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We present a multiscale approach that couples ab initio microkinetic simulations and two-dimensional
(2D) continuum transport models to study electrochemical CO2 reduction to CO on Au electrodes in a
flow reactor configuration. We find the key parameters, including CO2 concentration, pH, the current
density towards CO, and the Tafel slopes, to strongly depend on the applied potential and position on the
electrode. We find a rapid decrease in the CO2 concentration and current density towards CO as a function
of electrode position. We further discuss two strategies to improve CO2 availability: increasing the shear
or flow rate of CO2 and the introduction of a defect in between the electrode. In both cases, increased
CO2 availability results in increased CO current density at the higher potentials. We find good agreement
between a 1D continuum transport model with an effective boundary layer thickness corresponding to
the shear rate used for the 2D simulations. Finally, we provide a phenomenological model that can be
used instead of the microkinetic model to accelerate the multiscale simulations when extended to higher
dimensions and more complicated reactor geometries.
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I. INTRODUCTION

Electrochemical CO2 reduction (eCO2R) is a promis-
ing approach for the sustainable production of fuels and
chemicals using renewable electricity [1]. With the devel-
opment of CO2 electrolysis gaining momentum in the past
decade, significant progress has been made in understand-
ing how factors such as the electrode composition, elec-
trolyte pH, CO2 availability, temperature, mass transport,
and electrolyte composition affect the reaction rate and effi-
ciency [2]. Despite these promising advances, we are still
faced with several challenges that have to be overcome in
order to enable the commercialization and cost-effective
operation of CO2 electrolyzers [3]. For instance, the elec-
trochemical conversion of CO2 towards high-value C2+
products like ethylene, ethanol, and propanol still suffers
from low-energy efficiencies (i.e., high overpotentials) and
product selectivity on state-of-the-art Cu-based catalysts
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[4]. Simpler eCO2R products like CO can be produced
at industrially relevant current densities (> 300 mA/cm2)
with high selectivity on Au and Ag-based catalysts. How-
ever, mass transport limitations due to low CO2 availability
and loss of CO2 as carbonate, the competing hydrogen
evolution reaction, and factors affecting long-term stability
(surface reconstruction and/or poisoning, salt deposition,
and bubble formation) at typical operating conditions still
remain major challenges [5–7]. A lot of these challenges
are a result of the existing gaps in resolving the reac-
tion environment at the vicinity of the electrode, which
was shown to be crucial in obtaining accurate mechanis-
tic insights [8] and in controlling the overall performance
of eCO2R [9,10].

In parallel with the experimental progress, modeling
studies from the atomistic to the continuum levels have
also greatly improved the overall understanding of eCO2R.
For instance, atomistic simulations based on density func-
tional theory (DFT) and microkinetic modeling have pro-
vided crucial insights into the complex reaction pathways
and mechanisms involved in eCO2R [11], identifying the
rate- and selectivity-determining steps towards the various
eCO2R products [12–15], and understanding mechanisms
behind electrolyte effects (e.g., electrolyte pH, cations, and
anions) on eCO2R [16,17]. Similarly, continuum models
have also provided important insights into the structure of

2768-5608/23/2(3)/033010(12) 033010-1 Published by the American Physical Society

https://orcid.org/0000-0003-3227-5183
https://orcid.org/0000-0002-3377-9933
https://orcid.org/0000-0002-4286-4507
https://orcid.org/0000-0002-5384-5248
https://crossmark.crossref.org/dialog/?doi=10.1103/PRXEnergy.2.033010&domain=pdf&date_stamp=2023-08-21
http://dx.doi.org/10.1103/PRXEnergy.2.033010
https://creativecommons.org/licenses/by/4.0/


GOVINDARAJAN et al. PRX ENERGY 2, 033010 (2023)

the electrical double layer, transport phenomena, and the
spatial and temporal distribution of key parameters that
control reactor performance [18–21]. Although microki-
netic simulations provide detailed information on cover-
ages of reaction intermediates, intrinsic activity of sites,
and reaction pathways, they typically do not account for (i)
diffusion of CO2 across the boundary layer, (ii) the buffer
equilibria involving CO2, (iii) the changes in the pH at the
vicinity of the electrode during eCO2R, and (iv) double
layer charging effects, all of which have been shown to
drastically affect CO2 availability and influence reactivity
near the electrode surface [8,20]. These observations there-
fore necessitate the coupling of activities and coverages of
species predicted using ab initio-based microkinetic sim-
ulations with concentrations of species involved in the
reaction from continuum transport models that account for
(i)–(iv) to be able to fully resolve the reaction environment
at the vicinity of the electrode surface and obtain unbiased
insights into eCO2R. Such a coupling was successfully per-
formed with a one-dimensional (1D) transport model to
study eCO2R on Au by Ringe et al. [8], and on Ag by Singh
et al. [22].

