tion kinetics and proton discharge events (us to ms), and (3) an ab
initio component that captures the energetics of making and breaking
chemical bonds at the atomic scale for rare events that ultimately result
in chemical or electrochemical step turnover (ns and ps). This work
deals with the development of the CFD component.

The simulation of the CO, reduction process and other electrocat-
alytic transformations of similar complexity are beyond our current
capabilities. The electrocatalytic reduction of protons and ferricyanide
is a far simpler process than the electrocatalytic reduction of CO,
to fuels and chemicals, and yet, it captures the same modes and
timescales for transport phenomena occurring at the macroscale during
the transformation of CO,. For this reason, the ferricyanide reduction
has been taken here as a starting point for the construction of complex
multi-scale electrocatalytic models that can capture transport-reaction
processes occurring in proximity to the electrode/electrolyte interface.

3. Emergence of universal transport-reaction correlations in RCE
electrochemical cell

The rationale for the use of the simple ferricyanide reduction reac-
tion as a starting point for the construction of the multi-physics model
comes from the experimental observation of a universal correlation
for transport and reaction processes in the RCE reactor, which is
independent of the nature of the reacting molecule. We have exper-
imentally observed that any molecule being reacted or generated on
the surface of the rotating cylinder electrode will have to travel across
the same fluid layers making up the turbulent flow conditions around
the surface of the electrode [7]. From the transport-limited current
densities shown in Fig. 1, mass transfer coefficients were calculated
according to Eq. (6). Fig. 2(a) summarizes the experimentally measured
mass transfer coefficients for solutions with high Sc above 100. High
Sc indicates that the diffusion boundary layer (6,) will be small and
shorter than the viscous sub-layer (6,). The mass transfer coefficients
range from 0.0005 cm s~! for the reduction of ferricyanide at electrode
rotation speeds of 25 revolutions per minute (rpm), up to 0.01 cm s~1
for the reduction of protons at electrode rotation speeds of 800 rpm.
Higher temperatures and higher rotation speeds result in higher mass
transfer coefficients and thus, higher flux of reactants to the surface of
the electrode.
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Universal relations for different electrocatalytic transformations
tested in the same electrochemical cell can be developed through the
use of dimensionless numbers. In the RCE reactor, the experimentally
obtained mass transfer coefficient can be transformed into its dimen-
sionless mass transfer coefficient counterpart, .Sh number, and can then
be plotted against dimensionless descriptors of the hydrodynamics and
intrinsic properties of the fluid, such as Re and .S¢ numbers. When
this task is accomplished, a universal correlation emerges between the
Sh, Sc, and Re numbers that is governed by the hydrodynamics of
the fluid around the surface of the rotating cylinder electrode, and
is independent of the nature of the molecules being transported in
or out of the surface of the electrode. The experimental correlation
for dimensionless mass transport and momentum transfer is shown in
Fig. 2(b) for our RCE reactor. This correlation along with definitions for
Re and Sc used in this study are also expressed in Egs. (7), (8), and (9).
Eq. (7) is of the same form as other experimental correlations that relate
the limiting current densities to a power of the cylinder surface velocity.

k

Sh=—2— =0.204Re"> 50 7
Di/dcyl ¢ ¢ @
pU,.,d,.,

Re = % ®

Se = /% ©

i

Here the coefficient of 0.204 is a function of the cell geometry while the
exponents on Re and Sc are a function of the hydrodynamics governing
mass transfer to and from the electrode surface. p and u are the bulk
density and viscosity of the fluid, respectively, U, and d,,, are surface
velocity and diameter of the rotating cylinder electrode, respectively,
and D, is the diffusivity of the reactant or product i. Similar correlations
have been developed by Eisenberg et al. [11] and others Silverman
[12], Selman and McClure [13] where an exponent of 0.50 to 0.70
for the Reynolds number has been suggested for smooth cylinders. Our
experimental results indicate an exponent of 0.59. Differences in the
exponent values are due to differences in convective transport across
experimental cells of varying geometries, as discussed later in this
work. The dependency of Sh as a power of near 2/3 with respect to
Re and 1/3 with respect to Sc indicate that the penetration of eddies
into the laminar sublayer play an important role in the mechanism of
the mass transfer in the RCE for Re > 500 in the turbulent regime [14].

Fluid layers around the RCE are schematically shown in Fig. 3(a)
and have been discussed in detail in the turbulent fluid dynamics
literature. Mass transfer near the surface of the RCE is best understood
through the description of the three distinct layers that form the
hydrodynamic boundary layer (5). Namely, the viscous sublayer 6,
buffer layer, and turbulent logarithmic layer each with a uniquely pre-
dominant mode of mass transfer [15]. Near the surface of the electrode,
the electrolyte in contact with the surface is in a non-slip condition and
results in a quasi-static laminar sublayer or viscous sublayer where the
predominant mode of mass transfer is diffusion. Beyond the viscous
sublayer is the buffer or generation layer where both viscous shear
stress generated at the electrode surface as well as the turbulent shear
stress from the outer layer are too important to be ignored. Exceedingly
energetic small-scale turbulence is generated here by the instability of
the strongly sheared flow as a means to transform mean-flow kinetic
energy to turbulent kinetic energy. Some of the turbulence generated
here is carried outward into the broad outer layer of flow, and some
is carried inward into the viscous sublayer. Finally, the fully turbulent
logarithmic layer of the boundary layer is characterized by a mean fluid
velocity that follows a logarithmic profile with the distance from the
wall. Outside the boundary layer is the bulk flow region that contains
most of the fluid and where convection is the predominant mode of
mass transfer.

In our previous work in the electrocatalytic reduction of CO, on
an electropolished polycrystalline copper cylinder electrode, we have
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found that the residence time of CO near the surface of the electrode
determines the degree of CO conversion to further reduced products
such as methane, ethylene, ethanol, and propanol [7]. At a fixed surface
applied potential, higher electrode rotation speeds, which correspond
to higher Sh numbers, favor the production of the CO intermediate
rather than the more reduced ethylene, methane, and alcohol products.
The change in selectivity as a function of the Sherwood number was
rationalized through the approximation of the electrode/electrolyte
interface as a continuously-stirred tank reactor (CSTR; i.e., a control
volume with inflow and outflow of reactants, intermediates, and prod-
ucts that is internally well-mixed) as schematically shown in Fig. 3(b).
By creating a parallel between the different layers that build the tur-
bulent boundary layer and the effects that we observe experimentally,
we aimed to describe the rationale behind changes in selectivity as
a function of the hydrodynamics in the cell. Faster electrode rotation
speeds which result in higher Sherwood numbers result in increased
rates of hydrogen and formate production, while the rate of CO, re-
duction to CO remains unchanged (Fig. 3(c)). Improved mass transport
results in increased bicarbonate concentration and the lowering of the
pH at the electrode surface, which should reduce proton concentration
overpotentials relevant to the production of hydrogen and formate. On
the other hand, the transformation of CO, to CO appears to be limited
by CO, adsorption [16] and is not affected by changes in the concen-
tration of protons which become more available at higher Sh numbers.
In the case of CO, reduction, the rates of adsorption/electrosorption,
as well as desorption are important and need more consideration. It
becomes evident from the experimental data in Fig. 3(c) and (d) that
the steady-state surface coverages of CO and hydrogen on the surface
of the electrode are not enough to build micro-kinetic models for CO,
reduction as these do not account for the residence time of interme-
diates in the proximity of the surface and the probability of collisions
between surface-bound molecules and reactants traveling towards and
away from the surface of the catalyst. That is, surface collision rates
and the residence time distribution for reaction intermediates in the
proximity of the electrode are determined by stochastic processes that
can be only captured by molecular dynamic simulations and not by
deterministic Fickian diffusion models frequently used in the simulation
of CO, reduction processes.

