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The electrocatalytic performance of nanostructured heterogeneous electrocatalysts can be tailored by
adjusting their geometries due to the morphologically dependent physicochemical eﬀects, such as fieldinduced reagent concentration near high-curvature nanoscale features and the confinement of reaction
intermediates in a nanocavity. However, the theoretical studies on these physicochemical eﬀects in
various nanoscale structures are considerably less common in comparison to the density functional theory
calculations on the atomic structure design due to the absence of consistent simulation protocols in this
area. This tutorial review presents the theory, models, and protocols for the simulation of the
electrochemical properties of nanoelectrocatalysts with complex morphologies using the finite element
method (FEM), including the local electric field (E-field) and the current density in the electrolyte adjacent
to the electrode (Jelectrolyte) and in the electrode (Jelectrode). In the E-field simulation, we demonstrate the
significant screening eﬀect of the EDL on the E-field distribution as well as the influence of the relative
permittivity of the electrolyte on the screening strength. In the Jelectrolyte simulation, we illustrate the
impact of the electrode kinetics on the electron transfer, which can significantly aﬀect the Jelectrolyte
profile. In the Jelectrode simulation, we reveal that the Jelectrode crowding can occur in constricted areas of
nanostructures, which would cause the structural transformation via electromigration. Finally, we discuss
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the applicability and limitations of the theoretical models discussed in this tutorial, suggesting the focus of
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electrochemists in navigating how to conduct accurate electrochemical physics eﬀect simulations for
analyzing the catalytic performance of nanoelectrocatalysts and thereby contribute to a wider adoption of

rsc.li/pccp

FEM simulations in the rational design of advanced electrocatalysts.

future work to develop advanced multiscale modelling approaches. We hope this tutorial will assist

1 Introduction
With rising global concerns about energy demand and climate
change, sustainable synthesis of renewable fuels is becoming
increasingly important. In particular, electrocatalytic approaches,
including the hydrogen evolution reaction (HER), the nitrogen
reduction reaction (NRR), and the carbon dioxide reduction
reaction (CO2RR), are promising solutions for the sustainable
production of synthetic fuels such as hydrogen, ammonia, hydrocarbons, and oxygenates while also representing a long-term
storage strategy for intermittent renewable electricity.1 Among
these reactions, CO2RR is attracting particular attention, as it
can recycle the CO2 released from burning fossil fuels back to
fuels and mitigate the deteriorating environmental issues caused
by global climate change.2 Furthermore, CO2RR electrocatalysis
can lead to numerous CO2 reduction products, including various
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single- and multi-carbon gas and liquid products, with most of
these products requiring multiple proton–electron transfers
during their formation processes. A wide distribution of possible
products as well as multi-proton–electron transfer mechanisms
lead to poor selectivity and sluggish kinetics of the CO2RR.3 The
key to improving the selectivity and kinetics of the CO2RR towards
target products is rationally designed electrocatalysts, as they play
a central role in determining the rate, efficiency, and selectivity of
the chemical transformations involved in the CO2RR.1 Thus,
developing electrocatalysts with the desired properties is necessary to realize the prospects of using the CO2RR to produce fuels
and chemicals that we need for a sustainable energy future.
In the past decades, studies of nanostructured heterogeneous
electrocatalysts have been on the rise due to their catalytic
performance often being superior to that of conventional heterogenous electrocatalysts.4 The ability to achieve enhanced performance in nanostructured catalysts is associated with having more
degrees of freedom in adjusting their compositions, surface
chemistry and morphologies, which enables finetuning the catalytic active sites via manipulating the atomic arrangement on the
nanoscale electrode surface.5–7 In particular, the electronic
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structures of nanostructured electrodes can be modulated to
stabilize key reaction intermediates, thereby steering the reaction
selectivity.8 Furthermore, the nanostructured electrocatalysts are
rich in active sites due to the presence of various surface defects
including highly undercoordinated atoms,7 subsurface oxides,6
and grain boundaries,5 which can act as enhanced active sites
contributing to the improved activity. The success of this strategy
is inseparable from extensive theoretical studies based on ab initio
calculations of the relationship between the atomic structure
and the catalytic performance, which in combination with experimental studies provide guidance towards the development of
improved catalysts.1
In addition to the aforementioned eﬀects on the atomic
scale, the activity and selectivity of nanoparticle-based electrodes
in surface reactions can also be modulated by varying their
nanostructures due to various electrochemical physics eﬀects
on the nanoscale. For instance, high-curvature nanoscale
features in complex nanostructures can generate high electric
fields (E-fields) in the electrolyte adjacent to their surface under an
applied bias, which can increase the CO2 concentration by accumulating the electrolyte cations in their vicinity and therefore
promote the CO2RR performance.9 Narrow geometric constrictions
in the morphologically complex nanoscale electrocatalysts, such as
those at the interface between a branched particle and a flat
substrate,10 could lead to high current densities ( Jelectrode) in these
constrictions, also referred to as current crowding. This eﬀect is
associated with a large number of electrons rushing through
narrow features of nanocatalysts to participate in the electrochemical reactions on their surfaces. Depending on the extent
of current crowding, the hotspots of high Jelectrode may induce
structural transformations in electrocatalysts, thereby altering
the activity and selectivity of the electrocatalysts.10 Moreover,
the distribution of reaction species can also be aﬀected by the
nanoscale geometry of the electrocatalysts: for example, nanocavities in nanostructured electrodes can confine the reaction
intermediates during the CO2RR electrolysis, steering the
reaction towards more valuable multi-carbon products.11 These
specific electrocatalytic eﬀects illustrate the significance of optimizing the geometry of catalytic nanostructures in improving the
electrocatalytic performance of these materials.
However, the theoretical studies in this area have been given
considerably less attention in comparison to the ab initio
studies on the atomic structure design mentioned above. The
modelling of the above-mentioned electrochemical physics
eﬀects on the nanoscale requires a continuum description of
the electrode–electrolyte system, in which the spatial distribution of ionic species (C(r)), the electrostatic potential/E-field
distribution (f(r) and rf(r)) and the current density distribution
(Jelectrode(r) and Jelectrolyte(r)) are properties of central interest. The
migration, diffusion and reaction processes in the electrolyte
and current flow in the electrode are then described by a set of
governing partial differential equations (PDEs) of the above
properties with certain boundary conditions.10,12 By solving the
governing PDEs defined over the electrode–electrolyte system
domain, the properties of the system can then be revealed.
Currently, there is a lack of established best practices and

25696 | Phys. Chem. Chem. Phys., 2022, 24, 25695–25719

PCCP
consistent protocols in setting and solving the necessary equations
for determining the distributions of the local E-field, current
density and active species at electrodes with complex nanoscale
morphologies. In addition to being a challenging area to navigate
for electrochemists, the computational analysis of these physicochemical parameters at electrocatalytic interfaces can lead to
misleading data when performed without sufficient understanding
of the underlying phenomena and the assumptions of the applied
computational models, thereby hindering rational development of
electrocatalysts on the nanoscale.
For models involving morphologically complex electrocatalysts,
the governing PDEs are usually solved numerically. Several
mathematical methods have been developed to numerically
solve a general PDE system, such as the finite diﬀerence
method, the finite volume method and the finite element
method (FEM). Among these, the FEM is suitable for a large
class of multi-physics problems with arbitrary geometries,
while the finite diﬀerence method and the finite volume
method only work for single physics simulations, and the finite
diﬀerence method can only deal with regular geometries.13 As a
result, the FEM has been increasingly applied to the electrocatalytic systems to quantitatively and spatially describe their
electrocatalytic performance on the nanoscale. Recent literature
provides numerous examples of the FEM being applied to
compute spatial distribution of the E-field,10,14–20 the electron
density,9,21–23 the reaction current density (Jelectrolyte),9,10,22,24 the
electrolyte ion density,9,16,22,23,25 and the concentration distribution of other species11,26–29 (Fig. 1, 2 and Fig. S1–S3, ESI†).
The idea of the FEM emerged in the 1940s in the fields of
civil and aerospace engineering (A. Hrennikov, 1941; R. Courant,
1943) and later gained popularity with the performance boost of
modern computers.30 The FEM is based on the concept that the
domain of interest is partitioned into fine elements (or small
blocks) and the solution to the governing diﬀerential equations
is found iteratively and represented using the properties at the
elements’ vertices. Since the ubiquitous employment of continuum models in solving real-world problems, FEM has wide
applicability in the field of engineering, such as mechanical
engineering and fluid flow, as well as biomedical applications in
dentistry and product customization in business management,
to name a few.31 However, the FEM is not ab initio and cannot
predict properties governed by microscopic structures and processes, such as the dielectric constant of a material and the
occurrence of chemical reactions. Instead, these properties are
usually determined experimentally or using ab initio calculations
(e.g., DFT) before being entered into an FEM model as input
parameters for the simulations. The mathematical formulation
of FEM has been described in great detail in many excellent
textbooks.32–34
Technically, there are two approaches to simulate a nanoelectrode via the FEM. For simple nanoelectrodes (e.g., nanoelectrodes of spherical or cylindrical symmetry), one can in
principle handle the simulation with a custom-built code, as
done in the work by Bohra et al.12 and Chen et al.35 In general,
custom programs have the most flexibility when developing
new simulation schemes (i.e. authoring new PDEs), but usually
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Fig. 1 Computed distribution of the E-field distribution near the surface of various nanostructured electrodes. (a) Au nanoneedles with tip radii of 5 nm,
10 nm, and 15 nm.14 (b and c) Bismuth nanoflakes with sharp corners and edges: (b) three-dimensional and (c) two-dimensional.15 (d) CdS nanoparticles,
rods, and needles.16 (e and f) A CuO nano-prism with diﬀerent (e) corner angles and edge lengths and (f) applied potential.17 (g) Nanostructured Au–Bi2O3
fractals.18 (h) Ni foams with different ridges and grooves.19 (i) MoS2 nanoflower sheets without and with intercalated graphene sheets.20 (j) The E-field and
Jelectrolyte of gold nanoneedles with different bottom widths.10 The E-field is shown as colour maps; Jelectrolyte is shown as red arrows.

have reliability and performance issues. Alternatively, if one needs
to perform routine analysis over geometrically complicated electrodes, a more convenient approach is to use well-established
numerical solvers of multiphysics problems developed and
validated by experts, which allows predetermined parameters to
be changed in a controlled fashion. As a popular numerical
method, there are more than 40 software packages that implement the FEM, with MATLAB, ANSYS and COMSOL Multiphysics
being the most commonly used packages for FEM simulations.
However, when it comes to applying novel simulation schemes,

This journal is © the Owner Societies 2022

these software packages are usually less flexible than custom-built
programs.
We summarize the E-field simulations performed for various
nanostructured electrodes using the FEM in Fig. 1, covering
geometries of nanoneedles,10,14,16,18 nanorods,16 nanoflakes,15
nanoprisms,17 nanogrooves,19 and nanoflowers.20 Most of these
simulations were performed at applied potentials between 0.25 V
and 1.2 V vs. SHE, with only one example using an applied
potential up to 3 V vs. SHE (Fig. 1g). The electrolytes used in the
simulations were 1 M KOH, 0.5 M H2SO4 (Fig. 1g and i), 0.1 M
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Fig. 2 Computed distribution of current density in the electrolyte at the surface of various nanostructured electrodes. (a) Au needle, Au rod and Au
hemispherical particle.9 (b) Fluorine-doped carbon electrodes including the fluorine-doped cagelike porous carbon (F-CPC) and the fluorine-doped
carbon spheres (F-CS).22 (c and d) Indium electrodes including (c) an In porous foam and (d) In tip, rods, and dendrites.24 (e) Au BNP, (f) Au-anchored BNP,
(g) Au thick frame, (h) Au thin frame, (i) Au BNP dimer and (j) Au CC dimer.10 In (e–j), the current density in the electrolyte at the electrode surface is shown
as groups of yellow arrows.