In this work, we present a multiscale modeling approach
that couples ab initio microkinetic simulations with two-
dimensional (2D) continuum transport models that account
for electrolyte flow, migration, diffusion, buffer equilibria,
and finite ion size effects to study electrochemical CO2
reduction to CO on Au electrodes. We find the key param-
eters of eCO2R including the CO2 concentration and pH
at the electrode, the current density towards CO (jCO), and
the simulated Tafel slopes to strongly depend on both the
applied potential and the position along the electrode. We
further discuss two strategies to improve CO2 utilization:
increasing the shear/flow rate of CO2 and the introduction
of a defect in the middle of the electrode. In both cases,
we observe an increase in jCO due to increased CO2 avail-
ability in the mass-transport-limited regimes. We obtain
good agreement between the results of the 2D simulations
and a 1D model. Finally, we develop a phenomenologi-
cal Butler-Volmer-like model to estimate jCO that can be
used instead of the microkinetic simulations in future stud-
ies involving more complex geometries. Our work presents
an important step toward the development of multidimen-
sional, multiscale modeling approaches needed to capture
the full complexity of electrochemical processes including
eCO2R and beyond.

II. RESULTS AND DISCUSSION

A. Description of the model system and coupling
framework

Figure 1(a) shows a schematic of the reactor configu-
ration with a volumetric flow rate Q between the planar
cathode and the anode, representing an aqueous flow reac-
tor. In this study, we focus on the eCO2R reaction at the

cathode (Au) of length L (L = 1 cm), as shown in Fig.
1(b), and we note that the configuration considered is dif-
ferent from more complex configurations such as the gas
diffusion electrode, which would have a qualitatively dif-
ferent fluid flow. The velocity profile within the full reactor
is parabolic, i.e., plane Poiseuille flow, as shown in Fig.
1(a). However, since we are primarily interested in mass
transfer near the cathode surface, and the mass transfer
boundary layer is expected to be thin, i.e., the Schmidt
number here is large, we approximate the velocity profile
as a linear shear flow with shear rate γ̇ . This mass transfer
problem was previously considered in Ref. [23] for simpli-
fied reaction kinetics. We consider γ̇ ranging from 0.1 to
100 (×1.91 s−1), which corresponds to Péclet numbers

Pe = γ̇ L2/DCO2 (1)

ranging from 104–107, where DCO2 is the diffusivity of
CO2. The Péclet number here provides a measure of the
relative importance of flow to diffusion. To provide some
intuition on these shear rates, we estimate that, for a chan-
nel of 1-cm width and 1-cm height, the corresponding flow
rates Q are approximately 1.91–1910 mL/min. Note that
while we consider this full range of Péclet numbers in our
analysis, the highest Péclet number likely corresponds to
a physically unattainable flow rate. We also estimate the
expected boundary layer thickness (dBL) averaged over the
cathode according to [23]

dBL/L ≈ a Pe−1/3, (2)

where a = 32/3�(1/3)/4.
The continuum transport equations are solved on a 2D

mesh, with the coupling between microkinetics and con-
tinuum transport (see the Appendix for details) performed
at each point on the reactive (cathode) boundary, i.e.,
y = 0, in a self-consistent manner [see Fig. 1(c) and the
Appendix section for details on the coupling scheme]. The
key parameters exchanged during the coupling scheme at
the boundary ([CO2]y=0, pHy=0, potential φy=0, and jCO)
are also highlighted. In what follows, we present results
obtained from the coupled 2D simulations of eCO2R to CO
on Au electrodes.

B. Variation in the key parameters with applied
potential and electrode position

Figure 2 shows the variations in the key reaction param-
eters with the applied potential (U) from the coupled
microkinetic simulations and the 2D continuum transport
model. The results correspond to flow with Pe = 105 (Q =
19.1 mL/min). The solid lines and the shaded regions
indicate the average value and variation of the parameter
along the length of the electrode, respectively. As can be
seen in Fig. 2(a), the CO2 concentration at the electrode
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FIG. 1. (a) Schematic of the reactor configuration considered, where a volumetric flow rate Q flows between two plates. In this
study, we focus on the mass transfer phenomena near the cathode of length L (L = 1 cm), as highlighted in (b). Near the cathode,
the velocity profile can be approximated as a shear flow with shear rate γ̇ . A boundary layer of depleted CO2 concentration is shown
schematically. (c) The continuum transport equations are solved on a mesh, where at each point on the reactive (cathode) boundary,
coupling with the microkinetic model is performed.