The introduction of the concept of the residence time of reaction
intermediates in multi-electron transformations is a complex idea to
express in mathematical terms. There exists a residence time distri-
bution for species in the proximity of the electrode and the average
time that a reaction intermediate is available for further reaction, which
will be a function of the diffusion, convection, and migration elements
of the transport equations as well as the geometry of the cell. We
have previously characterized the relative timescales for competitive

transport and reaction processes utilizing experimentally determined
Damkohler numbers. Damkdohler numbers offer an experimental win-
dow into the relative timescales for these processes, but do not offer
insight on the absolute timescales relevant to transport and reaction
steps. Determining the absolute dimensions and timescales for reaction
and transport components relevant to electrocatalysis is only possible
through accurate multi-scale and multi-physics modeling.

However, before building complex multi-scale models, it is imper-
ative to define a hierarchy of modeling techniques and to determine
the relevant spatial and temporal resolutions at which each can pro-
vide insight (Fig. 3(b)). Typically, the computational cost of simula-
tions increases as the physical scale of the interactions being modeled
decreases, thus the timescales associated with these simulations are
restricted. Efficient use of resources requires a top-down approach to
be taken, where simulations of aggregate interactions occurring in the
micrometer or greater scale (as with CFD) are performed first. This is
particularly important for complex reactions such as the reduction of
CO, where transport at the macroscale controls selectivity. Then, once
these simulations are able to accurately capture the behavior of the
system at the macroscale, more computationally expensive techniques
such as MD or DFT, which investigate interactions on the nm and pm
scale, can be integrated. Effectively integrating these modeling tech-
niques together requires the delineation of the scales associated with
the interactions being modeled, and coordination of the information
that is passed between the models as boundary conditions at these
scales. In such a manner, multi-scale modeling can be used for the
development of accurate theories of electrocatalysis from first-principle
quantum mechanics in regimes where reactions are not purely limited
by mass transport and interactions are too complex to be evaluated by
traditional techniques [17].

Numerous theoretical and computational works have been ded-
icated to the description of the transport processes in the rotating
cylinder electrode reactor. CFD models developed so far, however,
do not capture momentum and mass transfer between the solid and
the liquid interface with the detail necessary to build high-fidelity
multiphysics models of electrocatalytic transformations. That is, the
determination of the concentration polarization and gradients in con-
centration emerging at the nanoscale near the surface of the electrode
have not been calculated in multi-physics models.

4. Formulation of numerical simulation

Simulating fluid behavior is a balance between capturing pertinent
details and optimizing the utilization of computational resources. Of-
ten times, due to computational resource limitations, relatively coarse
meshes and universal velocity functions are used to reduce the com-
putational resources required to run simulations in a reasonable time.
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Fig. 3. (a) Normalized mean velocity profile in a turbulent boundary layer in semi-log coordinates. Illustrated are the various layers that make up the boundary layer. Here
the Von Karman constant « is 0.41 and B is 5 for turbulent flow over a smooth wall. (b) Schematic representation of a CSTR-type reactor volume at the electrode—electrolyte
interface where CO production, desorption, re-absorption, diffusion, and further reduction take place. Transport and reactions steps occur at similar timescales within a narrow
region inside the viscous sublayer. CO further reduction rates and product selectivity are affected by the mass transport within the cell as described by the Sh number. (c) Changes
in the experimentally measured rates for CO, reduction in a 0.2 M KHCO; electrolyte at —1.41 V vs. SHE under different Sh number. (d) Changes in the conversion of the CO
intermediate and the selectivity of further CO reduction products as function of the S/ number.

These simulations are typically performed using a steady-state solver
method, and lack a comparison to transient data. While this approach
may be suitable for evaluating the bulk behavior in a reactor, an
investigation of the intrinsic fluid behavior and its impact on elec-
trocatalysis requires a more detailed approach that can describe the
transient behavior of the reactor, especially near the electrode surface.
For example, Bauer et al. [18] simulated multi-ion transport in dilute
electrolytic solutions around a rotating cylinder electrode and observed
fluctuations in all physical fields (electric potential, concentration, and
flow fields) occurring near the electrode surfaces. Fluctuation in all
physical fields also result in temporal and spatial fluctuations in the
boundary mass fluxes and thus, the local current densities and the
total measured currents. The fluctuations in current densities and their
relation to local mass transfer rates were first described by Van Shaw
and Hanratty [19] for turbulent flow in a pipe wall and then by Mati¢
et al. [20] for ferricyanide reduction on a rotating cylinder electrode.
It is well understood that the small eddies in the region of the viscous
sublayer of a turbulent flow, play an important role in determining
the transfer rates to the wall, especially in the case of high Sc. Since
the flow of these small eddies is unsteady, the local mass transfer
rates to the wall are fluctuating [14]. A complete discussion of early
methods utilized for the study of diffusion-controlled electrochemical
reactions and their applications in the study of transport phenomena
was reported by Mizushina [9] and Selman and Tobias [10]. For a
model to truly capture the fluid behavior in an RCE, it is necessary
to capture the mechanisms causing the fluctuations in current density,

as observed experimentally in Fig. 1. To do this, careful consideration
must be made in developing a method capable of resolving the fluid
behavior extensively to the surface of the electrode.

The following sections will discuss the details of our final simulation
methods, where multiple iterations of mesh and solution methods were
tested to determine an accurate approach for simulating the hydrody-
namics of the RCE. Understanding why the methods described here
were chosen is just as important as understanding why other meth-
ods were not. Thus, alongside a detailed explanation of the methods,
specific examples are provided to explain why these methods were
selected.