KHCO3 (Fig. 1a–f and h) and 0.5 M KHCO3(Fig. 1j). Widespread
distributions of E-field with relatively low magnitudes (105 V m1
to 108 V m1) were observed in the examples in Fig. 1a–i. However,
based on the Debye length theory,36 the interfacial E-field should
be confined within 1 nm to 2 nm from the electrode surface, with
a large magnitude (at least over 108 V m1), at the potentials
and the electrolyte concentrations applied in these simulations.
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This inaccuracy can be ascribed to a widespread simplification of
the interface, where the electric double layer (EDL) is not considered in the simulations. Accurate simulations of E-field require the
appropriate incorporation of the EDL in the simulations, as
illustrated in the examples in Fig. 1j.
In addition to the E-field simulations, there is also a number
of examples in the literature of applying FEM for studying
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Jelectrolyte for various nanostructured electrodes including
nanoneedles,9,24 nanocones,9,24 nanorods,9,24 nanocages,22
branched nanoparticles10 and nanoframes10 (Fig. 2). Although
these simulations shown in Fig. 2a–d were performed under
similar conditions: in 0.5 M KHCO3 electrolyte with an applied
potential in the range of 1.0 V to 1.4 V vs. SHE, the
calculated Jelectrolyte still varied widely, from 109 A cm2 to
105 A cm2. Instead, one would expect the resulting values to be
similar when simulations are performed under similar conditions. The discrepancy in the simulated and the expected values
of Jelectrolyte can be remedied by applying more advanced
electrode kinetics models, as demonstrated in the simulations
in Fig. 2e–h.
The information about the structure of the EDL and the
electrode kinetic properties are very important for modelling
the E-field and Jelectrolyte of a nanoscale electrode numerically, as
we discussed above. The EDL formed at the electrode surfaces due
to the accumulation of the counter-ions has a strong shielding
eﬀect on the potentials generated near the electrode surface and,
thus, significantly aﬀects the distribution of the interfacial
potential and the E-field.10 Furthermore, the electrode kinetics
determines the kinetic rate of the electrolysis reactions processing
at the electrode–electrolyte interface and, consequently, plays an
important role in the distribution of Jelectrolyte.9,10 In addition to
the E-field and Jelectrolyte, another crucial electrochemical physics
effect in nanoscale electrocatalysts is the structural transformations induced by the high Jelectrode via electromigration. The
crucial parameters for simulating Jelectrode are the morphology
and electric conductivity of the nanoscale electrocatalysts, as
Jelectrode obeys Ohm’s law in metals.10 Understanding the key
parameters affecting these electrochemical physics effects would
help understand the state-of-the-art approaches and associated
essential equations for describing these electrochemical effects
and further establish the protocols for modelling these electrochemical phenomena using FEM.
The aim of this tutorial is to summarize the current status
and recent advances in the theoretical models used for the
E-field, Jelectrolyte, Jelectrode simulations using FEM and propose
protocols for reliable simulations of these electrochemical
eﬀects. In Section 2 of this tutorial, we discuss the setup of the
FEM simulation domains and the interfaces of COMSOL Multiphysics required for the simulations performed in this tutorial.
In Section 3, we introduce the fundamentals relevant to the
essential electrochemical phenomena at the electrode–electrolyte interface, the classical theories for modelling these electrochemical effects, and the advanced modifications to these
classical theories to account for the steric effect of the solution
species and field-dependent dielectric function of the electrolyte.
In Sections 4–6, we describe a protocol for simulating the E-field
(Section 4), Jelectrolyte (Section 5) and Jelectrode (Section 6) under
different electrolysis conditions. In Section 7, we demonstrate
the application of discussed simulation approaches to specific
geometric models that reflect the complexity of the E-field and
the current behaviour in electrodes composed of nanoparticles
with complex shapes. In Section 8, we discuss the application
scope and limitations of the models covered in this work. This
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tutorial paper provides a useful departure point for electrocatalysis researchers to begin implementing FEM in their work.
We hope that it will facilitate a wider adoption of computational
studies and rational design of nanoscale effects in electrocatalysts to further improve the performance of the electrocatalysts
for the CO2RR and other clean energy conversion reaction.

2 Multiphysics simulations and the
electrode model
As an illustrative study object in this tutorial, we selected an
electrode formed by a branched nanoparticle (‘‘nanostar’’)
placed on a substrate to reflect the complexity of the physical
features in electrodes composed of geometrically shaped nanoparticle electrocatalysts (Fig. S4a, ESI†). This nanostar model with
complex morphology has a complex distribution of E-field and
current density, as we previously demonstrated (Fig. 2e, f and i).
Generally speaking, the simulating electrochemical behaviour in a
3D model of a nanoscale electrocatalyst is computationally
demanding. However, often it is suﬃcient to consider a 2D model
to elucidate certain geometric trends. Thus, the majority of the
FEM simulations shown in this tutorial are performed using a 2D
model, with a simulation domain setup shown in Fig. S5 (ESI†).
Since our reaction of interest is the electrochemical reduction of
CO2, we consider that the nanostar particle placed on a substrate
represents a working electrode and a cathode, where a negative
potential or current density is assigned as a boundary condition
for the simulation. A planar electrode is used as the anode
throughout this tutorial. Since the anode is far away from the
cathode, the composition of the solution near the anode is not
aﬀected by the cathode; therefore, the concentration of each
species, such as the electrolyte and CO2, is set to be constant at
the working electrode. (See model details in Supplementary note 2
in the ESI.†)
As a model CO2 electrolysis reaction, we selected CO2
reduction to CO reaction (1) on a gold cathode and 0.5 M
KHCO3 as the electrolyte (unless otherwise specified), in which
water is used to balance this reaction assuming the pH of the
electrolyte to be 7.2.24 Since the electrocatalytic behaviour of
nanoscale catalysts is of our main interest, reaction (1) is confined
to the nanoparticle surface. Therefore, we only construct an EDL
at the interface of the nanoparticles and the electrolyte based on
the Gouy–Chapman–Stern model, with the thickness of the Stern
layer determined by the radius of the solvated ions in the studied
solution (Fig. 3). In this simplification, the model loosely represents a repeat unit of an electrode composed of a layer of
nanoparticles placed on a substrate. It is worth noting that
considering multiple nanoparticles placed on a substrate in direct
contact with each other can reveal the electrochemical behaviour
at the interfaces between the particles, which is often important to
consider for both catalyst activity and stability studies (Fig. 2i and j).
An accurate simulation of the EDL is the key to exploring the
E-field behaviour of a nanoparticle-based electrode under electrolysis conditions: various EDL models and their nuances are
discussed in Section 3.1. In addition, a correct description of
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at the electrode–electrolyte interface. Accurate simulations of
these two processes enable understanding of the impact of the
catalytic interface in electrocatalysis. Typically, the structure of
the EDL is characterized in terms of the potential profile and the
concentration profile of each ionic species within the electrolyte
domain, while the electroreduction is usually characterized by
the faradaic current density at the electrode surface. In principle,
the EDL formation and electroreduction occur simultaneously
at the electrode–electrolyte interface for a given applied
potential. To simplify the problem, we ignore the electrolysis
when simulating the EDL formation and vice versa, which leads
to two sets of FEM simulations below. In this section, we discuss
theories and models for simulating the EDL and the electroreduction current.
3.1

Fig. 3

Schematic diagram of the Gouy–Chapman–Stern model.

the thermodynamic and kinetic properties of the CO2RR occurring
on the electrode surfaces is important for simulating Jelectrolyte at a
nanostructured electrode: the details of the thermodynamic and
kinetic properties of the CO2RR are discussed in Section 3.2. For
the comparative analysis and an illustration of the geometry effects,
a 2D nanocone (Fig. S4b, ESI†) and a 3D nanostar (Fig. S4c, ESI†)
are also discussed in this tutorial. All FEM simulations in this work
were performed in the COMSOL Multiphysics package based on
the finite-element-method solver (https://www.comsol.com/). For
different purposes described in the text, six interfaces were applied
in the simulation, including ‘Primary Current Distribution’,
‘Secondary Current Distribution’, ‘Tertiary Current Distribution’,
‘Transport of Diluted Species’, ‘Electrostatics’, and ‘Electric
Currents’, and the details of these interfaces and the corresponding
electrochemical theories are also discussed.
CO2(ads) + H2O(l) + 2e ! CO(ads) + 2OH(aq)

(1)

3 Fundamentals of the electrode–
electrolyte system
The electrode–electrolyte interface affects the reaction rates
and the product selectivity of many electrocatalytic processes
by influencing the distribution of electrons,37 the interfacial
Ohmic resistance,38,39 mass transfer limitations (e.g. H+ and CO2),40
and surface energy.41 Careful optimization of the electrode–
electrolyte interface is essential for improving the reaction
efficiency towards desired high-value products, which requires
basic knowledge of this catalytic interface. The two crucial
processes that occur at the catalytic interface during the electrolysis are the formation of the EDL and the electrocatalytic
reaction (here we consider the electroreduction of CO2 to CO)
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Theories and models for the EDL simulation

The term ‘‘double layer’’ comes from the pioneering works of
Helmholtz and refers to the simultaneous aggregation or
depletion of electrons within the electrode and counter-ionic
species in the vicinity of the electrode surface under an applied
potential,42 as demonstrated in Fig. 3. To model the EDL using
FEM, we require the potential profile (f) and the concentration
profile of K+ (cK+) and HCO3 (cHCO3) within the electrolyte.
Depending on the arrangement and the conformation of the
solvated ionic species, several EDL models have been proposed
in the literature. The earliest model is the Helmholtz model,42
which presumes that a single layer of solvated counter-ions is
formed at the surface of the electrode. The capacitance is
assumed to be constant in the Helmholtz model. However,
earlier experiments43 demonstrated that the capacitance of the
EDL is potential- and ion-concentration-dependent. To account
for this interdependence, the Gouy–Chapman (GC) model44,45
proposes a diffuse layer around the electrode in which the
counter-ions are accumulated and the co-ions are depleted to
balance the charge on the electrode. Although the GC model
accounts for the dependence of the EDL capacitance on the
potential and the ion concentration, it still fails to describe the
EDL at large potentials. The predicted capacitance by the GC
model rises very rapidly at an extreme potential, which is
against the flattening capacitance observed experimentally.46
The reason for the unlimited rise of capacitance in the GC
model is that the location of the ions is not restricted to the
solution, so the point charges can approach the electrode
surface arbitrarily closely, which is not realistic because the
ions have a finite size and cannot approach the electrode
surface any closer than their ionic radius. To better describe
the EDL capacitance, Stern suggested a combination of the
Helmholtz model with the Gouy–Chapman model,47 forming
the Gouy–Chapman–Stern (GCS) model (Fig. 3), which considers
the presence of a Stern layer and a diffuse layer and defines a
plane of the closest approach for the centres of the ions to the
electrode surface, called the outer Helmholtz plane (OHP). In the
GCS model, the ions in the Stern layer are assumed to have a full
hydration shell. However, the hydration shell could be partially
shed, leading to the chemical adsorption of these ions on
the electrode surface, also referred to as ‘‘specific adsorption’’.
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More advanced models are required when specific adsorption
occurs.48 However, the capacitance predicted by the GCS model is
consistent with the experimental observations due to accounting
for finite size ions in the Stern layer.49 Therefore, below we focus
on the applications of the GCS model and discuss the theory
behind it in more detail.
As discussed above, the EDL is formed due to the accumulation
of the ionic species in the vicinity of the electrode; therefore, an
accurate description of the distribution of ionic species within the
EDL is the first important step for modelling the EDL. In the GCS
model, the distribution of ionic species in the diﬀuse layer at
equilibrium is determined by the Boltzmann distribution:50


zi FfðrÞ
X
X
 
RT
rðrÞ ¼
r i ðrÞ ¼
zi FCi e
(2)
i

i

In eqn (2), r(r) denotes the charge density within the electrolyte; zi
and Ci are the charge and the bulk concentration of the ith ionic
species, respectively; T is the temperature of the electrolyte; F and R
are the faradaic constant and the ideal gas constant, respectively.
The unevenly distributed charged ionic species could generate a
non-uniform potential in the diﬀuse layer, which is denoted as f(r).
The local potential profile f(r) is related to the charge density r(r)
as described by the Poisson equation:50
r(e0errf(r)) = r(r)

(3)

In eqn (3), e0 and er are the vacuum permittivity and the relative
permittivity of the solution, respectively. e0 is a constant, which
was taken to be 8.85  1012 F m1, while er is a function of the
E-field, which was solved according to eqn (12). To solve the r(r)
and f(r) numerically, eqn (2) has to be combined with eqn (3)
to get eqn (4), which is the well-known Poisson–Boltzmann (PB)
equation:50
z F 
X
i
r  ðe0 er rfðrÞÞ ¼ 
zi FCi e RT fðrÞ
(4)
i