([CO2]y=0) is much lower than the bulk [CO2] even at the
lower potentials where the reaction rate of eCO2R (and
therefore the consumption of CO2) is extremely low. This
is due to the inclusion of finite-size effects in the continuum
model via the generalized modified Poisson-Nernst-Planck
(GMPNP) formalism [see Eqs. (A8), (A9), and (A11)]
[24], where the cation (K+) occupies most of the avail-
able volume near the negatively charged electrode. With
increasing U, the reaction rate towards eCO2R increases
with concomitant consumption of CO2, resulting in a rapid
depletion of [CO2]y=0. Figure 2(b) shows the increase in
the pH at the electrode with U as a result of increased pro-
duction of OH− ions during eCO2R [Eq. (A3)]. Note that
the pH at the electrode is generally lower than the bulk
pH (7.5 for a 0.5-molar KHCO3 solution) as a result of
electrostatic repulsion of anions (OH−) (and attraction of
cations) from the negatively charged electrode. We only
observe a higher pH at the electrode compared to the bulk
pH at potentials < −1.0 V. This observation further points
to the importance of the exact definition of “local” in the
context of pH, as was also highlighted in a previous study
by Bohra et al. [20].

The CO partial current density (jCO) obtained from the
coupled 2D simulations is shown in Fig. 2(c). There is a
variation in the slope of jCO as a result of the change in the
rate-determining step (RDS) with U [8], as expected for
multistep electrochemical reactions [13] and confirmed by
a degree of rate control [25] analysis. (cf. Fig. S2 within
the Supplemental Material [26]). A change in the RDS
with U also results in changes in the continuous Tafel
slopes (∂U/∂log10jCO), as shown in Fig. 2(d). The dashed
lines indicate the Tafel slopes obtained from the microki-
netic model for the respective RDS in the absence of mass
transport effects (i.e., based only on intrinsic kinetics). At
potentials higher (less reducing) than about −0.7 V, the
*COOH −→ *CO step [Eq. (A1c)] limits the overall rate,
resulting in an intrinsic Tafel slope of ca. 40 mV/dec. For
U < −0.8 V, the adsorption of *CO2 [Eq. (A1a)] is the
RDS, resulting in an increase in the intrinsic Tafel slope as
it is the first step in the reaction mechanism (approximately
80–100 mV/dec). The reason for a potential-dependent

Tafel slope in the latter step is the quadratic surface-charge
dependence of *CO2 adsorption [8]. While the deviations
from the intrinsic Tafel slopes are minor at the lower
potentials with the *COOH → *CO step being the RDS,
significant deviations are observed at U ≤ −0.8 V, where
the adsorption of CO2 is the RDS due to the convolution of
CO2 mass transport with the intrinsic kinetics. This devia-
tion is in agreement with the rapid depletion of [CO2]y=0
with U observed in Fig. 2(a), resulting in mass transport
limitations at higher potentials. Here it is worth noting that
most experiments for eCO2R on Au are performed in the
potential regions where there is a convolution of intrinsic
kinetics with mass transport limitations [27], which could
result in incorrect mechanistic interpretations regarding
the (potential-dependent) identity of the rate-determining
steps. This aspect was particularly highlighted in a recent
study by Gregoire et al. [28], where hydrodynamics of
the reactor strongly affects the measured Tafel slopes for
eCO2R.

We further analyze variations in [CO2], jCO, and pH
at the electrode as a function of the position (x) along
the electrode for two different potentials (U = −0.8 and
−1.1 V) for Pe = 105, as shown in Figs. 3(a)–3(c). Con-
tour plots showing a more resolved dependence of these
parameters on both the applied potential and spatial posi-
tion along the electrode are included in the Supplemental
Material [26] for the studied flow rates. At U = −0.8 V,
[CO2], pH at the electrode, and jCO remain fairly con-
stant with electrode position. However, for U = −1.1 V,
we note a rapid decrease in [CO2] and jCO with electrode
position. This can also be seen in Figs. 3(d)–3(f), with
the electrode position on a log scale. An initial reduction
is observed within the first nanometer of the electrode,
with a further reduction from about 10−2 cm until the end
of the electrode. The rapid depletion of [CO2] with elec-
trode position at U = −1.1 V also results in a concomitant
increase in the simulated Tafel slopes with electrode posi-
tion (see Fig. S3 within the Supplemental Material [26]).
These observations indicate that having electrodes with
smaller lengths might be beneficial, particularly for reac-
tor configurations where flow is stagnant (e.g., H-cells)
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FIG. 2. Variations of the key parameters with the applied potential measured vs the standard hydrogen electrode [U (vs SHE)] for
Pe = 105 (γ̇ = 1.91 s−1, flow rate = 19.1 mL/min). Average values are in solid lines and shaded regions indicate variation along
the electrode length. (a) Concentration of CO2 ([CO2]) at the interface. Dashed line indicates bulk [CO2] (34 millimolar). (b) pH at
the interface. Dashed line indicates the bulk pH (7.5). (c) CO current density jCO and (d) the continuous Tafel slopes. Dashed lines
indicate the Tafel slopes corresponding to the RDS being *COOH → ∗CO (40 mV/dec) and CO2 (g) → ∗CO2 (80–100 mV/dec) from
microkinetic simulations in the absence of transport effects.

where there is likely a significant depletion in [CO2] with
increasing cathodic potentials.