4.1. Geometry simplification

Experimental data (Fig. 3(c) and (d)) and boundary layer theory
(Fig. 3(a)) suggest that the most important hydrodynamic effects in
the RCE occur near the electrode surface for mass transport affected
reactions. This location is where the diffusion boundary layer is formed
that governs the rate at which species can move to and from the
catalytic surface inside the viscous sub-layer. In the bulk, turbulent
mixing that occurs even at relatively low rpm should ensure a well-
mixed solution, and at a first approximation, can be assumed to have
little effect on transport at the electrode surface. With this in mind,
the geometry of the reactor was simplified to reduce computational
cost while maintaining the features necessary to accurately model the
reactor behavior.
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The geometry of the working electrode compartment in the RCE
reactor is not entirely cylindrical, as it has an expanded section in
the direction of the counter electrode to accommodate the ionic mem-
brane and counter electrode compartment (Fig. 4(a)). The height and
diameter of the fluid phase was maintained in the simulation geometry
and was modeled into a symmetric cylindrical geometry shown in
Fig. 4(b). The reference electrode and gas sparger are tubes of 4 and
3 mm diameter, respectively, located in the bulk region of the fluid
(Fig. 4(a)). Because these tubes are located near the outer wall (more
than 1.5 cm from the rotating cylinder surface), they are considered
to have a minor role in determining the transport properties relevant
to electrocatalysis at the rotation speeds of interest and were removed
in the simplified geometry as illustrated in Fig. 4(b). All dimensions of
the rotating cylinder electrode shaft were maintained consistent with
the actual RCE reactor. This includes a cylinder diameter of 1.2 cm,
an electrode length of 0.8 cm, and location of the electrode and shaft
consistent with the RCE reactor. All relevant dimensions are provided
in Fig. 4(b). Simulations at rotation speeds between 100 and 800
rpm were performed with this simplified geometry. To verify that the
features removed for the simplified geometry do not have a significant
impact on the hydrodynamics relevant to electrocatalysis in the RCE,
a simulation geometry exactly matching that of the real RCE reactor,
including all the features removed in the simplified geometry, was also
tested. This reactor accurate geometry was extracted from the CAD
file used in the construction of the actual gastight RCE reactor. This
accurate geometry was also tested with gas bubbling to verify the
insignificance of bubbling on the reaction conditions in the accurate
geometry. For simplicity the simplified reactor geometry used for the
bulk of the simulations in this study will be referred to as the simplified
geometry while the geometry used to verify the performance of the
simplified geometry will be referred to as the accurate geometry.

4.2. Mesh generation

A non-uniform mesh with polyhedral mesh type was used in the
majority of the geometry volume. Polyhedral mesh creates cells with
more faces than other mesh types, and because of this connection with
a large number of adjacent cells, is best suited to simulate swirling
or mixing flows like those created in turbulent mixing found in the
RCE. Finer mesh was used in regions near boundaries and interfaces
while coarser mesh was used in regions where gradients in velocity
and concentration are expected to be minimal as shown in Fig. 4(c).
A structured mesh was used to help capture the boundary layer region
near the shaft surface where fluid motion is expected to be primarily
in the azimuthal direction. This boundary layer mesh was made of 20
layers with a growth rate of 1.25 and an initial cell height of 3 pm,
resulting in a total thickness of 1029 pm. A closeup of the boundary
layer mesh with dimensions is provided in Fig. 4(d). These dimensions
were chosen after testing other configurations to enable good resolution
of the diffusion boundary layer and viscous sublayer to enable accurate
simulation of both momentum and mass transfer at the shaft surface.

The final mesh resulted in a total of 859,897 cells. Quality mea-
sures including the orthogonal quality and squish were both within
acceptable ranges, with a minimum orthogonal quality of 0.15 and a
maximum squish of 0.85 [21]. Average values for orthogonal quality
and squish show much better quality for the majority of the cell, with
an orthogonal quality having an average of 0.98, and squish having an
average value of 0.023. All lower quality cells reside at the surface near
the corner created at the bottom of the shaft due to the sharp curvatures
of the geometry. Since these cells have little impact on the overall
hydrodynamics, these values were considered adequate. Additionally,
the aspect ratio has a maximum value of 357 and an average value of
21. While the maximum value is outside of the specifications by ANSYS
[21], these cells with high aspect ratio are all located in the boundary
layer mesh where fluid flow is known to be almost entirely parallel to
the shaft. Because of this, the high aspect ratio in this region should
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not affect the results of the simulation and allows for a reduction in
the cell count and time to run simulations. Overall, the mesh quality
of the multi-physics model is classified as excellent, the highest level
based on specifications outlined in the ANSYS Manual, which ensures
the convergence of simulations and the accuracy of the numerical
solutions [21].

4.3. Fluid flow

All simulations were performed with ANSYS Fluent simulation soft-
ware using a finite volume method. A pressure-based, solution method
was used along with the multiphase, volume of fluids, and full mul-
ticomponent diffusion models. Incompressible fluids under turbulent
flow are described by the Reynolds averaged Navier—Stokes (RANS)
equation (Eq. (10)) and the continuity equation (Eq. (11)).

p(% +u~vu)=—VP+V-(M+/4T)(V”+(V“)T) (10
V.(pu)=0 v

Here, u is the averaged velocity vector in cylindrical coordinates with
components uy, u,, and u, in the respective azimuthal, radial, and axial
directions. p is the density, P is the pressure, u is the fluid viscosity, and
ur is the turbulent viscosity. The realizable x — e turbulence model was
used to describe the turbulent fluid region where the turbulent viscosity
ur is provided by Eq. (12).
2

ur =pC, K? 12)
in this equation « is the turbulent kinetic energy, ¢ is the turbulent
energy dissipation rate, and C, is a turbulence model variable calcu-
lated from realizable x — e theory. Both RANS [22] and realizable x — ¢
theory [23] have been discussed in detail elsewhere.

To resolve the fluid behavior near the rotating surface, an enhanced
surface treatment method was used. This method employs the turbulent
viscosity described by Eq. (12) in the turbulent logarithmic region and
the one equation model of Wolfshtein [24] in the viscous sublayer
where u; is defined by Eq. (13).

HTlam = /)C#ly K 13)

1, is a length scale factor calculated using Eq. (14) [25].
= Cp (1= el a4

where y is the normal distance from the wall, Re, is the turbulent
Reynolds number, A, is a constant equal to 70, and C; = ¥C}, 3/% with
k = 0.41. Turbulent viscosities in this two-layer approach are blended
using Eq. (15) [26].

HT,enhanced = Achr + (1 - )*e) HT,lam (15)

Here 4, is a blending function that is dependent on Re,,.