For a symmetric binary electrolyte, in which the valence charge
 
of the cations are equal to that
(z+) and bulk concentration Cþ



(z and C
) of the anion (z+ = z, Cþ
¼ C
), eqn (4) can be
50,51
simplified to a hyperbolic function:


zF
fðrÞ
(4a)
r  ðe0 er rfðrÞÞ ¼ 2zFC  sinh
RT
We have discussed the equations that govern the ion distribution
and the potential profile within the diffuse layer considered in the
GCS model, which is the region beyond the OHP in Fig. 3. Another
important element in the GCS model is the Stern layer, i.e., the
region between the electrode surface (M) and the OHP (Fig. 3). As
defined in the GCS model, the OHP is the closest proximity of ions
to the electrode; therefore, the Stern layer contains no charged
species but water. Thus, the charge density at OHP, sOHP, is given by
sOHP ¼

e0 er ðfM  fOHP Þ
ds

(5)

where fM and fOHP are the potentials at the electrode surface and
the OHP, respectively; ds denotes the Stern layer thickness which
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was set to be the radius of the hydrated potassium ion (0.33 nm).9
Since there is no charge presented in the Stern layer, the potential is
assumed to drop linearly from fM to fOHP in the Stern layer.
In addition to the PB model we focused on above, another
model for describing the potential and ion concentration
distribution profiles in the EDL is the Poisson–Nernst–Plank
(PNP) model. In contrast to the PB model, the PNP model can
not only simulate the EDL at equilibrium but also outside of
equilibrium when the EDL dynamically changes due to external
perturbation. A detailed description of the PNP model is
introduced below. As we did for the PB model, we first discuss
the distribution of ionic species in a diffuse layer at the steadystate conditions, which is described by the Nernst–Plank (NP)
equation. Provided that the magnetic interaction and convection
are absent, and the electrolyte is inert (i.e., no electrolysis is
associated with the ionic species), and the resulting NP equation
has the following form:52
@Ci ðrÞ
¼  r  J i ðrÞ
@t


Di zi FCi ðrÞ
rfðrÞ ¼ 0
¼  r  Di rCi ðrÞ 
RT

(6)

In eqn (6), Ji(r) and Di refer to the total flux and the diffusion constant
for the ith ionic species, respectively, while the other terms are
defined the same way as in the PB equation. The diffusion constant
D of K+, HCO31 and CO2 was taken to be 1.957  109 m2 s1,
1.185  109 m2 s1 and 1.91  109 m2 s1.12 Similarly to the PB
model, eqn (6) has to be combined with the Poisson equation given
in eqn (7) to solve Ci(r) and f(r) numerically. The combination of
eqn (6) and (7) is the so-called Poisson–Nernst–Plank (PNP) model:52
X
r  ðe0 er rfðrÞÞ ¼ F
zi Ci
(7)
i

As seen in eqn (6), the ion concentration change with reaction time
is accounted for in the PNP model, suggesting that the dynamic
evolution of the EDL structure can be captured by the PNP model, in
contrast to the PB model that only describes the equilibrium state of
the EDL. Note that if Ji(r) is set to 0, one can find that the ion
concentration follows the Boltzmann distribution, i.e., the results
obtained from the MPB and GMPNP models become identical.
For the PB and the PNP equations, one of their major
drawbacks is the absence of the ions’ steric repulsion, which
can lead to the over-accumulation of the ions close to the
electrode surface under conditions of a high electric potential
or a high electrolyte concentration. To incorporate the steric
repulsion of the ionic species into the PB and the PNP equations, the lattice gas approximation is employed,52,53 in which
the electrolyte region is divided into packed cubes of length a
(see the ESI† for the details). The Gibbs entropy of the system
can then be calculated in eqn (8):52
ð X


kB
S ¼  3 dr
NA a3 Ci ln NA a3 Ci
a
i
(8)
!
!
X
X
3
3
NA a Ci ln 1 
NA a Ci
þ 1
i

i
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In eqn (8), kB is the Boltzmann constant, NA is the Avogadro’s
number and ai is the eﬀective solvent diameter of the ith
species. The eﬀective solvent diameter a of K+, HCO31 and
CO2 was set to be 0.66  109 m, 0.80  109 m and 0.23  109 m,
respectively.12 In the last term of eqn (8), the upper bound of the
concentration of the ions is brought into the new model by the
P
mathematical constraint that 1  NA a3 Ci  0; whose physical
i

interpretation is that the probability of a cube’s content being pure
water is not negative. Using the inequality relation, one can find the
maximum concentration of an ionic species:52
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Cmax

1
¼
NA a3

(9)

To take into account the steric eﬀect, eqn (8) is incorporated
into the PB and PNP models as demonstrated in the works by
Borukhov et al.53 and Kilic et al.,52 generating modified PB
(MPB) and PNP (General Modified PNP or GMPNP) models. For a
symmetric binary electrolyte where z+ = z = z, the resulting
MPB and GMPNP equations become eqn (10) and (11), respectively. For the detailed derivation process of the MPB and
GMPNP model, please refer to Supplementary note 3 in the ESI.†
r  ðe0 er rfðrÞÞ


zFfðrÞ
zFfðrÞ
ze NA C e RT  NA C  e RT
¼

zFfðrÞ
RT

1  2zNA a3 C  þ NA a3 C  e
@Ci
¼  r  Ji
@t
0

(10)
zFfðrÞ
RT

þ NA a3 C  e

P

1
rCi
D
C
zF
i
i
i
A
P
rfðrÞ 
¼  r  @Di rCi 
RT
1  NA a3 Ci
Di Ci NA a3

i

¼0
(11)
Note that for KHCO3, z = 1, and eqn (10) can be further
simplified to a hyperbolic form:


FfðrÞ
2eNA C sinh
RT


(10a)
r  ðe0 er rfðrÞÞ ¼
FfðrÞ
1 þ 2NA a3 C sinh 2
2RT
A notable change in eqn (10) and (11) compared to their
precursor eqn (4) and (6) is the inclusion of the repulsive terms
at a high ion concentration. The repulsion terms originate from
the last term of eqn (9), which is used to take the concentration
of pure solvent into account.
Furthermore, the electrolyte dielectric permittivity, er, is
assumed to be constant in the MPB and GMPNP equations.
However, er of polar electrolytes is known to significantly
decrease as the E-field increases, especially when it is over
107 V m1. To account for the dependence of the dielectric
permittivity on the E-field, the Booth model, eqn (12), can be
employed, which was first proposed in the work by Booth on
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studying the eﬀective dielectric constant of water when orientation polarization of water molecules becomes saturated under
high applied E-fields.51,54,55


3
1
er ðE; bÞ ¼ n2 þ er ð0Þ  n2
cothðbE Þ 
(12)
bE
bE
In eqn (12), E = |rf(r)| is the local E-field strength, n is the
electrolyte refractive index, which was set to be 1.33,51 and b is a
parameter given by:56
b¼

5m 2
ðn þ 2Þ
2kT

(13)

where m is the dipole moment of the water molecule, which was
set to be 1.85  1018 (CGSE units).56 It should be noted that
the potential, f(r), is only first-order continuous at the OHP
in the GCS model, which means the OHP electric field, rfOHP, at
the diﬀuse layer and the Stern layer may diﬀer from each other.
To summarize, in this subsection, we first compared three
structure models for depicting the EDL: the Helmholtz, the GC
and the GCS models, with the GCS model adopted in this
tutorial due to its accuracy in predicting the EDL properties.
We also discussed the PB and PNP models used for describing
the ion and potential distribution in the EDL. Furthermore, we
highlighted the limitation of the PB and PNP models, specifically, the lack of the steric eﬀect consideration, and introduced
the strategy to incorporate the steric eﬀect into the simulations
by using the MPB and GMPNP models. Finally, we comment
on the absence of the E-field dependence of the electrolyte
permittivity in the MPB and GMPNP models and the way to
solve this issue by adopting the Booth model.
3.2

Theories and models for electrolyte current simulations

Electrolysis occurs at the surface of the electrode and serves as a
converter from electron current inside the circuit to ionic current
within the electrolyte. The behaviour of such a converter depends
mostly on the thermodynamic and kinetic properties of the halfcell reaction at the electrode surface. To elucidate these properties, the reaction energy profile of the electroreduction is required.
A reaction energy profile is usually established in three steps: first,
one needs to identify the initial state, the final state, and the
possible intermediate states along the reaction process. Then,
the thermodynamic properties of the reaction are obtained via
calculations (or measurements) of the relative free energies of
the states. Lastly, the kinetic properties are obtained once the
activation energy for each reaction step is determined (e.g., from
transition state calculations) or approximated.
For the CO2RR considered in this tutorial (eqn (1)), we treat
it as a one-step reaction with no reaction intermediates. The
associated states for the reaction profile are shown in Fig. 4a.
Firstly, the molecules diﬀuse along the concentration gradient
to the vicinity of the electrode and are then adsorbed at the
electrode surface to facilitate the electron transfer. The second
and most crucial step is electroreduction, in which each CO2
molecule receives two electrons and is reduced to CO. The OH
generated during this process leaves the electrode surface due
to the electrostatic repulsion and constitutes the ionic current
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Fig. 4 (a) The simplified CO2RR pathway, (b) the dependencies of the electroreduction equilibrium, (c) the response of the electroreduction energy
barriers to the applied overpotential.

within the electrolyte. Lastly, the adsorbed CO leaves the
electrode surface into the bulk of the electrolyte. The half-cell
reaction presented in Fig. 4a involves the adsorption of CO2, the
electroreduction, the migration of OH, and the desorption of
CO. The associated free energy change of these steps constitutes
the overall free energy change of the half-cell reaction, DGr,
which is usually expressed in electrochemistry in terms of the
electrode potential, f:50
DGr = (GCO  GCO2) = nFf

(14)

In eqn (14), n is the number of electrons transferred in the halfcell reaction and F is the faradaic constant. The dependence of
DGr on the electrode potential f is illustrated in Fig. 4b. When
f becomes more negative, GCO2 increases and therefore DGr
decreases, resulting in a more favourable reduction reaction.
For a half-cell reaction, its electrode potential, f, is governed
by the Nernst equation:50




gCO2
RT
RT
CCO2
ln
ln
þ
(15)
fCO2 RR ¼ f0CO2 RR þ
nF
nF
gCO
CCO
In eqn (15), f0CO2 RR is the standard potential of the CO2RR,
g and C are the activity coeﬃcient and the concentration of the
species, respectively. However, dealing with the activities in the
evaluation of the electrode potential is complicated by the fact
that the activity coeﬃcients remain unknown for most species.
One way to avoid dealing with the activities in the simulations
is to rearrange eqn (15) into eqn (15a):50


0
RT
CCO2
(15a)
fCO2 RR ¼ f0CO2 RR þ
ln
CCO
nF
0

In eqn (15a), f0CO2 RR is the formal potential of the CO2RR,
which is given by:50


gCO2
0
RT
(16)
f0CO2 RR ¼ f0CO2 RR þ
ln
gCO
nF
0

In contrast to f0CO2 RR , f0CO2 RR can be measured experimentally,
when the ratio of CCO2/CCO in eqn (15a) is equal to unity.
While the electrode potential of a half-cell reaction, f,
is the thermodynamically determined potential to drive an
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electrochemical reaction, a diﬀerent potential, f 0 , is required
to drive the electrochemical reaction in practice. The potential
diﬀerence between the thermodynamic potential f and the
experimental potential f 0 is called an activation overpotential,
Z, which determines the reaction rate and, consequently, the
reaction current, as demonstrated in Fig. 4c. When a negative Z
is applied to a cathode, the electroreduction reaction would
change in two ways: firstly, the free energy change of this
reaction becomes negative, meaning that the rate of the electroreduction reaction is increased; secondly, the activation
energy barrier of the forward reaction is reduced by |anFZ|,
while that for the backward reaction increases by |(1  a)nFZ|.
These two changes together speed up the forward reaction and
increase the reaction current at the electrode surface. More
specifically, the dependence of the reaction current on the
activation overpotential Z can be characterized by the Generalized Butler–Volmer (G. B–V) equation, eqn (17):50
iðZÞ ¼ i0





CO ð0; tÞ anFZ
CR ð0; tÞ ð1aÞnFZ
RT
e
e RT



CO
CR

(17)