C. Strategies to increase CO2 availability

We explore two possible strategies to increase CO2
availability at higher potentials: (i) using the same reac-
tor configuration shown in Fig. 1(b) and changing γ̇ , i.e.,
the flow rate Q, to the values shown in Table I, and (ii)
the introduction of an inert defect at the middle of the
electrode.

TABLE I. Summary of the shear rates (γ̇ ) used in this study,
as well as their corresponding Péclet numbers (Pe), the effective
boundary layer thickness (dBL), and the approximate flow rate,
assuming a 1-cm-wide channel of 1-cm height.

Shear Peclet Boundary Flow rate
rate number layer (1 × 1 cm2)
γ̇ (s−1) Pe dBL (µm) Q (mL/min)

0.191 104 647 1.91
1.91 105 300 19.1
19.1 106 139 191
191 107 64.7 1910

1. The effect of flow

First, we consider the effect of flow on the CO current
density jCO. In Fig. 4, we show the increase or decrease in
jCO as a function of Pe relative to the case where Pe = 105.
As expected, we observe that jCO increases with increasing
Pe, and that the effect is magnified as we approach more
negative U, i.e., less reaction-limited conditions. When U
is small, the effect of flow is expected to be diminished,
since [CO2] is not sufficiently depleted on the electrode
for an increase in flow to be beneficial. We note that the
choice of Pe to compare to here is somewhat arbitrary,
and that the potential where mass transfer limitations begin
to occur is dependent on Pe. Specifically, as Pe increases,
a larger potential is required to deplete the [CO2] at the
electrode, and as a result, the comparisons here are not
at equivalent levels of mass transfer resistance. Neverthe-
less, the comparison in Fig. 4 demonstrates the effect of
flow rates.

It is interesting to note that the relative increases in jCO
observed in mass-transfer-limited conditions are of a sim-
ilar order of magnitude to the classical Graetz-Leveque
problem, i.e., shear flow of a single species over a perfectly
reactive surface [29,30]. In particular, the total reaction
is expected to scale as approximately Pe1/3 [23]; as an
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FIG. 3. Variations of the (a) CO2 concentration at the elec-
trode, (b) CO current density, and (c) pH at the electrode as
a function of position (x) along the electrode at U = −0.8 and
−1.1 V vs SHE for Pe = 105. The same variations are shown in
(d)–(f), showing the electrode position on a logarithmic scale for
better resolution.

example, when Pe is increased from 105 to 106, this sim-
ple theory would predict the current density to increase
by a factor of approximately 2.2. Of course, the problem
considered is not expected to match this simple theory
exactly, since we have also considered additional physics,
such as electromigration and finite-size effects. Neverthe-
less, it is reassuring that the right order of magnitude is
captured.

While we have primarily focused our attention here on
the current density jCO, it may be important in many appli-
cations to consider the CO2 single-pass conversion, or in
other words, the fraction of CO2 that is consumed. In cer-
tain situations, it may be desirable to have a single-pass
conversion near 1. This can be defined as

λ = jCOA/2F
QCbulk

CO2

, (3)
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FIG. 4. Effects of different flow rates on jCO, with the increase
or decrease shown for the different Pe relative to Pe = 105.

where A is the area of the electrode, F is Faraday’s con-
stant, and Cbulk

CO2
is the bulk CO2 concentration. While

we have observed jCO to increase with Pe, it certainly
increases slower than linearly at large U—the simple the-
ory predicts Pe1/3. Since the flow rate Q scales ∝ Pe, the
single-pass conversion is expected to approach 0 as the
flow rate increases. For the simple theory, we would have
λ ∼ Pe−2/3. Thus, simply trying to achieve ever higher
flow rates can have diminishing returns when consider-
ing other factors in the overall design and optimization of
electrochemical reactors.