For the momentum balance, the dimensionless velocity is defined
separately for the laminar (Eq. (16)) and turbulent (Eq. (17)) region
near the wall [27,28]

wo =¥ (14557) 16)
du* 1/2

turb __ 1 1 + +\2
o [ (=pe =)
where,

y_ [1+ayt  foryt <yf
S _{1+ocy;r foryt >yt (18)

Here, the superscript * indicates a nondimensionalization by the shear
velocity u, = \/7,,/p,,, the viscous length scale 5, = u,,/ (u.p,,), and
pw> Where 7, p,, and u, are the shear stress, density, and dynamic
viscosity evaluated on the wall, respectively. For instance, ut = u/u_,
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was used to verify that the assumptions made for the simplified geometry do not affect the electrocatalysis simulation results. (c) Cross section of the final polyhedral volumetric

mesh used in this study for the simplified geometry. Cylindrical coordinates used in the description of the reactor are shown for reference with components u,, u,

and u, in the

s

respective azimuthal, radial, and axial directions. (d) Closeup of the structured boundary layer mesh at the surface of the shaft with the corresponding radial positions relative to

the electrode.

yt = y/é,, etc. Additionally, a, §, and y are coefficients that account
for the influence of pressure and thermal effects. y! is the location at
which the log-law slope is fixed. By default, y} = 60.

To achieve continuity between the two layers, laminar and turbulent
velocities are blended [29] according to Egs. (19) and (20).

1
+erl

_r
ut=eluf ut (19)
4
a +
__ (") (20)
1+ by*

where a = 0.01 and b = 5. A similar approach is also applied for thermal
transfer at the wall. In this way, the simulation is able to utilize a fine
mesh near the wall region that is capable of resolving the diffusion
boundary layer, while still allowing a coarser mesh to be used in the
bulk flow region (Fig. 4(c)). Initial simulations ran with the standard
wall function approach did not perform well when compared with
experimental data and theory. This led us to adopt the enhanced surface
treatment which was found to adequately capture the behavior of the

experimental cell from both a theoretical and experimental standpoint.
A more detailed explanation for this approach will be discussed below.

For boundary conditions, a non-slip boundary condition was defined
at all walls. Since the reactions of interest occur under mass transport
limited conditions and the use of a supporting electrolyte renders
migration effects negligible, electrochemical effects can be ignored.
Instead, the reaction at the electrode surface was defined as shown in
Eq. (21) without a dependence on applied potential.

rate = kg - C; @D

Here, the reaction rate coefficient k, was selected to be large enough
that the ferricyanide concentration at the electrode surface approaches
zero for all rotations speeds. This approach allows for the condition of a
mass transport limited reaction to be simulated without the complexity
of electrochemical interactions. The electrode shaft was set to have an
angular velocity w in rad s~! defined for each rotation speed according
to Eq. (22).
_2xf

w=— (22)
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where f is in revolutions per minute (rpm). All other surfaces were
defined as walls without flux or motion. In the simulation, properties
for ferricyanide and ferrocyanide were taken to be the same as water
due to the dilute nature of the solution. Diffusivity for ferricyanide and
ferrocyanide in water were defined as 6.3x 10™° cm? s~! and 5.6 x 107°
cm? 571, respectively [30].

Due to the unsteady nature of turbulent flow, a transient solution
method was used for all simulations where each simulation started with
stagnant fluid and the hydrodynamics were allowed to evolve over
time to reach a pseudo-steady-state flow condition before activating
the reaction conditions on the surface of the electrode. The reader
should be certain to distinguish the steady-state conditions discussed
here from the steady-state solver used in other publications. The steady-
state solver provides a single, average snapshot of the flow conditions
in the reactor at steady-state, whereas our simulation uses a transient
solver to resolve the fluid flow over time. Steady-state for the purposes
of this publication refers to the condition where the change in average
velocity of the fluid in the simulation fluctuates steadily around a single
value. In this manner, we can still visualize the local fluctuations in
velocity as a function of time throughout the reactor, but also know that
the simulation has reached conditions where the momentum generation
and annihilation are equal and there is no change in the average
velocity field with time. Ensuring this condition before initiating the
reaction at the catalyst surface was important for comparison with
experimental data where the flow conditions in the reactor have been
given time to reach steady state before inducing an electrochemical
reaction.

Simulation time steps used for each rotation speed were tuned to
ensure accurate and stable simulation with a Courant number less than
one by reducing the time step until further reduction no longer yielded
changes in the simulation results. As such, finite time step sizes of 2,
1, 0.5, 0.4, 0.25, and 0.2 ms were used for rotation speeds of 100,
200, 300, 400, 600, and 800 rpm respectively. All simulations were
performed on the Hoffman2 Shared Cluster provided by UCLA Institute
for Digital Research and Education’s Research Technology Group using
a 36-core dual processor with 192 GB of RAM. Due to the steady-state
flow requirement of these simulations, we found that each simulation
took about one week to reach a simulated time when this condition was
met. While the scaling of the time step size with rotation speed reduced
the computer processing time per second of simulated time, the amount
of simulated time that was required to reach steady-state flow was
longer for simulations with larger step sizes. The increase in simulation
time required for low rotation speed was simply due to slower transfer
of momentum from the shaft into the bulk of solution caused by the
smaller velocity gradient. This resulted in similar computer processing
time for all rotation speeds of 7 to 10 days to reach simulated times
when steady-state flow conditions were reached. After integrating re-
action chemistries in ANSYS Fluent, simulations were run for another
7 to 10 days to reach at least 20 s of process time. All simulations
required a unique time for the reaction rate to develop mass transfer
limited conditions, so steady-state reaction conditions were defined to
be after 10 s of simulated time with reactions enabled. Estimates of the
time required for the diffusion boundary layer to develop, were highest
for 100 rpm at approximately 5 s. Thus, allowing 10 s of simulated
time for equilibration was considered adequate, and a minimum of 10
additional seconds to observe the steady-state behavior was used in
evaluating reaction conditions at steady state.

4.4. Evaluation of simulation method

The previous sections describe our final simulation method for cap-
turing the hydrodynamics of the RCE reactor. However, the justification
for this method is best evaluated in comparison to other methods we
tested that did not yield accurate results. As such, this section provides
greater detail about the impact of each key method used on the local
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conditions in the simulation, as well as the overall impact on the
simulation performance.