There are several key parameters in eqn (17) that should be
highlighted. The first parameter is the exchange current, i0,
which is derived from the magnitude of the forward and backward reaction rates, and is thus related to the activation energy
barrier (denoted by T in Fig. 4c) when the net current is zero at
equilibrium. The C(0,t) and C* terms denote the concentration
of a species at the electrode surface and in the bulk electrolyte,
respectively, while the ‘O’ and ‘R’ subscripts represent the
oxidized and reduced forms of the reagent during electroreduction.
For the CO2RR studied here, ‘O’ stands for CO2 and ‘R’ stands for
CO. Note that since CO has a very low solubility in water, we

assume CCO ¼ CCO
at equilibrium. The transfer coefficient, a,
denotes the skewness of the energy curve, which determines the
symmetry of the energy barrier for the reaction in Fig. 4c. Typically,
in most systems, the transfer coefficient is between 0.3 and 0.7, and
it can usually be approximated by 0.5 in the absence of experimentally determined accurate values. The a value is set to be 0.5
throughout this tutorial, which corresponds to a symmetric energy
barrier in Fig. 4c. The parameter of n is the number of electrons
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transferred per half-cell reaction, T is the temperature, and F, R are
the faradaic constant and the ideal gas constant, respectively. In
addition to the G. B–V equation, several other versions of equations
describing the electrode kinetics exist, including the standard
Butler–Volmer (S. B–V), linearized Butler–Volmer (L. B–V), and
the Tafel equation (Fig. 5). These simplified models can be used
in some specific reaction conditions to get accurate results in
reaction current simulation while lowering the requirements for
computational resources. The mathematical forms of the latter
three models are shown in eqn (17a)–(17c): eqn (17a) and (17b)
describe S. B–V and L. B–V, respectively, while eqn (17c) describes
the Tafel equation.50
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anFZ

ð1aÞnFZ
RT

iðZÞ ¼ i0 e RT  e

iðZÞ ¼ 

i0 nFZ
RT

(17a)

(17b)

3.3

anF Z

iðZÞ ¼ i0 e RT

(17c)

The S. B–V model in eqn (17a) can be derived from eqn (17)
by assuming that the reagent is present in high concentrations
in the vicinity of the electrode and thus C/C* E 1 for both
the oxidized and the reduced species. This model is a good
approximation for depicting the kinetic performance of an
electrode in an electrochemical cell, where the surface concentration of the reactant does not vary significantly from the bulk
values due to the efficient mass transfer (e.g., well-stirred
solution) or low current conditions. The L. B–V model in
eqn (17b) can be obtained from eqn (17a) when the activation
overpotential Z is small, such that ekZ E 1 + kZ. When the
electrode kinetics is fast, the electrolysis reactions are typically
performed at low overpotentials to avoid the effect of masstransfer limitations. In this case, the L. B–V model is efficient to
describe the electrode kinetic performance. The Tafel equation

Fig. 5 The interconnection between the generalized Butler–Volmer
(G. B–V) equation, the standard Butler–Volmer (S. B–V) equation, the
linearized Butler–Volmer (L. B–V) equation and the Tafel equation, and the
associated conditions for linking the B–V equation with other equations.
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in eqn (17c) is obtained by ignoring the backward reaction
(the 1  a term) in eqn (17a) when the activation overpotential Z
is high. Thus, when electrode kinetics is sluggish and high
overpotentials are required for the electrolysis, the Tafel equation is a reasonable choice for modelling the electrode kinetics.
To summarize, in this section, we first discussed the influence
of the reaction thermodynamics on the reaction current, and
the interconnection between the reaction thermodynamics, the
reaction free energy change (DGr), the electrode potential (f), and
the ratio of the reactant and product concentrations (CCO2/CCO).
We also illustrated the impact of the electrode kinetics on the
reaction current and the connection between the electrode
kinetics and the reaction energy barrier (T) and overpotential
(Z). Furthermore, we introduced the commonly used electrode
kinetics models for describing the dependence of the reaction
current on the overpotential, including the G. B–V, the S. B–V, the
L. B–V, and the Tafel equations.
Theories and models for electrode current simulations

To enable practical applications of the CO2RR technology,
CO2RR electrocatalysts should not only be improved in terms
of their activity and selectivity, but also be stable in long-term
electrolysis. We recently demonstrated that the structural stability
of nanoscale electrocatalysts is closely related to the current
density distribution in the electrode (Jelectrode).10 Specifically, if
Jelectrode is not evenly distributed throughout the electrocatalyst
structure on micro- and especially nanoscale, structural transformations to even out this Jelectrode inhomogeneity may occur,
depending on the material of the electrocatalyst and other reaction conditions.
Consider that during cathodic electrocatalysis, the electrons
generated in the anodic electrochemical reaction have to flow
through the anodic catalysts to the cathodic catalysts via an
external circuit, and then go through the interface of the
cathodic catalysts to participate in the electron transfer to
reacting molecules on its surface. If these electrons have to
flow through a narrow constriction, e.g., at the interface
between a branched nanoparticle electrocatalyst and a flat
substrate (Fig. 2e), it leads to high local Jelectrode within this
narrow constriction, also referred to as current crowding.
A suﬃciently high current crowding can lead to the mass
transport of solid metal matter via electromigration (EM)57 and
Joule heating eﬀects,58 resulting in the deformation and sintering near the Jelectrode hotspots. This structural transformation
minimizes current crowding by increasing the contact area at the
narrow constriction, as observed in Fig. 2e and f, in which the
hotspots at the narrow constriction (Fig. 2e) disappeared after
the nanoparticles merged with the substrate (Fig. 2f).
More specifically, in EM, the mass transport is caused by the
momentum transfer from the current carriers to the metal atoms
on their scattering. The number of the current carriers scattering
against the metal atoms increases due to high Jelectrode, thus, EM
generally occurs in the areas with current crowding. Typically,
EM on surfaces can be observed at Z10 A cm2, and it is
associated with the mobility of under-coordinated surface
atoms.57 The composition of the electrode material eﬀects this
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process, and the presence of any phase impurities can further
accelerate EM.
In addition to EM, the heat produced by the passage of
current through the metal due to its resistance, known as Joule
heating, can also lead to the atomic movement in solid metal
materials.58 This phenomenon occurs only when the metal atoms
obtain enough thermal energy to diﬀuse due to the localized
temperature increase caused by Joule heating, with the diﬀusion
degree depending on the achievable temperature.58 For the
CO2RR electrolysis in an aqueous solution, however, the temperature increase via Joule heating at the branched gold nanoparticlebased electrode was found to be negligible under the potential
range commonly used for the CO2RR, due to a significant heat
dissipation into the substrate and the electrolyte solution as well
as the low resistance of the metal material.10 Therefore, mass
transport induced by the current crowding eﬀect is more likely to
occur via EM instead of Joule heating in the CO2RR catalysts.
Among the complex nanostructured catalysts used for the
CO2RR, there are often limited contact areas at the interfaces of
the catalysts with the substrate and each other, constricting the
current path and potentially leading to EM. In addition to the
narrow contact areas discussed in Fig. 2e, the narrow vertical bars
in the frame structures (Fig. 2g and h) as well as the interface of
multiple nanoparticles (Fig. 2i and j) can also constrict the current
path and cause current crowding. Considering the eﬀects
described above and the increasing complexity of nanoscale
electrocatalysts, investigating the local Jelectrode in these structures
is instrumental for understanding and optimizing their structural
stability. We recently showed that FEM simulation is also a
powerful tool to study the Jelectrode distribution as well as its
dependence on the electrode shape.10 Compared to the E-field
and Jelectrolyte simulations discussed in Sections 3.1 and 3.2, the
Jelectrode simulation is comparatively straightforward, as it only
depends on the electrical conductivity and the shape of the
electrode, and can be described by Ohm’s law as follows:
Jelectrode = sE

(18)

where s is the electrical conductivity of the material, which is
4.42  107 S m1 for gold59 and 0.93  107 S m1 for
palladium;60 E is the E-field. In eqn (18), E is a function of
the electrode shape, describing the dependence of Jelectrode on
the electrode shape, while s describes the influence of the
electrical conductivity on Jelectrode.
In summary, in this subsection, we discussed the structural
transformation induced by the Jelectrode current crowding via
EM, the narrow constrictions in the complex nanostructured
catalysts that lead to the Jelectrode current crowding, and the
simulations of the Jelectrode distribution in complex nanostructures using FEM by solving Ohm’s law.

4 Electric field simulations
The distribution of the E-field at the electrode–electrolyte interface is one of the crucial metrics in evaluating the electrochemical performance of the electrode. The interfacial E-field
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could significantly impact the reactivity of the electrode in the
CO2RR by accelerating the electron transfer. Moreover, the
E-field can greatly affect the adsorption energy of an adsorbate
that is uncharged, but has a significant dipole moment and/or
large polarizability. More recently, Liu et al. demonstrated that
the E-field generated by nanofeatures with high curvature can
also promote the CO2RR by concentrating K+ ions at the
electrode surface and thereby enhancing CO2 adsorption and
decreasing the thermodynamic energy barrier for the CO2RR.9
Accurate E-field simulations could accelerate the development
of electrode nanostructures with superior performance in the
CO2RR and other clean energy reactions. In this section, we
highlight the key parameters that need to be considered for the
E-field simulation and relevant theoretical models proposed
to date.
4.1

Potential reference for E-field simulation: PZC

Accurate simulations of the E-field rely on the correct evaluation
of the surface charge density on the electrode surface; therefore,
it has to be simulated first. For the surface charge density
simulation, the potential at the point of zero charge (PZC) of
the electrode has to be introduced. For an electrode at the
potential of the PZC, the surface charge density of the electrode
is zero, and, consequently, no EDL is present at the electrode–
electrolyte interface.61,62 Therefore, the potential can be assumed
to be constant throughout the entire domain, providing a
natural reference potential for the surface charge density study.
For the PZC reference, the surface charge on the electrode
surface is generated only due to the variation of the applied
potential, since no initial surface charge is present on the
electrode surface at the potential of the PZC. Thus, the surface
charge density can be described by eqn (5). Other potential
references such as a standard hydrogen electrode (SHE) can also
be used;51 however, for any reference potential other than the
PZC, the surface charge of an electrode consists not only of the
charge generated due to the applied potential variation, but also
of the initially existing surface charge, which generally remains
unknown in the most cases. To describe surface charge density
accurately and conveniently, the applied potentials refer to the
PZC in this tutorial. Note that the PZC of an electrode depends
on the electrode material, crystal facet, as well as the electrolyte
composition. For a single crystalline metallic surface, the PZC
can be well described by the DFT-based molecular dynamics
proposed by Le et al. in 2017.51 However, for a polycrystalline
metallic surface, the PZC is not a known value but is estimated
using the minimum of the measured differential capacitance.12
Here, we assume that the PZC for the Au electrode is 0.5 V vs.
SHE, which corresponds to the PZC of the Au(111) surface.51
Thus, for example, when the potential applied at the cathode in
our E-field simulations is 0.3 V vs. SHE, it translates to 0.8V
vs. PZC.
4.2 Eﬀect of the EDL and the relative permittivity of the
electrolyte on the computed E-field profile
Next, the consideration of the EDL is a must for the E-field
simulation to accurately describe the spatial distribution of the
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E-field due to the significant impact of the EDL on the potential
distribution. To explain the implications of not taking into
account the EDL on the E-field behaviour, we provide an
illustrative example using a gold nanostar electrode, shown in
Fig. 6. As the magnitude of the E-field is a negative gradient of
the potential, E = rf, we first calculate the potential distribution
for the nanostar electrode without and with the EDL. These
calculations show that the potential drop is very slow when the
EDL is not taken into account in the simulation (Fig. 6a and d). In
contrast, a sharp drop in potential is observed (Fig. 6b and d) when
the EDL is considered using the GCS model with the space charge
density in the diﬀuse layer described by the MPB equation to
account for the eﬀect of the finite ion size in the electrolyte solution
(see details in Section 3.1). More specifically, when the EDL is not
considered (Fig. 6e and h), it results in large hotspots of the E-field
with a relatively low magnitude (B103 V nm1) near the tips of the
nanostar facing the anode, while the simulation using the MPB
model (Fig. 6f and h) results in a narrow distribution of the E-field
with a relatively high magnitude (B0.9 V nm1). According to the
experimental observations and the Debye length theory, for 0.5 M
KHCO3, the E-field is confined within 1–2 nm from the electrode
surface with a magnitude over 0.1 V nm1,36,49,63 suggesting that
the results obtained from the MPB model are more accurate.
The relative permittivity (er) of a polar electrolyte is another
crucial factor that can impact f and the E-field, since er is the

PCCP
function of the E-field, which decreases as the E-field increases
(especially for the E-field over 102 V nm1). The Booth model
(eqn (12)) accounts for this interrelationship between the
permittivity and the E-field, therefore integrating eqn (12) in
the simulation provides more accurate values of the E-field, as
illustrated in Fig. 6g and h. Specifically, while the MPB model
results without applying the Booth model show a wider distribution of the E-field with lower magnitudes (Fig. 6f and h)
compared to the results obtained from the model corrected by
the Booth model, the integration of the Booth model corrects
the results by screening the potential more eﬃciently (Fig. 6c
and d). Compared to the results obtained from the MPB model,
the potential decreased more significantly (Fig. 6c and d),
leading to the E-field being screened in a narrower region but
with a higher magnitude (B1.8 V nm1). This E-field screening
when applying the Booth model can be ascribed to the polarization of water molecules induced by the E-field and, consequently, a uniform orientation of water molecules, which can
screen the potential more eﬀectively and confine the E-field to
the electrode surface. According to the experimental observations, the E-field at the OHP is on the order of 0.1–1 V nm1 in
the potential range of 1 to 0 V vs. Ag/AgCl, for Mn2+ cations.63
For the K+ cation that we consider in the simulations presented
here, a higher E-field than 1 V nm1 could be generated due to
the smaller effective solvation radius of K+ compared to that of

Fig. 6 The potential (f) and electric field (E) distribution for a nanostar electrode simulated under diﬀerent conditions: (a and e) without considering the
formation of the EDL, (b and f) accounting for the eﬀect of the EDL using the modified Poisson–Boltzmann (MPB) model, and (c and g) accounting for the
effect of the EDL using the MPB model and the electrolyte field-dependent dielectric permittivity using the Booth model. (d) Potential drop from
the catalyst surface (x = 0.33 nm), (h) electric field drop from the OHP (x = 0). The results in this figure are for an applied potential of 0.8 V vs. PZC in an
electrolyte of 0.5 M KHCO3.