2. The effect of an inert defect

We explore a second strategy to increase CO2 availabil-
ity, and thus current density jCO: the introduction of an
inert defect at the center of the electrode. As shown in Fig.
5(a), we introduce a defect of length Ldefect = 0.1 cm in
between the electrode, resulting in two electrodes of length
L/2 (i.e., 0.5 cm each). We note that the inert defect being
considered is effectively a gap in the electrode without
fundamental material properties (e.g. the potential of zero
charge, PZC), but this analysis could be extended to con-
sider material properties, including surface charging and
electrocatalytic activity that might exhibit stronger influ-
ence on the overall performance of the electrode. In Fig.
5(b), we compare [CO2] at the electrode at U = −1.1 V
both when the defect is and is not present; the data for the
case of no defect are plotted with an imaginary gap in the
middle to facilitate comparison. We observe that there is
increased [CO2] available to the beginning of the second
electrode after the defect. The resulting relative increase in
jCO is shown in Fig. 5(c).

The primary mechanism behind the increased [CO2] can
be explained as follows. As CO2 flows past the first elec-
trode, the [CO2] boundary layer grows in thickness as it is
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FIG. 5. (a) Schematic of the cathode with an inert defect
(Ldefect = 0.1 cm) in between the two electrodes, each of length
0.5 cm along with the boundary layer of depleted CO2. (b)
Increase in the [CO2] at the interface at U = −1.1 V with and
without the defect, and with increasing Pe (from 105 to 107).
(c) Percentage increase in jCO with the defect as compared to
without, shown for different respective Pe.

continuously used up at the electrode. However, over the
inert defect, where no reaction occurs, [CO2] is allowed
to replenish via diffusion through the boundary layer. At
the second electrode, a second boundary layer grows, and
[CO2] continues to deplete. This interaction between the
two [CO2] depletion wakes is complex (see, e.g., Refs.
[31–33]), and as a result, does not permit a simple theo-
retical approximation. Like the previous case of no defect,
we continue to observe an increase in CO2 availability at
the electrode with increasing flow even in the presence of
an inert defect, but the rich relationship between defect,
flow, and microkinetics merits further exploration.

While the resulting increase in jCO due to the defect as
shown in Fig. 5(c) is relatively modest, it is important to
note that increasing jCO in this way also directly results in
spatial modifications of the local pH and a corresponding
increase in the single-pass conversion λ. In contrast to the

previous section where we increased the flow rate Q, the
denominator of λ does not increase with the addition of the
defect [cf. Eq. (3)]. Increasing the flow rate and altering the
distribution or patterning of electrode materials, i.e., the
addition of defects, are two independent effects that should
be balanced depending on whether the ultimate goal is to
increase jCO or λ. Additionally, the influence on spatial
pH profiles may be a strategy for tailoring local condi-
tions along the electrode for specific reaction pathways or
products, particularly for more complex electrochemical
reactions that strongly depend on pH (e.g., CO2/CO reduc-
tion on Cu) [12–15]. This warrants a need for codesign that
simultaneously considers the flow rate and electrode pat-
terning to achieve target outputs in electrochemical flow
reactors. It is important to note that, for this study, we
have chosen the location and size of the defect arbitrar-
ily, since our goal in this work was to demonstrate how
our multiscale framework can handle complex configura-
tions. Future investigations will involve a full study of how
the configuration of defects interacts with the flow and the
microkinetic model.

D. Comparison with lower-dimensional surrogate
models

The state-of-the-art multiscale models that attempt to
resolve mass-transport effects typically adopt 1D descrip-
tions that use an analytical Butler-Volmer expression for
the boundary condition [19,34], or combine ab initio-based
microkinetic simulations with continuum mass-transport
models [8,35,36]. While these approaches are more com-
putationally tractable, they fail to capture the spatial inho-
mogeneities in the key reaction parameters observed in
this study. This limitation can thereby limit the reliabil-
ity of such models when attempting to optimize electrode
geometries for targeted performance. Nonetheless, lower-
dimensional models that can predict product current den-
sity and selectivity as a function of operational conditions
are still desirable, particularly for other computationally
intensive modeling efforts such as topology optimization,
where complex flow paths, mass transfer resistances, and
intricate electrode geometries can arise that cannot be pre-
dicted a priori [18,37–39]. Thus, extracting and validating
simpler models from two- (or higher-)dimensional mod-
els with results obtained in lower dimensions is useful
for gauging the regimes at which surrogate models can
sufficiently describe the properties of interest.

1. One- versus two-dimensional simulations

We compare the results of our 2D simulations with
flow explicitly considered to 1D simulations that assume
an effective boundary layer thickness that corresponds to
the respective Pe for the 2D simulations (cf. Table I and
the Supplemental Material Appendix [26]). As shown in
Fig. 6, we find good agreement between the average jCO
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obtained from the 2D simulation and the 1D simulation
when the average boundary layer thickness over the elec-
trode is approximated by Eq. (2), where dBL scales as
Pe−1/3 [23]. For example, when Pe = 105, dBL ≈ 300 µm.
While this approximation for the boundary layer thick-
ness was derived assuming single species mass transfer,
the agreement observed here demonstrates that, even when
electromigration, finite-size effects, and more complex
kinetics are considered, a 1D simulation can potentially
capture the average properties predicted in a 2D simulation
as long as the boundary layer thickness is judiciously cho-
sen. Of course, 2D simulations are still required in order
to capture the spatial variation of the parameters, which
are found to vary strongly over short distance scales (Fig.
3). Furthermore, such a comparison is only straightforward
in simple flow configurations like the one considered in
this work, and more complex flows, electrode geometries,
and electrochemical reaction pathways would merit further
investigation.