We found that the key aspects necessary to accurately simulate the
RCE reactor were the use of the enhanced surface treatment method
combined with an adequately refined mesh that together provide good
resolution of the concentration and hydrodynamic boundary layer.
Initial simulations were performed similarly to previously reported RCE
CFD simulations where a universal velocity function was assumed at the
wall of the rotating cylinder using a standard wall function. However,
this wall treatment method is designed for a coarse mesh where the
diffusion boundary layer is not resolved. Because of this simplification,
using a mesh that is sized to resolve the boundary layer causes issues
when determining the velocity profile at the wall. Fig. 5(a) shows
this issue, where a sharp drop close to the wall is observed when
the standard wall function is used with our initial mesh, which is
problematic for accurately predicting momentum transport at the shaft
surface. In comparison, the enhanced wall treatment method, using
the two-layer approach, is designed to be used with a fine mesh near
the wall that can resolve each layer of the hydrodynamic boundary
layer. Since a fine mesh is required to capture the diffusion boundary
layer, the enhanced surface treatment method is well-suited to capture
momentum transfer at the wall. As illustrated in Fig. 5(a), the enhanced
surface treatment method is better able to capture the hydrodynamic
boundary layer by providing a smooth transition in velocity as a
function of the distance from the wall. This profile is closely matched
to what would be expected based on turbulent boundary layer flow
theory. In addition to the enhanced surface treatment methods, an
adequately fine mesh is required at the wall to capture both momentum
transfer and the physics of the diffusion boundary layer. This can be
demonstrated by comparing the results obtained for a boundary layer
mesh composed of ten 37-um thick cells, to our final boundary layer
mesh that is 20 layers thick and has a first cell height of 3 pm. While
a slight increase in momentum transfer from the wall can be discerned
in Fig. 5(a) when the mesh is refined, the effect is more significant for
the diffusion boundary layer. Fig. 5(b) shows that while changing to
an enhanced surface treatment method helps capture the curvature of
the diffusion boundary layer better than the standard wall function,
the coarse mesh is simply not fine enough to capture the concentration
gradient at the wall. This results in only five cells inside the boundary
layer and a near linear approximation for the changes in concentration
as a function of position. However, when the refined mesh is used, the
full curvature of the diffusion boundary layer is captured (shown in
red) by ten cells at 800 rpm. This refinement also improved the ability
of the simulation to capture the momentum transfer from the surface to
the fluid, allowing the simulation to resolve the viscous sublayer and
capture vortex formations near the surface that was obscured by the
coarse mesh.

Besides the local differences displayed in Fig. 5(a) and (b), the
impact of these methods on overall performance of the simulation
in describing the reaction rate or current density can be observed
in Fig. 5(c). Here, the standard wall function (shown in black) does
not capture fluctuations in the current density. Non-fluctuating current
density is to be expected with the x — ¢ turbulence model and the
standard wall function because this model is an averaging approach
that does not capture the individual random fluctuations of turbulent
flow. However, the magnitude of the current density is lower than
expected. By implementing the enhanced surface treatment method,
fluctuations can be observed in the current density (shown in gray).
While the k — ¢ model still does not allow resolution of the random
turbulent fluctuations in the velocity field, the two-layer approach
employed by the enhanced surface treatment method does allow struc-
tured vortices (non-random) inside the hydrodynamic boundary layer
to be captured. Further discussion and justification for these surface
vortices are provided in the discussion of the simulation results. Further
refinement of the mesh to fully resolve the diffusion boundary layer
and utilization of the enhanced surface treatment method, together,
provided both the disturbances to the current density and the correct
magnitude of current density (shown in red). This result is due to the
increased resolution of mass transport in the diffusion boundary layer.
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Fig. 5. CFD simulation results for the electrochemical reduction of ferricyanide in the RCE reactor at a rotation speed of 800 rpm. Effect of surface treatment method and mesh
refinement on simulation of the (a) hydrodynamic boundary layer, (b) diffusion boundary layer, and (c) transient current density.

5. Results and discussion

Accuracy of the simulation in modeling the performance of the
experimental RCE reactor can be evaluated by at least two metrics:
agreement with the previously discussed universal dimensionless rela-
tionship for mass transport and closely matched transient behavior of
the current density. While the dimensionless relationship helps evaluate
the ability of the simulation to capture the time averaged multiscale
nature of the reactor as Re is increased, the transient behavior of
the current density informs us of the ability of the simulation to
capture the mechanisms of mass, heat, and momentum transfer at
the electrode surface. As mentioned previously, small oscillations in
the current density as a function of time are commonly observed in
experimental electrocatalysis. These ossilations have been attributed to
eddy or vortex formations [25] on the electrode surface due to the
turbulent conditions that are created even at particularly low rotation
speeds for rotating electrodes or by the bubbling of gases in cells
using static electrodes. The fluctuations in the current density observed
experimentally are thought to be a unique fingerprint of the reactor
hydrodynamics. Modeling this behavior is necessary to gain insight as
to how the hydrodynamics of the RCE affect its performance.

Beginning with the universal dimensionless relationship between
Sh and Re shown in Fig. 6(a), we observe that there is excellent
agreement between the simulated results and experimental data. High
rpm results align closely with the experimentally derived relationship
for our gastight RCE reactor. The correlation derived by Eisenberg,
Tobias, and Wilke for ferricyanide reduction in an RCE reactor on a
flat rotating cylinder electrode is also plotted to show the agreement
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between the results of our RCE and previously published correlations
for similar reactor geometries [11,31]. Slight differences in correlation
constants are common for different reactor and electrode geometries,
but all correlations fall close to the same line [4,32]. At low rpm, the
simulation also captures the deviation from the correlation that we
observe experimentally for ferricyanide reduction shown by the black
dots. The agreement between the experimental and simulated transient
current density can also be discerned in Fig. 6(b). Not only is the
magnitude of the current density well-matched, but also the frequency
and amplitude of the fluctuations. Most notable is how the frequency
and amplitude change with rotation speed in both the experimental and
simulation results. Together, agreement with the universal relationship
and transient behavior, suggest that the simulation method presented
here, accurately captures the hydrodynamics of the RCE reactor. To
confirm that the assumptions made in simplifying the reactor geometry
used in these simulations were justified, a comparison is made to simu-
lations ran using the accurate geometry at 400 rpm. These simulations
were performed using meshing and solution methods identical to that
of the simplified mesh shown in Fig. 4(c) to ensure a direct comparison.
The major assumption used in the geometry simplification was that
disturbances in the bulk of the reactor have a minor effect on the hy-
drodynamics in the near wall region that is relevant to electrochemical
reactions. Indeed, we find that bulk disturbances have minimal effect
on mass transport to the surface of the catalyst. These disturbances can
be identified in Fig. 6(a) by the close alignment of the data points
collected using the simplified and accurate geometries. Even when
gas bubbling was introduced, the difference between the simplified
and accurate geometry results were minimal. This observation is not
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experiments.

surprising, as the diffusion boundary layer is significantly smaller than
the viscous sub-layer due to the large Sc number used in this study.