25706 | Phys. Chem. Chem. Phys., 2022, 24, 25695–25719

This journal is © the Owner Societies 2022

View Article Online

PCCP

Tutorial Review

Mn2+, which is in line with our simulation results when using the
MPB method corrected with the Booth model (B1.8 V nm1).
This experimentally observed high E-field suggests that the
widely reported E-field distributions with low magnitude
(B103 V nm1) in Fig. 1 and 6a, e are not reasonable in
magnitude, which resulted from not accounting for the EDL in
the simulations.
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4.3

Impact of electrolytes on the computed electric field profile

Another important parameter of an electrochemical system that
aﬀects the accuracy of E-field simulations is the electrolyte, or
more specifically for cathodic electrocatalysis, the nature and
the concentration of the cations in the electrolyte. To illustrate
the dependence of the E-field distribution on the electrolyte, we
compared the impact of three electrolytes: KHCO3, NaHCO3,
and LiHCO3, on the E-field using the combination of the MPB
and the Booth models (Fig. 7). The influence of diﬀerent
cations in the electrolyte solution on the E-field originates from
their diﬀerent solvated size and hydration number. The hydration number of each cation reflects its polarizability towards
the surrounding water molecules and, therefore, aﬀects the
relative permittivity of the electrolyte. Bohra et al. introduced a
simplified approach to describe the dependence of the relative
permittivity of an electrolyte on the hydration number and the
concentration of cations.12 Although this approach accounts
for the impact of the hydration number on the relative permittivity of the electrolyte and the E-field, it assumes that the
permittivity linearly changes with the E-field. The impact of the
E-field on the permittivity results from the dependence of
the orientational polarization of water molecules on the E-field.
The orientational polarization of water is nearly saturated when
the E-field is higher than 1 V nm1, suggesting a non-linear
relation between the permittivity and the E-field. To accurately
describe the dependence of permittivity on the E-field, the Booth
model considers the water saturation eﬀect at a high E-field.
Therefore, the Booth model is applied in the examples shown in
Fig. 6c, g, 7 and 8 to describe the dependence of permittivity of the
electrolyte medium on the E-field. The eﬀect of the hydration

Fig. 7 The eﬀect of (a) cation size and (b) electrolyte concentration on
the electric field at the OHP (EOHP). 0.5 M electrolyte of KHCO3, NaHCO3,
and LiHCO3 are compared in (a). KHCO3 with diﬀerent concentrations are
compared in (b). The results in this figure are obtained using MPB & Booth
for nanostar electrodes with an applied potential of 0.8 V vs. PZC.
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Fig. 8 Comparison between the electric field results obtained from the
Poisson–Nernst–Planck (PNP) model, a generalized modified PNP
(GMPNP) model and the modified Poisson–Boltzmann model for (a)
electric field at OHP and (b) electric field drop with the distance from
OHP. Subscript OHP means the measurement at OHP. Considering the
difficulty in solving GMPNP numerically, all results are obtained using a
planar model with an applied potential of 0.4 V vs. PZC and in an
electrolyte of 0.5 M KHCO3.

number of a cation is not considered in this model, i.e., this
example only considers the impact of the solvated cation size on
the E-field. The trend of the solvated sizes of the examined cations
in aqueous media follows the order K+ o Na+ o Li+, which is the
inverse of the trend for the corresponding neutral atoms sizes due
to the diﬀerence in the hydration properties among alkali metal
cations.63,64 In the context of the combined MPB and Booth
model, the solvated size of a cation aﬀects the surface charge
density (eqn (5)) and the steric limit of the ion concentration
(eqn (8)). The simulation results show that K+ has the strongest
E-field at the OHP, then followed by Na+ and Li+ in that order
(Fig. 7a). This trend can be explained by the solvated sizes of the
studied cations. Since K+ has the smallest solvated size among
these three cations, it can reach the highest ion concentration at
the OHP compared to that of Na+ and Li+ according to the steric
limit of the ion concentration (eqn (8)). Therefore, K+ can cause
the sharpest potential drop and generate the highest electric field
at the OHP. In addition, the bulk concentration of the electrolyte
can also aﬀect the E-field at the OHP by aﬀecting the space charge
density distribution (eqn (10) and (11)). We also compare the
E-field at the OHP in KHCO3 electrolytes at diﬀerent concentrations (0.1–500 mM). The results show that the E-field at the OHP
increases with the increasing bulk concentration of the electrolyte,
and gradually saturates when the concentration is over 100 mM
(Fig. 7b) due to the ionic strength change of the electrolyte with its
concentration. Specifically, the ionic strength is proportional to
the inverse square root of the electrolyte concentration. When the
electrolyte concentration is over 100 mM, the ionic strength
increases slowly, leading to a slow increase in the rate of the
potential drop and, therefore, a gradual saturation of the E-field.
4.4 Comparison of the PNP, the GMPNP, and the MPB models
in electric field simulation
There are many examples in the literature where the PNP and
GMPNP models9,12 are applied instead of the MPB model
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Comparison of the major features of PNP, GMPNP, and MPB

Numerical stability
Computation eﬃciency
Allowed bias
Ion steric eﬀect
Electrolyte symmetry
System state
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MPB

PNP

GMPNP

Stable
High
High and low
Considered
Symmetric
Equilibrium

Stable
High
Low
Not considered
Symmetric and asymmetric
Dynamic

Unstable
Low
High and low
Considered
Symmetric and asymmetric
Dynamic

discussed above to obtain the spatial distribution of the E-field
of the EDL when it is perturbed from equilibrium. The PNP and
GMPNP models were developed to describe linear-response
dynamics of the EDL perturbed from equilibrium, while MPB
can only describe the equilibrium of the EDL. To demonstrate
the limitations and applicability of these three models, their
main features are summarized in Table 1. The ‘‘numerical
stability’’ describes whether a theoretical model can find the
solution of the potential or the E-field for an electrode model
(‘‘stable’’ refers to a converging solution and unstable refers to
failure to find the numerical solution); the ‘‘computational
eﬃciency’’ refers to the time required for a theoretical model
to get a solution (the convergence speed). The MPB model is
very stable and eﬃcient in numerical simulations while
simultaneously considering the steric eﬀect of the ions. However, it is only applicable to a system at equilibrium state and
with a symmetric electrolyte, i.e., an electrolyte with an equal
number of cations and anions upon dissociation (e.g., KHCO3
and KOH). In contrast, the PNP model can treat a dynamic
system without the electrolyte nature limitation. At the same time,
the PNP model is stable and eﬃcient numerically. However, the
ion steric eﬀect is not considered in the PNP model, which makes
it only valid for low electric potentials, because the ions tend to
over-accumulate on the electrode surfaces at high potentials in
the PNP model. Compared to the MPB and PNP models, the
advantage of the GMPNP model is that it can deal with a dynamic
system with an asymmetric electrolyte (i.e., an electrolyte with an
unequal number of cations and anions upon dissociation) within
a wide range of applied potential, making this model the most
numerically accurate of the three models. The downside of the
GMPNP model is that solving it numerically is highly computationally demanding due to its mathematical complexity and is not
stable in 2D or 3D simulations. The magnitudes of the E-field at
the OHP calculated using the GMPNP, the MPN and the PNP
models are compared in Fig. 8. These results correspond to a 1D
electrode with an applied potential of 0.4 V vs. PZC and 0.5 M
KHCO3 as the electrolyte. In order to calculate the E-field, the
space charge density and potential distribution are first calculated
using these three models in Fig. S6 (ESI†). The concentration of K+
at the OHP (B14 M) obtained from the PNP model is about three
times higher than that obtained from the GMPNP and the MPB
(B5 M) models due to the lack of steric eﬀect consideration in the
PNP model. In the PNP model, K+ is over-accumulating at the
OHP, which strongly screens the electric potential generated
by the electrons at the electrode surface. As shown in Fig. S6
(ESI†), the potential at the OHP obtained from the PNP
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equation (eqn (6) and (7)) is about 0.084 V, which is lower
than those obtained from the GMPNP and MPB equations
(about 0.112 V and 0.110 V, respectively). The faster
potential drop in the PNP equation then leads to a higher
E-field at the OHP (about 0.96 V nm1), compared to the
results obtained from the GMPNP and MPB models (about
0.870 V nm1 and 0.875 V nm1, respectively). The overestimated E-field becomes even more pronounced when using
a more negative potential or a higher concentration of the
electrolyte. For the configurations considered here, the results
obtained from the GMPNP and MPB models are very similar as
we performed the simulations for a system with symmetric
electrolytes at the equilibrium state. However, the GMPNP
model can only be used for 1D simulations, while the MPB
model can be applied for 2D and 3D simulations as seen in
Fig. 5 and 14. As summarized in Table 1, for the given operation
conditions, the main diﬀerences between the GMPNP and MPB
equations are in the eﬃciency and stability of numerical
computations associated with the mathematical equations of
the GMPNP and the MPB models and the numerical algorithms
used for solving these equations.

5 Reaction current density (Jelectrolyte)
simulations
The reaction current density in the electrolyte (Jelectrolyte) near the
electrode surface is another important indicator for evaluating
the electrochemical performance of an electrode, as it reflects the
reaction rate of the electroactive species on the electrode surface.
Therefore, a high Jelectrolyte on the surfaces of an electrode
indicates a high electrochemical activity at these areas, which
can be regarded as an electrochemical activity indicator to guide
the electrocatalyst design. However, the measurement of the local
Jelectrolyte at the nanoscale electrodes is very diﬃcult experimentally
under the electrolysis conditions. Moreover, Jelectrolyte depends on
the interplay of multiple factors such as electrode kinetics,
solution resistance, reactant concentration, and mass transfer.
Thus, the material and morphology of the electrode, the nature
and concentration of the electrolyte, and the nature and concentration of the reactants used in electrolysis all aﬀect the magnitude and the spatial distribution of Jelectrolyte, which makes it
challenging to accurately determine it even using cutting-edge
experimental tools. On the other hand, Jelectrolyte can be calculated
using computational simulations, which is an instrumental
approach for establishing understanding of the impact of these
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parameters on the local Jelectrolyte profile at the electrocatalysts
with a complex nanoscale morphology.9,10 The obtained structure–performance relationships and trends can be used to guide
further improvements in the activity of the CO2RR electrocatalysts.
In this section, we introduce the commonly used four types of
models for the Jelectrolyte simulations for an electrochemical cell:
primary current density (JPri), secondary current density (JSec), and
tertiary current density (JTer), as well as one additional modelling
approach based on combining JSec with the mass transport effect
(JSec+M). These models are classified based on the levels of the
approximations in the analysis of Jelectrolyte of an electrochemical
cell, with the model complexity increasing along JPri, JSec, JSec+M
and JTer. More specifically, we compare the essential effects
accounted for in these modelling approaches and highlight the
impact of the electrode kinetics and the bulk concentration of the
electrolyte and CO2 on the spatial profile of Jelectrolyte.
5.1