2. Phenomenological Butler-Volmer model to estimate
jCO

While the coupling between the microkinetic simula-
tions and the 2D continuum transport model is efficient for
the simple reactor geometries considered in this work, it
might be computationally expensive to perform the multi-
scale simulations for more complex geometries and/or in
three dimensions. Additionally, for computational topol-
ogy optimization to target specific electrode and reactor
designs, the high dimensionality of the parameter space
makes the coupling scheme of microkinetic and contin-
uum transport models computationally prohibitive. Crucial
for gradient-based optimization algorithms, derivatives are
easily obtained for simple expressions such as Eq. (4),
but not for an external microkinetic simulation package.
This motivates the development of surrogate models that

can replace the microkinetic simulations to help acceler-
ate the coupling scheme. To do so, we fit the jCO and U
data obtained from parametric sweeps of [CO2] and pH in
microkinetic simulations (without the coupling to contin-
uum transport) to a phenomenological Butler-Volmer-type
model. The model has the form [40]

1
jCO(U)

= 1
j0,1e(α1U)

+ 1
j0,2e(α2U)

+ 1
jlim

, (4)

where j0,1 and α1 are the exchange current density and
charge-transfer coefficient associated with the first RDS
(*COOH −→ *CO), j0,2 and α2 are the exchange current
density and charge-transfer coefficient associated with the
second RDS (the adsorption of *CO2), and jlim is the limit-
ing current density. We note that j0,1, j0,2, and jlim depend on
[CO2] and pH (see Sec. S2 of the Supplemental Material
[26] for further details on the microkinetic sweeps and the
fitting procedure). Furthermore, such a simplified model
might not be applicable to more complex reactions involv-
ing (potential-dependent) adsorbate coverages [41]. We
further use the following simplifications while performing
the microkinetic sweeps and the coupled 1D simulation:
(i) a constant capacitance (17 µF/cm2) was used in the
simulations and (ii) the Frumkin correction that relates
to an additional potential drop within the electrochemi-
cal double layer obtained from the coupled simulations
[8] was neglected. We stress that these simplifications
strongly influence the agreement between the coupled 1D
simulations and the phenomenological model, and further
motivate the need for validating surrogate model results
with resolved higher-dimensional models.

Figure 7 shows the contribution of the different terms
in Eq. (4) towards jCO evaluated with the [CO2] and pH
obtained from the 1D simulation with an effective bound-
ary layer thickness of 300 µm. At each potential, the
largest term in Eq. (4) dominates the overall contribu-
tion towards jCO. While the first term dominates for U �
−0.55 V where the *COOH −→ *CO is the RDS, the sec-
ond term dominates at more reducing potentials when the
adsorption of *CO2 is the RDS. For the 1D models used
to compare with Eq. (4), we find that, even though the
Tafel slope appears to rapidly increase at the most reduc-
ing potentials in Fig. 7, it is clear that the jCO remains far
below the fundamental limiting current jlim.

Overall, the jCO predicted from the phenomenological
model is in good qualitative agreement with the cou-
pled microkinetics and 1D continuum transport simula-
tion, with the degree of quantitative agreement subject to
the assumptions or simplifications mentioned previously.
Therefore, such a model could be used instead of the
microkinetic model while extending the coupling scheme
to more complex geometries and higher dimensions, pro-
vided that it has been validated by more resolved and
higher-dimensional models, as we have shown here.
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FIG. 7. Contribution of individual terms in the phenomenolog-
ical Butler-Volmer model towards jCO, plotted with the results
from the 1D simulation with an effective boundary layer thick-
ness of 300 µm. Here j0 and j1 refer to the currents associated
with the first and second terms in Eq. (4), respectively.