Further comparison can be made between the effects of the two ge-
ometries by examining the flow patterns of the fluid presented in Fig. 7.
Here, Fig. 7(a) and (b) show a vertical and horizontal cross-section
of the fluid flow patterns in the simplified geometry, while Fig. 7(c)
and (d) show the same cross-sections for the accurate geometry. All
images are taken at steady-state flow conditions for a cylinder rotation
speed of 400 rpm. The horizontal cross-sections are taken at the center
of the catalyst, as shown by the red dashed line. The color scale tied
to the fluid velocity delineates two main regions in the liquid phase
of the reactor. Near the rotating shaft, steep velocity gradients occur
where surface vortices can be differentiated. Fluid velocity quickly
decreases with increasing distance from the surface, and a relatively
low velocity region can be observed in the bulk of the fluid shown in
blue. Here, large vortices can be identified in this bulk region spanning
the annular space between the shaft and the outer wall of the reactor.
Slight differences in the flow of bulk fluid can be identified between
the two geometries caused by the reference electrode, gas sparger, and
counter electrode channel. However, the region close to the electrode
that is relevant to electrocatalysis appears identical between the two
geometries. In evaluating the effect of bulk flow patterns on mass
transport at the surface, a simple comparison can be made between the
velocity field shown in the bulk and near the shaft surface. The color
scale indicates that fluid near the shaft surface is an order of magnitude
higher for velocity relative to the fluid in the bulk. This alone is enough
to suggest that disruptions in the bulk of the fluid are unlikely to
contribute significantly to the mechanisms of mass transport near the
surface of the catalyst, and further validates the assumptions made in
simplifying the geometry. This holds true, at least, under conditions of
high electrode rotation speeds shown in Fig. 7.

5.1. Structured flow patterns in the RCE reactor

Now that simulation results have been shown to agree with our
experimental observations, a detailed analysis of the simulation results
can be used to gain insight about the mechanisms driving mass trans-
port in the RCE. Under the reaction conditions investigated here, we
find that two regions with structured vortex formation occur in the
RCE reactor. Bulk vortices are identified spanning the annular space
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between the rotating shaft and the reactor walls, and surface vortices
form inside the hydrodynamic boundary layer, close to the electrode
surface. Beginning with the bulk vortices, one might be tempted to
identify these as Taylor vortices. Taylor vortices have been well doc-
umented and are widely known to develop in fluid between rotating
concentric cylinders [32-34]. CFD simulations of rotating cylinders
consistently predict the formation of Taylor vortices as well: especially
with generalized wall functions and coarse mesh [35-38]. This result
is to be expected, since Taylor vortices are structured flow patterns
that form outside the viscous sublayer and unstructured turbulent layer.
However, as depicted in Fig. 7(a) and (c), only one large vortex is
formed in the RCE. If stable Taylor vortices were to form, semi-uniform
counter rotating vortex pairs would be expected with approximately
equal width and height across the annular space. In fact, this behavior
is observed in the first few seconds after rotation of the shaft is initiated,
which is also visualized in Video 1 (Supplementary data in Appendix
A).

As the simulation time progressed, the Taylor vortices were quickly
disrupted by the formation of smaller vortices near the surface of
the electrode and a significant edge effect caused by the base of the
shaft. The role of the edge effect can be discerned in Video 1 of the
Supplementary data, and in the still images in Fig. 7 where the fluid
near the base of the reactor flows up near the electrode and down at
the reactor wall. This edge effect is caused by the bottom of the shaft
where the rotating surface pulls fluid from below to replace fluid being
ejected from the sides by centrifugal force. At the outer wall of the
reactor, fluid is being pulled down to replace fluid under the shaft,
while the fluid around the base of the shaft is directed upward. The
effect is most pronounced at low rpm where the azimuthal velocity of
the fluid is lower, and is overshadowed by azimuthal fluid motion as
rpm is increased, which is shown in Fig. 8(a) by the disappearance of
the bulk vortex as rpm is increased. At first glance, the behavior of
the vortex in the bulk might be confused with a Taylor vortex, but the
originating mechanism is quite different.

The second distinct region of fluid presented in Fig. 7 is the region
near the surface of the shaft where small, high intensity vortices form
in counter rotating pairs. These vortices remain relatively stable on the
surface, increase in frequency with rotation speed, and move across
the surface as shown in Video 1 in the Supplementary data. Looking
at Fig. 8(a) and (b), we see that these vortices also become more
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Fig. 7. Cross-sections of the (a,b) simplified and (c,d) accurate geometry showing the flow patterns of fluid in the RCE reactor at 400 rpm. (b) and (d) show horizontal cross-
sections at the location indicated by the red dashed line. Fluid behavior is similar for both geometries, especially in the region close to the shaft surface that is most significant
for electrochemical transformations. Here structured vortices cause local disruptions to mass transfer at the catalyst surface while bulk vortices have a negligible effect on the near

wall region.

compact with increasing rotation speed, and appear to have a non-
trivial influence on fluid motion close to the electrode surface. The size
of these vortices appears to be tied to velocity gradient. In Fig. 8(b) we
can see that as the gradient increases with rpm, represented by an in-
crease in color gradient. These vortices also become smaller in Fig. 8(a)
and move closer to the surface as illustrated in Fig. 8(b). Vortices
particularly similar to these, named Gortler vortices, have previously
been shown to occur inside the laminar sub-layer near curved surfaces
where steep velocity gradients occur [39]: like those found in this
RCE. These vortices are known to develop simultaneously with Taylor
vortices and are thought to be a key mechanism in the transition from
structured vortex formation to bulk, unstructured turbulent flow [40].
The formation of surface vortices , along with the flow pattern caused
by the bottom surface of the shaft, is likely why Taylor vortices are not
observed in this RCE at steady-state flow conditions.

5.2. Analysis of surface vortex effects

While azimuthal velocity is still dominant near the surface, we can
see that the surface vortices do influence the fluid motion in the radial
and axial directions. In between the vortex pairs, a jet-like feature
forms where fluid is pulled away from the surface. This feature is
best shown in Fig. 8(b) for 300 rpm. This jet-like feature is tied to a
local expansion of the diffusion boundary layer caused by an increased
resistance to diffusion in the direction of the catalyst resulting from the
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radial velocity influence in that region. This behavior is best shown
in Fig. 8(c) for 100 and 300 rpm. At the outer edges of the vortex
pairs, fluid is directed toward the shaft surface, while directly under
the vortex, fluid is directed across the surface in the axial direction.
This results in increased mass transfer by bringing bulk fluid close to the
surface, and a reduction in the local diffusion boundary layer thickness.
This effect is best shown in Fig. 8(c) for 200 and 400 rpm. It should be
noted, that while the local diffusion boundary layer thickness is slightly
changed by the presence of these vortices, the average value is still
dominated by the random turbulence modeled by the x — ¢ method.
However, these local fluctuations in diffusion boundary layer thickness
result in local variation in mass transfer rates to the catalyst surface,
and are most likely the source of fluctuations in the current density that
we observe in the simulations. These surface vortices can be thought
of as an additional convective transport mechanism that is unique to
the rotating cylinder geometry. The minor role that these vortices play
in determining mass transfer rates can be examined by comparing the
scale of the vortices to the scale of the diffusion boundary layer. In
Fig. 8(d) we see that the hydrodynamics boundary layer calculated
from the velocity gradient at the surface ranges between 400 and 1600
pm, while Fig. 8(e) shows that the diffusion boundary layer calculated
from the concentration gradient at the surface ranges from 25 to 75
pm. By revisiting Fig. 8(a), (b), and (c) we can see which effects are
influential at these different scales. Notably, in Fig. 8(b) and (c) we can
see that the region of swirling fluid where surface vortices are present,
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as a function of rpm.

is far from the region of fluid containing the diffusion boundary layer.
Even at 800 rpm, where both boundary layers are the most compact,
the velocity in the azimuthal direction (out of plane) is aligned with
the surface, showing that the vortices have minimal influence in that
region.