Comparison of various Jelectrolyte modelling approaches

First, let us consider the simplest model (JPri) for describing the
spatial distribution of the current density, which accounts only
for losses due to the solution resistance and treats the solution
resistance as a constant. In the JPri simulation, the electric
potential in the electrolyte (fl) at the electrode–electrolyte
interface is defined as: fl = fs  Eeq, where fs is the externally
applied potential on the electrode and Eeq is the equilibrium
potential for the CO2RR; the current density JPri is set to be:
JPri = slrfl, where sl denotes the conductivity of the electrolyte, which is set to be constant in JPri simulation. The electrode
kinetics, the mass transport, and the electrolyte composition
variation effects are not involved in the JPri simulation, making

Tutorial Review
it only applicable to electrochemical systems where the electrolyte concentration is uniform and the electrochemical reactions
are sufficiently fast without activation overpotentials. Due to
these assumptions, the electrochemical reactions in the JPri
simulation are not kinetically limited, which implies the reaction
rate increases linearly with the externally applied potential fs
and can vary in a wide range. Consequently, we observed a very
high value of JPri (about 100 A cm2) around the tips of a
nanostar electrode at a potential of 0.3 V vs. SHE (Table 2)
because of omitting the kinetics limitations in the reaction
proceeding at the electrode–electrolyte interface.
In contrast to JPri, the JSec model accounts for the influence
of the electrode kinetics on the electrochemical reactions as
well as the solution resistance eﬀect. The electrode kinetics
eﬀect is incorporated in the JSec simulation by introducing the
overpotential Z when solving fl: fl = fs  Eeq  Z. The current
density JSec is solved by using various Butler–Volmer equations
as discussed in Section 3.2. As the electrode kinetics effect is
included in the JSec model, the electrochemical reactions are
considered to be kinetically limited, and the current density is
restricted by Z instead of linearly changing with fs. At high
local current densities, JSec would introduce a high local activation overpotential Z as discussed in the Section 3.2, in which
case the electrochemical reactions are limited by the activation
potential and can only proceed at a finite rate. As shown in
Table 2, JSec on the electrode surface is less extreme than JPri
(0.25 A cm2 vs. 100 A cm2) in which the electrode kinetics
effect is not involved. Thus, JSec is suitable for modelling the
electrochemical reactions in which the activation overpotential
cannot be ignored while the concentration overpotential is

Fig. 9 Comparison between results of current density obtained from the G. B–V equation and the S. B–V equation. The results from the G. B–V
equation are (a and e) CO2 concentration drop from catalysts surface, (b and f) CO2 concentration distribution and (c and g) current density distribution.
Current density distributions from the S. B–V equation are shown in (d and h). Applied potential of 0.3 V vs. SHE is assigned to the cathode in (a–d) while
0.6 V vs. SHE is used in (e–h). The results in this figure are obtained using tertiary current density.
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Fig. 10 Comparison between results of current density obtained from (a and d) the S. B–V equation, (b and e) the L. B–V equation and (c and f) the Tafel
equation. The applied potential of 0.15 V vs. SHE is assigned to the cathode in (a–c), while 0.6 V vs. SHE is used in (d–f). The results in this figure are
obtained using tertiary current density. All scale bars are 50 nm.

negligible. The electrode kinetics effect involved in the JSec
model can be described by different current-overpotential I(Z)
relations as seen in Fig. 5. The discussion about these options
for the electrode kinetics effect is covered in Section 5.2.
Although the eﬀect of the electrode kinetics is accounted for
in the JSec model, some essential eﬀects are still missing in this
model, such as the mass transport and electrolyte composition
variation eﬀects. The mass transport eﬀect refers to the influence of the reactant transport on the rate of the electrochemical
reaction, especially when there is a depletion of the reactant at
the electrolyte–electrode interface. The electrolyte composition
variation effect means the impact of the electrolyte composition
change on the electrochemical reaction, the solution resistance,
and the electrode kinetics. To account for all these essential
effects in the simulation, the JTer model should be applied. The
mass transport and electrolyte composition variation effects are

considered in the JTer simulation by solving the Nernst–Planck
equations (eqn (6)) for all species concentrations. The simulation
results obtained using the JTer model are compared to those
obtained using the JPri and JSec models in Table 2. In addition to
the reduced magnitude of JTer compared to that of JPri with the
correction of the electrode kinetic effect, JTer also shows a more
even distribution at the electrode surface compared to JSec due to
the consideration of the mass transport effect and the electrolyte
composition variation effect. The application of JTer produces
more accurate results in the case of a complex electrochemical
environment with a significant variation of the electrolyte composition, non-linear resistive losses, and reactant-transportlimited electrochemical reaction. However, solving the JTer is
very computationally heavy, especially for 3D models.
To balance the computational time and accuracy, another
option for solving Jelectrolyte is to use a variation of JSec corrected

Table 2 Essential eﬀects accounted in the simulation of primary, secondary, and tertiary current densities and secondary current density coupled with
the mass transport eﬀect, respectively. All results are obtained for an applied potential of 0.3 V vs. SHE in an electrolyte of 0.5 M KHCO3. All scale bars
are 50 nm

Electrode kinetics
Mass transport
Electrolyte variation
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JSec

JTer

JSec+M
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to account for the mass transport eﬀect, which we refer to as
JSec+M. The electrolyte composition variation eﬀect is ignored in
the JSec+M model. This model is a good choice for simulating
Jelectrolyte in the CO2RR, considering that inert electrolytes are
typically used in this case, and therefore their composition does
not vary. To understand the accuracy of JSec+M, we compare
the results obtained from JSec+M to that of JTer in Table 2. The
results show that they are very similar to JTer in terms of the
magnitude and distribution of the Jelectrolyte, suggesting that
the JSec+M is a good alternative to JTer, as it is easier to solve
numerically compared to JTer, since solving the Nernst–Planck
equations for all species concentrations is avoided in the JSec+M.
Instead, we only need to solve the Nernst–Planck equations for
the reactive species.
5.2 Comparison of various electrode kinetic models in
Jelectrolyte simulations
As discussed above, electrode kinetics is one of the crucial
factors in the Jelectrolyte simulations, as it modifies the reactions
in the simulations by introducing the kinetic limitations, which
is one of the key features in realistic electrolysis reactions.
Choosing an appropriate electrode kinetics model according to
the studied electrochemical setup is crucial for getting reliable
results in the Jelectrolyte simulations while minimizing the complexity of the model and, therefore, the associated computational
resources. Mathematically, the electrode kinetics is introduced in
the numerical simulations by using various I(Z) equations as
shown in Fig. 5. The selection of the I(Z) equation depends on
several factors, including the mass transport of the reactants and
the applied overpotential. In this section, we compare the eﬀect of
various I(Z) relations on the profile of Jelectrolyte and discuss the
conditions under which they can be applied.
Among all studied I(Z) relations, the G. B–V equation
(eqn (17)) is a generalized I(Z) form, which is valid for the cases
with and without mass transport limitations under a wide
range of overpotentials. However, a generalized form is not
always necessary for a given system, and a simplified version
can be applied instead to reduce the time and memory storage
requirements for the simulations. For instance, when there is no
depletion of the reactants on the electrode surface, the mass
transport effect in the electrode kinetic expression does not have
to be considered. Therefore, in this case, the concentration term
in eqn (17) can be ignored, simplifying it to the S. B–V equation
(eqn (17a)). To illustrate the validity of this simplification, we
compare the results obtained from the G. B–V equation and the
S. B–V equation in the cases with and without the depletion of
the reactant (CO2). As shown in Fig. 9, when there is abundant
CO2 at the electrode surface for the electrochemical reaction at a
potential of 0.3 V vs. SHE (Fig. 9a and b), Jelectrolyte obtained
from the G. B–V equation is similar to that obtained from the
S. B–V equation (Fig. 9c and d). However, when there is a
depletion of CO2 at the electrode surface at a more negative
potential of 0.6 V vs. SHE (Fig. 9e and f), neglecting the mass
transport effect in the electrode kinetics expression of the S. B–V
equation results in a 20-fold higher current density than that
obtained from the G. B–V equation at a potential of 0.6 V vs.
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SHE (Fig. 9g and h). This result demonstrates that the S. B–V
equation is an accurate simplification of the G. B–V equation
only when the electrochemical reaction is controlled by interfacial dynamics instead of the mass transport (that is, when the
solution is well-mixed or the current is kept sufficiently low to
prevent the variation in the surface concentrations of reagents
compared to the bulk values). In addition, the S. B–V equation
can be further simplified to other electrode kinetics expressions
such as the L. B–V equation (eqn (17b)) and the Tafel equation
(eqn (17c)), depending on the activation overpotential, Z. For
small values of Z, the S. B–V equation can be rearranged as the
L. B–V equation, (eqn (17b)), in which the current is linearly
dependent on Z, while for large values of Z, the standard B–V
equation can be rearranged as the Tafel equation, (eqn (17c)), in
which the contribution of the backward reaction to current is
negligible. The net reaction current is the difference in the
currents generated in the forward reaction and the backward
reaction. When a large overpotential is applied, the reaction rate
of the forward reaction is much larger than that of the backward
reaction; therefore, the backward reaction can be ignored and
does not contribute to the reaction current, which is the case
described by the Tafel equation. Fig. 10 shows the Jelectrolyte
calculated using the three models under different Z values, with
the equilibrium potential of CO2 reduction to CO set to be
0.11 V vs. SHE. At an applied potential of 0.15 V vs. SHE
(Z = 0.04 V), it can be seen that the electrode kinetics models of
the S. B–V equation and the L. B–V equations yield very similar
results in the Jelectrolyte simulation (Fig. 10a and b), while at the
applied potential of 0.6 V vs. SHE (Z = 0.49 V), the magnitude of
Jelectrolyte obtained from the S. B–V equation is 5 order higher
than that obtained from the L. B–V equation (Fig. 10d and e). In
contrast, the current densities obtained from the S. B–V equation
and the Tafel equation are similar only at 0.6 V vs. SHE when
Z is large (Fig. 10d and f).
5.3

Other essential factors in Jelectrolyte simulations

In addition to the eﬀects of the electrode kinetics discussed above,
other important factors that noticeably aﬀect the calculated
Jelectrolyte in the course of the CO2RR include the bulk concentration of CO2 and the electrolyte composition. Specifically, the
CO2RR on the electrode surface can be influenced by the bulk
concentration of CO2, which aﬀects the Gibbs free energy of CO2
and the reaction rate of the CO2RR (Fig. 4b), and also can
introduce limitations of the CO2 mass transport to the electrode
surface. In addition to the bulk concentration of CO2, the CO2RR
electrolysis is also aﬀected by the bulk concentration of the
electrolyte, as it determines the solution resistance and the
transport of the ionic species. To demonstrate the influence of
CO2 and electrolyte concentrations on Jelectrolyte, JTer simulations
were performed for a nanostar electrode in the solution with
various concentrations of CO2 and KHCO3 at 0.3 V vs. SHE. The
results indicate that Jelectrolyte first linearly increases with increasing CO2 concentration while it remains below 10 mM, and then
slowly increases until the CO2 concentration reaches saturation
at 38 mM (Fig. 11a); Jelectrolyte for the bulk CO2 concentrations
of 8 mM, 18 mM, 28 mM, and 38 mM are shown in Fig. 11b–e.
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Fig. 11 Eﬀect of CO2 concentration on the magnitude and distribution of current density in the electrolyte. (a) The magnitudes of current density at the
OHP (JOHP) are compared using diﬀerent concentrations of CO2 from 3 mM to 38 mM. The distributions of current density are shown in (b)–(e) for 8 mM,
18 mM, 28 mM and 38 mM CO2, respectively. The results in this figure are obtained using tertiary current density in an electrolyte of 500 mM KHCO3 and
the applied potential of 0.3 V vs. SHE. All scale bars are 50 nm.

This trend suggests that a higher CO2 bulk concentration can
increase the rate of the CO2RR that occurs at the electrode surface,
highlighting the significance of keeping the reaction medium
saturated with CO2 during the electrolysis.
Similarly, Jelectrolyte at the electrode surface also increases
with increasing the bulk electrolyte concentration. However,
Jelectrolyte reaches a steady-state when the concentration of the
electrolyte is over 100 mM due to the negligible composition
variation in the electrolyte with a high bulk concentration at
0.3 V vs. SHE (Fig. 12). Note that Jelectrolyte greatly depends on
the nature and concentration of the electrolyte not only due
to the above-mentioned factors, but also because of (1) the
electrolyte blocking of the catalytic sites, (2) the chemical interactions between cations and reaction intermediates, (3) the
alteration of the interfacial water structure: the water molecules
in the first monolayer lie mostly flat on the surface and form a
hydrogen bonding network, which can impact chemical processes and the distribution of ions.46 Advanced theories such as
DFT and molecular dynamic simulations are required to study
these factors, which is beyond the scope of this work.