III. CONCLUSIONS

By using a multiscale modeling approach that cou-
ples ab initio-based microkinetic simulations to continuum
transport models, we provide a detailed understanding of
how the local environment can influence electrochemical
reduction reactions in a flow reactor, focusing on CO2
reduction to CO on Au electrodes. Our approach is able
to spatially resolve key reaction parameters, including the
CO current density, CO2 concentration, and pH at the
electrode. We further explore and quantify how these key
reaction parameters can be impacted by experimental vari-
ables such as flow rate and applied potential, confirming
that, while higher flow rates do improve the achievable
current densities at a given potential, mass transport effects
can limit the utilization of the full electrode length for CO
production. Our results show that disruptions of the planar
electrode with inert sections or gaps can improve the avail-
able CO2 concentration along the electrode length and offer
modest gains in the CO current density that depend on flow
rate and potential. This suggests that simple spatial pat-
terning of planar electrodes may be an effective (co)design
strategy for improving single-pass conversion efficiencies
and help mitigate other constraints set by flow rates and
operating conditions. While we focus on CO2 reduction
on Au electrodes in this work, these results are general to
a variety of different electrochemical reactions and illus-
trate the severity of mass-transport limitations encountered
in flow reactors. The framework presented in this study
of coupling continuum transport with microkinetics is an
important step towards future investigations of more com-
plex cell configurations, such as gas diffusion electrodes,
where flow patterns may not be as simple. Additionally,
we show that this approach can allow for the creation

of informed (condition-aware) surrogate models of lower
dimensionality and computational cost that can acceler-
ate the design and optimization of electrochemical flow
reactors.

The raw data to reproduce the figures in the article and
the open-source software package to perform the coupled
microkinetic and transport simulations are available from
Zendodo [53,54].
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APPENDIX: METHODS

1. Microkinetic simulations

The microkinetic simulations are performed using the
steady-state approximation with the open-source and
freely available CatMAP software package [42]. The reac-
tion mechanism for eCO2R considered in the microkinetic
simulations is

CO2(g) + ∗ −→∗ CO2, (A1a)

∗CO2 + H2O + e− −→∗ COOH + OH−(aq), (A1b)

∗COOH + H2O + e− −→∗ CO + H2O + OH−(aq),
(A1c)

∗CO −→ CO(g) + ∗, (A1d)

where the asterisk refers to the active site: the steps on
Au(211). H2O is the dominant proton donor given the
negligible concentration of H3O+ under neutral pH condi-
tions. We do not consider the competing hydrogen evolu-
tion reaction (HER) in this study as Au exhibits low partial
current densities and Faradaic efficiency (ca. 10%) towards
HER in the potential range considered in this work (−0.6
to −1.1 V vs SHE) [8,9]. The surface-charge-density- (σ )
dependent energies for the reaction intermediates *CO2,
*COOH, and *CO in Eq. (A1) used as input to the microki-
netic model are taken from Ref. [8]. We refer the reader to
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Ref. [8] for further details on the DFT calculations and the
microkinetic model. Steps (A1a) and (A1b) are assumed to
be well described by the reaction thermodynamics, while
step (A1c) includes a (potential-dependent) kinetic barrier
with a charge-transfer coefficient of 0.5. In order to con-
vert the per-site turnover frequency (TOF) calculated using
CatMAP to a flux, we use the equation

Ji · n = ρ TOFi, (A2)

where Ji is the flux for species i, n is the outward
normal vector, and ρ is the active site density (9.6 ×
10−5 sites/Å2) considering a grain boundary density of
2.873 µm−1 for polycrystalline Au [8,43].

2. Continuum transport models

One charge-transfer reaction occurs at the cathode sur-
face, eCO2R, which is assumed to only be CO evolution:

CO2(aq) + H2O + 2e− → CO + 2OH−. (A3)

At the cathode surface, the fluxes of the solution species
are given by

JCO2 · n = jCO

2F
, (A4)

JOH− · n = − jCO

F
, (A5)

Ji · n = 0 for i = HCO−
3 , CO2−

3 , K+, (A6)

where n is again the outward normal vector, F is Faraday’s
constant, and jCO is the CO current density obtained from
Eq. (A2), i.e., jCO = FJCO · n. Note that, for the 2D case,
the value of jCO is spatially varying along the length of
the cathode surface. The following homogeneous reactions
occur in the electrolyte (0.5-molar KHCO3):

CO2(aq) + OH−k1f
�
k1r

HCO−
3 , (A7a)

CO2(aq) + H2O
k2r�
k2f

H++HCO−
3 , (A7b)

CO2−
3 + H2O

k3r�
k3f

HCO−
3 +OH−, (A7c)

CO2−
3 + H+ k4r�

k4f
HCO−

3 , (A7d)

OH−+H+ k5r�
k5f

H2O. (A7e)

The conservation of mass is given by

0 = −∇ · Ji +
∑

j

Rj ,i, (A8)

where j is the index of the homogeneous reaction given by
Eq. (A7), and Rj ,i is the production rate of species i in the
homogeneous reaction j . The flux Ji of species i is given
by the Nernst-Planck equation in a generalized modified
form (termed GMPNP) to account for finite-size effects of
the electrolyte species:

Ji = −Di∇Ci + Ciu − DiCiziF
RT

∇φ

− DiCi

(
NA

∑
i a3

i ∇Ci

1 − NA
∑

i a3
i Ci

)
, (A9)

where Ci is the concentration of species i, Di is the diffu-
sion coefficient of species i, u is the fluid velocity, zi is the
charge of species i, R is the gas constant, T is temperature,
φ is the ionic potential, NA is the Avogadro constant, and
ai is the effective solvated diameter of species i (we set ai
= 0 for all species except the cation K+). In the 1D case we
have u = 0, and at the bulk we have a Dirichlet condition
Ci = Cbulk

i for all species i. In the 2D case, u = γ̇ y, i.e.,
a shear flow with shear rate γ̇ , as illustrated in Fig. 1(b).
At the boundaries for the 2D case, the flux of species i is
given by

Ji · n =
{

Cbulk
i u at the inlet,

Ciu at the outlet,
(A10)

and Ji · n = 0 otherwise, except at the cathode surface
where it is given by Eqs. (A4)–(A6).

The Poisson equation is

−∇ · (ε0εr∇φ) = F
∑

i

ziCi, (A11)

where ε0 is the permittivity of vacuum, and εr = 78.4 is the
relative permittivity of water. A Dirichlet condition sets the
potential φ = 0 at the bulk, and, for the 2D case, a Neu-
mann condition sets the flux ∇φ · n = 0 at the inlet, outlet,
and inactive surface. As done in Refs. [8,44], we use the
following Robin boundary condition for the potential at the
electrode surface:

ε0εr∇φ · n = Cgap(U − UPZC − φ). (A12)

Here Cgap is the gap capacitance (we consider Cgap =
20 µF/cm2), U is the cell potential, and UPZC is the PZC
of the working electrode relative to the reference elec-
trode (we consider UPZC = 0.16 V vs SHE) [8]. Together,
Eqs. (A8), (A9), and (A11) are called the GMPNP equa-
tions [24]. The PNP equations can be recovered by taking
ai = 0.

The continuum model is implemented using the open-
source finite element library firedrake [45] in the
EchemFEM package [46,47]. Standard piecewise-linear
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1 ΔjCO ← ∞;
2 jCO, j

(0)
CO ← 0;

3 Y ← Ci = Cbulk
i , φ = 0;

4 Y,Y(0),Y(1) ← continuum(jCO,Y);
5 while ΔjCO > tol do
6 Y ← (1 − θ0 − θ1)Y + θ0Y(0) + θ1Y(1);
7 for node k on cathode boundary do
8 (jCO)k ← mkm((Y)k);
9 end

10 Y(1) ← Y(0);
11 Y(0) ← Y;
12 Y ← continuum(jCO,Y);

13 ΔjCO ←
∥
∥
∥jCO−j

(0)
CO

∥
∥
∥

L2
‖jCO‖

L2
;

14 j
(0)
CO ← jCO;

15 end

Algorithm 1. Iterative coupling sketch

elements are used for spatial discretization (on quadrilat-
eral cells for the 2D simulations). Typically used to tackle
the advective term in the advection diffusion equation,
streamline upwind Petrov-Galerkin stabilization [48,49] is
used here on the combined advection migration flux (see
the Supplemental Material [26] for discretization details).

3. Coupling between continuum and microkinetic
modeling

To complete the continuum model defined in Appendix
A 2, the boundary conditions (A4) and (A5) require jCO
values at each boundary point. In one dimension, this is
a single value, but in two dimensions, it is for every mesh
node on the cathode boundary (for a piecewise-linear flux
along the cathode). Values for jCO are obtained from solv-
ing the microkinetic model described in Appendix A 1.
For closure, this model requires surface values for CO2
concentration, pH, and potential φ, which are all obtained
from the solution of the continuum model.

We solve the coupled continuum-microkinetic model
in an iterative manner as outlined in Algorithm 1. In the
algorithm, jCO refers to the piecewise-linear current den-
sity of CO along the cathode surface, and Y refers to
the solution vector of the continuum model, i.e., con-
centrations Ci of all species i and the potential φ. The
operation continuum(jCO, Y) refers to numerically solv-
ing the continuum model with CO current density jCO,
and using Y as the initial guess for the Newton solver.
The operation mkm((Y)k) refers to solving the microkinetic
model with input values CCO2, pH, and φ from the solution
vector Y at node k. The relaxation parameters θ0, θ1, where
θ0 + θ1 < 1, help with the stability of the iterative scheme.

Because of the nonlinearity of the continuum model,
Newton’s method will not converge at higher cathodic
potential when starting from a constant initial guess.
Instead, we use a continuation strategy where cathodic

potential is increased incrementally, such that the initiation
of CO current density and the solution vector Y is done
using the values of the previous voltage (replacing lines 2
and 3).
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