While the fluctuations caused by these surface vortices may at first
appear to be problematic for the investigation of intrinsic kinetics,
a few points should be noted. First, the variation of the local mass
transfer rates is small in comparison to the magnitude of the total mass
transfer rates. These mass transfer rates can be studied by comparing
the amplitude of the current density fluctuations to the magnitude of
the current density in Figs. 6(b), 1(c), 1(d), and 1(e). Second, these
fluctuations are due to a convective mixing action that enables control
of the mass transfer rate at the surface by controlling the rotation
speed. The change in mass transfer rates due to increased convection
is far greater than local fluctuations. This change can be examined by
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comparing the change in current density magnitude as the rotation
speed is increased, to the amplitude of the fluctuation in Figs. 6(b),
1(c), 1(d), and 1(e). With the variation in local mass transfer rates
being so small in comparison to other effects, the RCE should still allow
for the effects of mass transport and intrinsic kinetics to be decoupled
effectively.

Current density fluctuation observed in the simulated and exper-
imental studies reported here, are common to many experimental
electrochemical reactors that are used to study intrinsic kinetics. In
comparison to these, the RCE offers the distinct advantage of being able
to precisely define the mass transport conditions over a large catalyst
surface whereas other reactors (especially those with large surface areas
such as the compression H-cell commonly used in electrochemical CO,
reduction studies) have poorly defined hydrodynamics conditions that
can be significantly influenced by slight variations in experimental
conditions, such as the rate at which gas is bubbled through the bulk
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of the solution or the rate of rotation of the stirrers reported to be used
in some of these cells.

5.3. Effects of rotation speed on boundary layer development

Further insight as to the behavior and contribution of both the
bulk and surface vortices can be gained by comparing the nondimen-
sionalized hydrodynamics boundary layer profiles. Fig. 9(a) shows the
nondimensional velocity (™) vs. the nondimensional distance (y*) for
each rotation speed averaged at three lines located at 1/4, 1/2, and 3/4
of the electrode height. These are compared to the universal boundary
layer profile for turbulent flow over a smooth surface, indicated by
the dashed lines. Inside the laminar sublayer ut = y*, while in the
turbulent or logarithmic sublayer u* is a logarithmic function of y*.
Between these two layers, the velocity holds to a blended function of
the two regions. In the logarithmic relationship, « is the Von Karmén
constant 0.41, and B has been experimentally determined to be 5 for
turbulent flow over a smooth surface. In our simulations, we see that at
low rotation speeds of 100 to 300 rpm, the profile deviates significantly
from the universal profile, while at speeds above 400 rpm, the profiles
behave more ideally. This correlates with what we see in Fig. 6(a)
where at low Re, Sh is higher than the correlation would suggest it
should be. The reason for this deviation from ideal behavior can be
identified by comparing the relative contributions of each component in
the velocity vectors depicted in Fig. 9(b). Here, the magnitude of each
velocity component is divided by the magnitude of the total velocity
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vector to show the contribution of each component relative to the total
velocity magnitude. 100 and 800 rpm are compared to provide contrast
between low and high rotation speeds. At both 100 and 800 rpm, u,
is the dominant component of the velocity across most of the fluid.
However, at low rpm, u, and u, contribute far more significantly than
at high rpm. Notable contributions from u, can be observed as close to
the surface as y* = 2 (well inside the viscous sublayer). At high rpm
similar levels are not reached until y* = 10 (in the buffer layer). Under
vortex free flow, there would be little to no u, or u, contributions.
These contributions from u, and u, originate from the development
of vortices that mix fluid near the wall with fluid from the bulk. The
mixing action of these vortices causes two significant effects. First,
low and high velocity fluid are mixed in regions where vortices are
influential. This behavior is why the velocity (u*) is lower in the
regions where u, and u, have significant contributions. At higher rpm,
this vortex induced mixing action is less influential than the momentum
being transferred from the wall and the velocity increases until it aligns
with the universal velocity profile as illustrated in Fig. 9(a). There,
the direction of fluid flow is primarily aligned with the rotation of the
shaft in the azimuthal direction. The second effect is that this vortex
induced mixing action also enhances mass transport of reactants by
bringing bulk concentration fluid to the surface and mixing it with
lower concentration fluid in the boundary layer. This effect is why the
Sh is higher than the expected value for 100 and 200 rpm. Here the
influence of the surface vortices is simply significant enough in regions
near the diffusion boundary layer to enhance mass transport. It is
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especially helpful to note, that the outer edge of the diffusion boundary
layer is located at y* = 1 for all rotation speeds. Knowing this result,
we can again refer to Fig. 9(b) and see that at 100 rpm, u, does indeed
influence regions closer to the surface than y* = 1, suggesting that
vortices do influence the concentration boundary layer at these lower
rotation speeds. In contrast, at the highest rotations speeds such as 800
rpm, u, does not start becoming influential until y* > 1. Explained
simply, at low rotation speeds, the increased contributions of u, and u,
signify an increased convective mass transport effect caused by vortex
formation that is reduced as rpm is increased and both §, and 6, are
compressed closer to the wall.

Finally, the extraction of boundary layer thicknesses enables the
identification of their relationship to rotation speed and to each other.
Three boundary layers of importance are plot as a function of Re in
Fig. 9(c). The hydrodynamic boundary layer, 6 is found to relate to the
Re by an exponent of —0.57. Here 6 is defined as the distance from the
wall where 99% of the bulk velocity is reached. We can see that as
Re is increased, 6 decreases from around 10 mm at 100 rpm, to 2 mm
at 800 rpm. As shown in the exaggerated representation of the flow
development observed in Fig. 9(d), the surface vortices fall inside this
boundary layer.

The viscous sublayer, §, on the other hand, falls in the 0.1 to 1.0 mm
range: below the region where surface vortices form. Here §, is defined
as the distance from the surface at y* = 5. In this region, azimuthal
velocity dominates and nearly laminar flow is observed as shown in
Fig. 9(a) and (b). We find that §, is related to Re by a power of
—0.76 shown in Fig. 9(c). Since y* is normalized by the shear stress
at the wall, and the shear stress is proportional to the velocity gradient
at the wall, this means that the velocity gradient at the wall has an
identical dependency on Re. For flow over a flat plate, the laminar
boundary layer was found by the Blasius solution to have a power of
—0.5 dependency on Re. Thus, we find that the effect of turbulence on
the laminar sublayer is the difference in exponent of —0.26, indicating
that the laminar sublayer is smaller than what would be expected for
laminar flow.