6 Electrode current density (Jelectrode)
simulations
In contrast to thermal catalysis, electrocatalysis is a more
complex process, involving charge transfer throughout a solid
catalyst, rather than only at the surface-active sites. The flow of
electrons in an electrocatalyst could aﬀect the structural stability
and cause structural evolution diﬀerently compared to the degradation processes occurring in thermal catalysts. Studying the
electron flow in electrocatalysts with complex nanomorphology
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by mapping the current density distribution within the electrode
(Jelectrode) can be used to predict the locations of structural
instability in these nanomaterials.10 Specifically, the electron flow
in an electrode aﬀects the structural transformation by driving the
mass transport of solid metal matter via electromigration (EM)
and/or Joule heating.57,58 EM is a migration process of metal
atoms under applied current caused by the electron wind force,
which is a transfer of momentum to the metal atoms from current
carriers on their scattering. In the case of nonuniform Jelectrode,
EM can be described as a force driving atomic species from higher
to lower current density regions to minimize current crowding.
The occurrence of EM depends on the magnitude of the
Jelectrode since the current intensity determines the number
of the current carriers scattering against the metal atoms.
Generally, Jelectrode Z 104 A cm2 are required to cause EM
inside the metal, where it is significantly faster along the grain
boundaries than in the bulk.46 At the same time, EM on surfaces
and in thin films can be observed at Jelectrode Z 10 A cm2, as it is
associated with the mobility of less coordinated surface atoms.46
In addition, the nanostructure regions with high Jelectrode and,
subsequently, high local power,10 can be subject to a local
temperature increase by Joule heating, which can additionally
promote the surface mass transport of the solid catalyst material.
This process occurs only when the metal atoms obtain enough
thermal energy to diﬀuse when the localized temperature rises
caused by Joule heating, with the diﬀusion degree depending on
the achievable temperature.47 However, the temperature
increase via Joule heating has been shown to be negligible in
the systems under a potential range commonly used for the
CO2RR, due to significant heat dissipation into the substrate
metal film and the electrolyte solution as well as the low
resistance of the metal material.10 Joule heating may be more
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Fig. 12 Eﬀect of electrolyte concentration on the magnitude and distribution of current density in the electrolyte. (a) The magnitudes of current density
at OHP (JOHP) are compared using diﬀerent concentrations of KHCO3 from 0.1 mM to 500 mM. The distributions of current density are shown in (b)–(e)
for 0.1 mM, 1 mM, 10 mM and 100 mM KHCO3, respectively. The results in this figure are obtained using tertiary current density with an applied potential
of 0.3 V vs. SHE. All scale bars are 50 nm.

prominent and therefore should be evaluated in electrodes
composed of nanoparticles with insulating surface modifiers
or when substrates with low thermal conductivity are used.
Regardless of whether the mass transport is induced by EM or
Joule heating, they are all closely related to the profile of Jelectrode.
Thus, accurate Jelectrode simulations are necessary for understanding the structural transformations driven by the electron
flows in the solid electrocatalysts.
To demonstrate what information is provided by simulating
Jelectrode in nanostructured electrodes, we employed a nanostar
and nanocone electrode models. The nanostar model represents a repeat unit in the electrodes composed of a layer of
branched nanoparticles placed on a substrate, while the nanocone model reflects the repeat unit of high-surface-area electrodes obtained by electrodeposition. The simulations of Jelectrode
performed for the nanostar and nanocone models reveal an
uneven distribution of Jelectrode in the metal (Fig. 13).

Fig. 13 Comparison between the results of current density in the electrode for nanostar and nanocone. The results in this figure were obtained
using an average current density of 1 mA cm2 for cathode as a boundary
condition. All scale bars are 50 nm.
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Specifically, in the nanostar geometry, which has small contact
areas with the substrate, the current path is constricted in the
metal at the interface with the substrate (Fig. 13a). Considering
that the electrocatalysis reaction process on the electrode
surfaces requires a suﬃcient supply of electrons to the electrode–electrolyte interface, a large quantity of electrons has to
pass through the narrow constrictions at the interface between
the nanostars and the substrate, resulting in current crowding
(i.e., high Jelectrode) in these constrictions. In contrast, for the
Jelectrode distribution in a structure that does not have narrow
features, e.g., a cone with 120 nm-wide base sitting on a flat
substrate, we observe a comparatively uniform Jelectrode distribution in the metal without current crowding (Fig. 13b). In
addition, the current crowding can also occur in a structure
having a wide contact area with the base, e.g., a nanoscale cubic
frame sitting on a flat substrate (Fig. 2g and h). The vertical
bars in this nanoscale frame are very narrow and constrict the
path of the electrons travelling through these regions to replenish the electrons consumed in electrocatalysis reactions on the
outer surfaces, leading to high current crowding in these areas.
The current crowding in these electrocatalysts could drive the
mass transport of solid metal matter via EM, resulting in
deformations and sintering in nanoscale features.10 It is worth
noting that considering multiple nanoparticles placed on a
substrate can reveal the Jelectrode distribution at the interfaces
between the particles as well, which is often important to
consider for predicting structural stability of electrocatalysts
under bias (Fig. 2i and j). In the dimer structures of branched
nanoparticles (Fig. 2i) or core-cages (Fig. 2j), Jelectrode hotspots
are observed at the interfaces between the nanoparticles, which
could also drive structural transformations at the interfacial
areas, resulting in particles merging together.10 These examples
show that accurate Jelectrode simulations are instrumental in
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revealing the current crowding areas prone to structural
changes in morphologically complex electrocatalysts. These
simulations can be used to guide the design of highperformance electrocatalysts by mitigating the negative effects
(e.g., deformation) or exploiting the positive effects (e.g., in situ
activation) of the structural transformations induced via EM.
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7 Electrochemical simulations for the
3D model
Considering the heavy computational demands of 3D simulations,
in this tutorial, we focus on the E-field, the K+ concentration,
Jelectrolyte, and Jelectrode simulations using a 2D model, which for
many geometries of electrocatalysts is an appropriate simplification. The discussed theories used in these simulations are
equally valid for 3D models and can be easily transferred to 3D
simulations. As an illustrative example, the results of simulations for a 3D branched nanoparticle (or nanostar) are shown in
Fig. 14. Specifically, Fig. 14a–d correspond to the simulations
based on the combination of the MPB, Booth and JSec+M
models. To accurately compare the applicability of these
theoretical models in both 3D and 2D simulations, the abovementioned simulations were also performed for a 2D nanostar
(Fig. S7, ESI†) with the same dimensions as the 3D nanostar
(Fig. 14a–c) at the same conditions, i.e. in 500 mM KHCO3
electrolyte and an applied potential of 0.8 V vs. PZC. As shown
in the results obtained from 3D simulations using the MPB and
Booth models in Fig. 14a–c, the potential sharply drops on the
branched nanoparticle surface (Fig. 14a), leading to high E-field

PCCP
in the electrolyte (about 1 nm) close to the surface of the
nanoparticle (Fig. 14b), which can be ascribed to the screening
effect of accumulated K+ on the electrode surface (Fig. 14c). The
results of the potential and the E-field in 3D simulations are
very similar to those obtained in the 2D simulation in Fig. S7a–c
(ESI†). In addition, when the JSec+M model and Ohm’s law were
applied to the 3D model to calculate the Jelectrolyte and Jelectrode
(Fig. 14d), the results are also similar to those obtained for the
2D model in Fig. S7d (ESI†): high Jelectrolyte appears in the
electrolyte at the round tips of the nanostar, while the Jelectrode
showed the current crowding in the area of contact between the
metal with the substrate. Although applying the combination of
the MPB, Booth and JSec+M models in 2D and 3D simulations
generally generates very similar results under the same conditions, there are still some differences between the results
obtained in 2D and in 3D. First, the maximum E-field at the
OHP obtained in a 3D model (Fig. 14b) is about 2.0 V nm1 with
that of around 1.9 V nm1 observed in 2D model (Fig. S7b, ESI†).
Second, the hotspots of Jelectrode in the 3D model are larger than
those in the 2D model. The discrepancies in the E-field and
Jelectrode can be ascribed to the differences in the structural
representation between 2D and 3D models. Specifically, an
equivalent of a 2D model in 3D is a product of extrusion of the
2D planar structure along its normal vector. For example, a 2D
nanocone structure represents a 3D ridge as opposed to a 3D tip;
similarly, the sharp features seen in the 2D model in Fig. S7
(ESI†) correspond to extended ridges in 3D and not to the
vertices of a 12-armed nanostar seen in Fig. 14. Therefore, one
should be careful when simplifying a 3D model with a 2D model
if high-precision results are required. Generally, for 3D structures with uniform extendibility along one dimension, such as
cylinders, cuboids and ridges, can be well represented by corresponding 2D slices. More geometrically complex 3D objects, such
as 3D branched nanoparticles and nanoframe structures (Fig. 2g
and h), require accurate 3D representations to produce more
accurate numerical results in the simulations.

8 Applicability and limitations of the
discussed models

Fig. 14 Simulations performed for the 3D branched nanoparticle: (a)
potential, (b) electric field, (c) K+ concentration and (d) current density in
the metal (Jmetal) and the adjacent electrolyte (Jelectrolyte). Jmetal is shown as
a color map. Jelectrolyte is shown as group of cyan arrows, where the size
and direction of each arrow represent the magnitude and direction of the
current at the spatial position of the arrow, respectively. The results in (a)–
(c) are obtained from MPB & Booth model with the electrolyte of 500 mM
KHCO3 and potential of 0.8 V vs. PZC, the reaction current density
(Jelectrolyte) in (d) is calculated using JSec+M.
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The combination of ab initio and experimental studies has proven
to be a successful strategy for improving the activity and selectivity
of CO2RR electrocatalysts and other electrocatalytic processes of
intense interest by guiding the design of their atomic surface
structures including the surface composition and defects.1 Considering the plethora of nanoscale geometries attainable for
electrocatalysts due to the progress in synthetic nanochemistry,
it is essential to consider rational catalyst design not only on the
atomic scale, but also on the nanoscale, in order to further
enhance the activity, selectivity, and stability of these materials.
As we have discussed in this tutorial, optimizing the nanoscale
shape of the electrocatalysts enables tunability of the E-field,
Jelectrolyte and Jelectrode, and this structural design is gaining
increasing attention in the electrocatalysis community. To conclude the systematic discussion of the established theoretical
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models for the FEM simulations of the E-field, Jelectrolyte, and
Jelectrode that are applicable on the nanoscale, in this section we
focus on summarizing the applicability and limitations of these
models.
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8.1

Potential and E-field simulations

In Section 4, we presented three EDL models for simulating the
potential and E-field distribution in the vicinity of a nanoscale
electrode under electrolysis conditions, including the PNP, the
GMPNP and the MPB models. These models can reveal the
influence of the nature and concentration of the electrolytes on
the screening eﬀect of the potential and E-field distribution in
the EDL. Among the three models, the PNP model can describe
the EDL that deviates from the equilibrium state without
electrolyte limitations (i.e., regardless of whether the electrolyte
is symmetric or asymmetric). However, due to the lack of the
ion steric eﬀect, the PNP model can only be applied in circumstances where low electric potentials or low-concentration
electrolytes are used. In contrast, the ion steric eﬀect is
accounted for in the GMPNP model, making the GMPNP model
applicable at even more extreme electric potentials or in highly
concentrated electrolytes. Similarly, the MPB model also considers the steric eﬀect of the ions distributed in the EDL;
therefore, the MPB model is also suitable for describing the
EDL at higher electric potentials or in concentrated electrolytes.
The diﬀerence between the PNP and GMPNP models is that the
MPB model only works for the EDL with symmetric electrolytes
(such as KHCO3 and KOH) and at an equilibrium state. Among
these models, MPB is the most applicable model when studying
the potential and E-field distribution for a nanostructured
electrode used for the CO2RR electrolysis since the symmetric
electrolytes such as KHCO3 and KOH are commonly used in the
CO2RR and the electrochemical performances of an electrode at
the equilibrium state is of the main interest. However, in the
literature, the EDL model is often not incorporated into these
simulations. Consequently, large hotspots of the E-field on the
electrode surface are observed in some of the simulation
examples shown in Fig. 1a–i, which is due to the lack of
electrolyte screening effects as demonstrated in Fig. 6a and e.
Once the EDL model is considered in the simulations of Fig. 1j
using the MPB model, the E-field is screened within a narrow
area adjacent to the electrode surface. Furthermore, Bohra et al.
applied the GMPNP model to simulate the EDL, which resulted
in accurate profiles of the potential and the E-field at the
electrode surface; however, this model is only limited to 1D
simulation due to its mathematical complexity and numerical
instability. In this tutorial, we demonstrated that in order to
model the EDL for a 2D or 3D nanostructure, the MPB model is
the best available option, as it accurately describes the potential
and E-field distributions at the nanostructured electrodes with
a complex morphology (Fig. 6b and f).
8.2

Reaction current density (Jelectrolyte) simulations

In Section 5, we summarized four classes of the Jelectrolyte
simulations: primary current density (JPri), secondary current
density (JSec), tertiary current density (JTer), and JSec combined
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with mass transport eﬀect (JSec+M). Each model has its own
applicability scope in the Jelectrolyte simulations, depending on
the essential eﬀects considered (Table 2). For instance, JPri
simulations are valid to use in electrochemical systems with
fast electrolysis reactions and the absence of mass transport
limitations, as the activation overpotentials, mass transport
and electrolyte composition variation can be ignored in this
case. When modelling electrochemical reactions with slow
kinetics in which the activation overpotential cannot be
ignored while the mass transport limitations and electrolyte
composition variation are negligible, JSec is suitable. When
electrochemical reactions proceed with slow kinetics in electrolytes with limited mass transfer, JTer is appropriate for their
modelling, as activation overpotentials, mass transport and
electrolyte composition variation are considered in this type
of simulation. Lastly, JSec+M is very similar to JTer except that the
electrolyte composition variation eﬀect is not accounted for in
JSec+M. Typically, inert electrolytes are commonly used in the
CO2RR, and their composition variation can be ignored.
Furthermore, considering a higher numerical eﬃciency compared to JTer, JSec+M is the best option for simulating the 3D
spatial distribution of Jelectrolyte of nanostructured electrodes
with complex morphology.
In the Jelectrolyte simulations, the electrode kinetics is a
crucial factor for calculating the current density, because it
determines the electron transfer rate between the electrode
and reactants. For accurate Jelectrolyte results and eﬃcient computation, an appropriate electrode kinetics model should be
selected according to the reaction conditions. To this end, in
Section 3, we discussed various electrode kinetics models:
generalized Butler–Volmer (G. B–V), standard Butler–Volmer
(S. B–V), linearized Butler–Volmer (L. B–V) and Tafel equation
and highlighted their application scopes. Among these, the
G. B–V model is the most general form, which can be applied
for the cases with and without mass transport limitations
under a wide range of overpotentials. However, the G. B–V
model is computationally heavy due to its complex mathematical formula (eqn (17)), which can be simplified to different
forms under certain conditions to reduce the demand for
computational resources. When the surface concentrations of
the reactants do not vary significantly from the bulk values, the
G. B–V model can be simplified to the S. B–V model (eqn (17a)),
in which the mass transport effect is ignored. Furthermore,
when a small overpotential is applied in an electrochemical
reaction where the absence of reactant concentration variation
is still valid, the S. B–V model can be further simplified to the
L. B–V model (eqn (17b)), in which Jelectrolyte is assumed to be
linearly changing with the overpotential. When a large overpotential is applied, the S. B–V model can be simplified to
the Tafel equation (eqn (17c)), in which the contribution of the
backward reaction to current is negligible due to the fact that the
reaction rate of the forward reaction is much larger than that of
the backward reaction under a large overpotential. If the electrode
kinetics model is not selected correctly for a reaction, the resulting
Jelectrolyte varies in a wide range even under similar operation
conditions as shown in Fig. 2 (109 A cm2 to 105 A cm2).
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The inconsistency of results is associated with inappropriate
electrode kinetics model leading to underestimation or overestimation of the Jelectrolyte response to the applied overpotentials in a
given reaction.
In Table 2, we summarize the essential eﬀects accounted for
in diﬀerent classes of the Jelectrolyte simulations: JPri, JSec, JTer and
JSec, and their impacts on Jelectrolyte. In Fig. 9 and 10, we
compare diﬀerent options of the electrode kinetics models in
the Jelectrolyte simulations under diﬀerent conditions as well as
their influences on Jelectrolyte. The selection of the class of the
Jelectrolyte and the electrode kinetic models has a significant
impact on the obtained Jelectrolyte profile. To obtain reliable
Jelectrolyte results, one should carefully select the electrode
kinetics model and the type of Jelectrolyte according to the
operation conditions of the electrochemical cell under study.
8.3

Electrode current density (Jelectrode) simulations

The current crowding in the metal can cause the structural
transformation of electrocatalysts as described by the electromigration (EM) theory. Studying the electron flow in electrocatalysts with complex nanomorphology allows us to evaluate
whether there are any current crowding areas that may lead to
structural instability in these electrocatalysts. The profile of the
electron flow within the electrocatalysts can be described by the
Jelectrode simulations. In contrast to the E-field and Jelectrolyte
simulations, Jelectrode is comparatively easier to solve since it
follows Ohm’s law and changes linearly with the applied
potential in a metal. Despite the simplicity of the model, it is
applicable for evaluating the Jelectrode distribution in the electrodes
with a specific nanoscale morphology and predicting the intensity
and locations of the possible current crowding. By avoiding or
taking the advantage of the current crowding, the data obtained
from the Jelectrode simulations can be used to improve the stability
of electrocatalysts by adjusting their structural geometry or to
devise systems capable of in situ activations via geometric
restructuring.
8.4

Other considerations

The theoretical models introduced in this tutorial capture some
of the essential features of the electrode–electrolyte system,
providing an essential reference framework for the studies of
the E-field, Jelectrolyte, and Jelectrode spatial distributions in the
context of electrocatalysis. However, this theoretical framework
is established based on the electrostatic continuum theories
without considering the quantum effects, which limits their
quantitative accuracy.12,52,53 In this section, we summarize
some important effects observed experimentally or theoretically
in electrolysis studies that are not considered in the theoretical
models introduced in this tutorial: the chemical interaction of
the electrolyte cations with the electrode surface and reaction
intermediates,9 the influence of the interfacial E-field on the
neutral species with high dipole moment65 and, finally, the
quantitative description of the electromigration induced by
the current crowding.66
Cations in the electrolyte solution are not only electrostatically
attracted to the cathode but can also chemically interact with the
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electrode and the reaction intermediates. The chemical interactions can greatly aﬀect the reaction profile of electrocatalysis.
For example, Liu et al. established that adsorbed K+ lowers the
thermodynamic barriers for the reduction of CO2 to CO on the Au
electrode due to the interaction between K+ and the reaction
intermediates of the CO2RR.9 Stoﬀelsma et al. demonstrated that
oxidation of CO can be promoted by Li+, which is ascribed to the
stabilization of *OH on Pd induced by Li+.67 Furthermore, the
electronic structure of the electrode surface can be altered when
cations directly interact with the electrode surface, which can also
aﬀect the electron transfers between the electrode and the
reactants.
The interfacial E-field does not only aﬀect the distribution of
the cations and reactants but also the adsorption free energies
of the uncharged reaction intermediates with high dipole
moments and polarizability, which in turn aﬀects the activation
barriers for the reaction steps involving such reaction
intermediates.65 Specifically, Chen et al. found that the adsorption free energies of *CO2 and *COOH intermediates can be
enhanced by 1 eV under an E-field of 1 V Å1 compared to
those without an applied E-field during the CO2RR catalysis.68
The impact of E-field on the adsorption free energy is associated
with the large dipole moment and polarizability of *CO2 (0.96 e Å
and 0.76 e Å2 V1, respectively), which leads to its stabilization
induced by the electrostatic interactions between *CO2 and
E-field. Furthermore, in the theoretical models covered in this
tutorial, the E-field is assumed to have a homogeneous distribution in the planes parallel to the electrode surface. However,
Frumkin suggested that potential gradients in the planes parallel
to the electrode surface should be considered due to the discrete
nature of the ionic charge.69 Frumkin’s hypothesis was validated
by the study of Chen et al., which reveals a heterogeneous
distribution of the E-field at the planes parallel to the electrode
surface in the presence of K+ and *CO2 using DFT calculations.68
These examples underscore the importance of accounting for
heterogeneous E-field distributions in the presence of the
cations while the E-field distribution can be assumed to be
homogeneous in the areas without cations.
As discussed in Section 6, current crowding within the
catalyst morphology can lead to its structural transformations
in electrocatalysts with complex nanoscale geometries via EM.
The EM-induced atomic diﬀusion is driven by the momentum
transfer between the electrons and metal ions comprising
the electrocatalyst, with the locality and directionality of the EMinduced atomic diﬀusion resulting in the directional structural
changes in the nanostructured geometries of electrocatalysts.57
These directional eﬀects are strongly correlated with the profile
of the current carrier flow, which can be obtained from the Jelectrode
simulations. Furthermore, there are many non-directional EMinduced phenomena that cannot be described by the basic Jelectrode
simulations discussed in this tutorial, as they require considering
the compositional variation of the material on the atomic and
nanoscale. Examples of these phenomena include EM due to
supersaturation of alloys,70 electrorecrystallization,71 grain
rotation,72 dislocation generation.73–76 These non-directional EMinduced mass transport in electrocatalysts can have significant
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impacts on the structural stability of nanostructured electrodes.
The accurate description of these phenomena requires advanced
theories that can incorporate ab initio modelling, continuum-level
electromigration modelling and statistical compact modelling.
In micro- or nanoscale solid-state electronics, theoretical methods
have been developed to some extent for describing the mass
transport induced by EM. For example, Lin et al. demonstrated
the formation of hillocks and voids induced by EM on Cu materials
using a combination of X-ray diffractometry, DFT and FEMs.77
Ceric et al. proposed a method for achieving realistic simulations of
EM behaviours by combining the ab initio method with the
continuum-level electromigration model and the kinetic Monte
Carlo model via effective valence.66 However, EM-induced mass
transport in electrocatalysts, one of the key factors affecting the
structural stability of electrocatalysts, has not been investigated.
Only recently have we reported for the first time the extent and rate
of EM in metal electrocatalysts determined by the shape and
material of the nanostructures under bias using DFT and FEM
calculations.10 While DFT calculations were performed in our work,
the DFT was not integrated with describing and characterizing
EM processes. To build more predictive computational tools for
assessing EM in electrocatalysts, future work in this domain will
be on integration of atomic-scale (e.g. DFT), continuum-level
(e.g. FEM) and statistical compact (e.g. Monte Carlo) simulations
for quantitatively describing the influence of EM on the structures
of the electrocatalysts during the electrolysis conditions.

9 Conclusions
To conclude, we have summarized the state-of-the-art theoretical
models for simulating the E-field, Jelectrolyte and Jelectrode of
a nanoscale electrode under electrolysis conditions, and established the protocols of these electrochemical physics eﬀect
simulations. Specifically, for the E-field simulations, we
illustrated the significant screening eﬀect of the EDL on the
E-field distribution and showed that this screening eﬀect is even
more apparent when the field-dependent dielectric function of
the electrolyte is adopted in the simulations. For the Jelectrolyte
simulations, we discussed the eﬀect of electrode kinetics, mass
transport, and electrolyte composition variation on the Jelectrolyte
distribution and magnitude by comparing diﬀerent classes of
the Jelectrolyte simulations and electrode kinetic models. In particular, the electrode kinetics and mass transport were found to
play an important role in describing the eﬀect of electron
transfer and reactant transport on the rate of the CO2RR,
respectively, while the electrolyte composition variation can be
ignored since inert electrolytes are typically used in this case,
and therefore, their composition does not vary. Furthermore,
for the Jelectrode simulations, we introduced the approach of
describing the current density in nanostructured electrodes
and demonstrated that current crowding can occur at the narrow
constrictions in the nanostructures when electrons pass through
these constrictions to supply the surfaces with electrons for the
electrolysis reactions. Finally, we discussed the limitations of the
theoretical models covered in this tutorial, highlighting
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the importance of developing advanced multiscale modelling
approaches that integrate atomic-scale (e.g., DFT), continuumlevel (e.g., FEM) and statistical compact (e.g., Monte Carlo)
simulations in quantitatively simulating the electrochemical
physics eﬀects in nanoelectrocatalysts. This tutorial review provides methodologies for electrochemists to conduct accurate
electrochemical physics eﬀect simulations for analyzing activity
and stability of the nanoelectrocatalysts, thereby contributing to
a wider adoption of FEM simulations in the rational design of
advanced electrocatalysts.
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