Likewise, the diffusion boundary layer is plotted as 6, where we
see a dependency on Re to the power of —0.5. In this case, 5, is
defined as the linear diffusion boundary layer thickness calculated by
the concentration gradient at the wall and the bulk concentration of
ferricyanide. 6, is observed to be in the range of tens of micrometers
and is deep inside the viscous sublayer. It should be noted here that 5,
is the linear approximation presented in Fig. 8(e) and does not capture
the enhanced mass transfer caused by convection at the outer edge of
the diffusion boundary layer. This relationship of Re™03 is significant
in that the same relationship is observed for Fickian diffusion in the
RDE described by the Levich equation [14]. This result tells us that
at a region near the wall of the electrode, mass transport is described
by Fickian diffusion. It must be noted here that Fickian diffusion
can be applied only for simple electrocatalytic transformations, such
as the reduction of ferricyanide, as this electrocatalytic process does
not involve the reabsorption and further transformation of reaction
intermediates. As pointed out in Section 3, Fickian diffusion cannot be
applied to rationalize stochastic transport-reaction processes relevant
to more complex electrocatalytic processes, such as the reduction of
CO, on copper electrodes. Additionally, we know that §, is inversely
proportional to Sh which means that mass transport in our reactor
is related to the Re in our RCE reactor as expressed in Eq. (7) by a
power of —0.59. From this relationship, we can then determine that
the turbulent contribution to mass transport at the catalyst surface is
described by the difference in the exponent experimentally measured
and that calculated for the local mass transfer within the first layers
of fluid at the electrode (—0.09). Lastly, from literature, it is commonly
known that the diffusion boundary layer thickness is proportional to the
laminar boundary layer thickness by Sc~!/3 for flow over a flat plate.
However, using the relationships we have determined here, we see that
there is an additional dependency of the Reynolds to the power of 0.26
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such that 6, « §,Re?20.5c¢~!/3. Note that while changing the properties
of the dilute reacting species in the solution will change §,, the effects
of the hydrodynamic boundary layer behavior will remain the same.

The effect of the electrode roughness on the hydrodynamics around
the RCE has not been discussed here, but it is also an important
parameter for electrocatalysis. As the viscous sublayer thickness in the
rotations studied here remains large and in the order of a few tens
of micrometers, the RCE cell should allow the decoupling of internal
and external mass transport in porous electrodes where the length of
the pore is smaller than the viscous sublayer, which is the case for
most of the nanostructured coatings used in catalysis where the porous
catalyst films range from a few nanometers to a few micrometers in
size. Depending on the roughness and aspect ratio of the porous film,
however, it is expected that roughness will start to play a role in
affecting the structure of the viscous sublayer as the dimensions of the
catalyst particles and the viscous sublayer thickness become closer in
magnitude.

6. Conclusions

Developing advanced electrochemical reactors capable of efficiently
producing chemicals at industrial scales requires a deep understanding
of the underlying processes that govern reactor performance. The com-
plex interactions between mass, energy, and charge transport as well
as reaction kinetics makes acquiring this understanding difficult, espe-
cially when attempting to apply these principles across multiple scales.
Developing reliable relationships requires collection of high fidelity
data sets with specialized reactors, like the gastight RCE, that enable
the contributions of individual effects to be decoupled. Still, effectively
utilizing the information gained by these experiments to inform the
design of large scale reactors can be difficult due to the nonlinear
complexity of the mass, heat, and charge phenomena involved. Utiliza-
tion of multiscale computer modeling can enable the combination of
these effects into a single model that covers a wide range of time and
length scales. With correctly defined parameters, multiscale modeling
methods such as CFD, MD, and DFT can be integrated to provide
accurate simulations of complex reactor behavior and provide detailed
information about the intrinsic behavior of a reactor. This information
can then be used to inform the design of industrial scale reactors or
even test these designs in silico.

Here we have provided a detailed account of the first step in our
development of a CFD model capable of capturing the performance of
our gastight RCE reactor. In the pursuit of a model that can predict
the behavior of our reactor for CO, reduction, we have divided the
model development into a series of experimentally verifiable stages.
The first stage, presented here, is establishing the hydrodynamics in
the reactor. This was accomplished by developing a simplified model
capable of simulating the transient and time averaged behavior of
the mass transport limited ferricyanide reduction reaction. Under the
conditions of interest in this reactor, the diffusion boundary layer is
well within the hydrodynamic boundary layer. Turbulent flow is known
to disrupt this diffusion boundary layer, causing frequent low intensity
fluctuations in the current density that can be detected experimentally.
Capturing this unique behavior was the key to ensure an accurate
model of the hydrodynamics in revealing the need to utilize enhanced
surface treatments and fine mesh to describe the electrode/electrolyte
interface.

We find that surface vortex formation near the outer edge of the
viscous sub-layer is primarily responsible for these fluctuations. The
ability of the model to capture this behavior as well as the correct
magnitude of the current density across a rotation speed range of 100-
800 rpm is primarily due to two features of the simulation: the use of an
enhanced surface treatment method and a fine mesh near the surface.
Due to the small size of the diffusion boundary layer compared to the
hydrodynamic boundary layer, an appropriately fine mesh was required
near the electrode surface to capture the concentration gradient. On
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the other hand, the enhanced surface treatment method implemented
a two-layer approach to model fluid flow near the wall that allowed for
the use of this fine mesh near the surface, and a coarse mesh in the bulk
of the fluid. This refined mesh near the surface was also responsible for
allowing the model to capture the development of surface vortices in
the near wall region. We also note that this characteristic flow pattern
can be obscured by a more coarse mesh and simplified wall treatment.
Additional simulations with a reactor accurate geometry also show that
changes in the bulk flow outside the boundary layer, have minimal
effect on the performance of the reactor model, which is consistent with
experimental observations. We find that as the rotation speed increases
and the boundary layer shrinks, the effect of the surface vortices is
shown by an increase in amplitude and frequency of current density
fluctuations. However, above 400 rpm the change in boundary layer
thickness is smaller relative to the change in rpm and the frequency of
surface vortices increases, thus causing a reduction in amplitude and
an increase in frequency of current density fluctuation.

In addition to capturing the transient behavior of the RCE reactor,
the simulation also captures the relationship between Sh and Re that
was previously determined for this RCE reactor and closely aligns with
other published correlations. The simulation method presented here
was found to provide an accurate representation of the hydrodynamics
of the RCE that are pertinent to modeling electrochemical reactions at
the surface of the electrode. This method can be applied to reactors with
similar architecture to provide insight into the hydrodynamics of the
reactor. Future work will systematically add electrochemical reactions
to the RCE CFD model in a way that allows for each simulation
improvement to be experimentally verified until a model is created that
can accurately predict the performance of CO, reduction in the RCE.
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