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ABSTRACT: Despite the Pt(111)/HClO4 interface being a model system in
electrochemistry, its electric double-layer (EDL) behavior deviates significantly from
classical models. In the double-layer region (0.40−0.60 VRHE), electrochemical
impedance spectroscopy reveals non-ideal capacitance behavior, which is best described
by a constant phase element rather than an ideal capacitor. The extent of non-ideal
capacitive behavior can be quantified using the CPE exponent (α), in which we observe
two distinct regimes: a decrease at potentials away from the potential of zero charge
(PZC), and a pronounced minimum at the PZC itself. To interpret these findings, we
combine experimental data with two-dimensional numerical simulations solving the
coupled Poisson−Nernst−Planck equations. Our findings show that non-ideal capacitive behavior at potentials away from the PZC
arises from finite mass transport within the EDL and an inhomogeneous current/potential distribution across the disc electrode,
which results from the cell and electrode geometry. The anomalous α minimum at potentials closer to the PZC is the result of a
second potential-dependent variable, which we propose to be electrowetting that alters the geometry of the wetted edge of the disk
electrode in the hanging meniscus configuration and therefore the corresponding local electric field. These results highlight the
critical roles of cell geometry, edge effects, and electrolyte concentration in modulating frequency dispersion. This work provides
new physical insights into capacitance dispersion at well-defined interfaces and lays the foundation for more accurate models of
electrochemical systems involving confined geometries and interfacial heterogeneity.
KEYWORDS: electric double layer, constant phase element, impedance spectroscopy, Nernst−Planck−Poisson modeling, mass transport

■ INTRODUCTION
Despite the importance of platinum as an excellent electro-
catalyst, a fundamental understanding of its electric double
layer (EDL) structure remains incomplete. This is a direct
result of the fact that only the Pt(111) facet exhibits a “true
double-layer window” between 0.40−0.60 VRHE in the non-
specifically adsorbing HClO4 electrolyte where the surface is
free of adsorbates.1,2 All other facets of platinum do not exhibit
adsorbate-free potential windows, owing to their greater
affinity for H2O dissociation.3−6 As a result, chemical
adsorption and electrostatic effects of EDL charging become
convoluted, significantly complicating the direct understanding
of their EDL structures.

While the Pt(111)/HClO4 interface is considered a key,
model system in electrochemistry,1,2 it was previously revealed
that this interface does not conform to current EDL models,7,8

the most widely accepted of which is the Gouy-Chapman-
Stern (GCS) model and its later theoretical extensions. The
theory predicts a (differential) capacitance minimum, Cd,min, at
the potential of zero charge (PZC, or the potential where the
electrode surface has no excess free charge in a given
electrolyte) which is dominated by the diffuse-layer capaci-
tance (or the GC-capacitance, CGC).9,10 The PZC of Pt(111)
in HClO4 was previously found to be 0.30 VNHE using other
techniques,11−14 meaning that on the reversible hydrogen

electrode (RHE) scale, the PZC should be observable at pH’s
2-4 (i.e., the PZC is in the double-layer window).15 However,
Ojha et al. revealed that the GC-predicted Cd,min can only be
directly observed at very dilute concentrations of HClO4, i.e.,
pH 4, 0.1 mM.7,8

An interface behaves as an ideal capacitor when charge is
stored by forming an electric field without resistive losses.
However, using electrochemical impedance spectroscopy
(EIS), we have previously found that the capacitance response
in the double-layer window of the Pt(111)/HClO4 interface
does not behave ideally.16 Instead, the capacitance is better
modeled by an electrical equivalent circuit (EEC) consisting of
a serially connected resistor (accounting for the solution
resistance) and constant phase element (CPE, Q) as opposed
to an ideal capacitor. The impedance of a CPE is given by

=Z
Q j

1
( )CPE

(1)
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where ω is the angular frequency and α is the CPE exponent
varying between 0 (purely resistive) and 1 (purely
capacitive).17 In this way, α quantifies the extent of non-
ideality of the capacitance response, where values of 0.8 < α <
1 are considered non-ideal capacitances. In Nyquist impedance
plots, CPE behavior can be readily observed as a straight line
that is tilted relative to the real impedance (ZReal) axis by an
angle of α × 90°. Interestingly, we previously found that α
exhibits a minimum at the PZC of Pt(111), which contradicts
the expectation that the most ideal capacitance behavior would
be expected at the PZC.16 Importantly, such a minimum in α
was also observed at higher electrolyte concentrations (1 mM
HClO4, pH 3) where no corresponding capacitance minimum
could be observed using either CV or EIS, in turn suggesting
that α may be a way of identifying the PZC where the
capacitance itself cannot.

The origin of the CPE is still heavily debated in the literature
as it ultimately remains an empirical element and therefore its
attribution to a physical phenomenon remains somewhat
arbitrary. Nevertheless, some of the major previous theories
have included (but are not limited to):16,17

1. Surface roughness-induced capacitive dispersion,18−20

2. Adsorption of trace impurities,21

3. An inhomogeneous current/potential distribution across
the electrode due to geometry,22−25 and/or EDL
effects.26−28

The first of these propositions can be excluded here, as
Pt(111) is atomically-flat, i.e., surface roughness can be
considered as negligible, and we have shown that increasing
surface roughness by increasing the (110)-step density to
(111)-terrace ratio leads to higher α values, not lower.6 The
second proposition is also unlikely in this context: although we
previously demonstrated the presence of trace impurities in the
HClO4 stock electrolyte,29 we find α actually increases with
increasing electrolyte concentration (and hence higher
impurity concentration), countering this argument. We thus
argue that the third of these propositions (i.e., CPE behavior
being attributable to an inhomogeneous current/potential
distribution across the electrode surface), is the most plausible
explanation in this context, warranting further investigation.

Focusing on the third proposition, Newman originally put
forward the idea that the CPE behavior can arise from a
distributed or inhomogeneous capacitance and/or potential
distribution across the electrode surface.24,25 Newman’s
proposed analytical model assumes that current and potential
distributions are governed solely by the resistance of the
electrolyte solution to current flow, i.e., by the primary current
distribution. The inhomogeneity results from non-uniform
current paths created by the electrode geometry and the finite
conductivity of the electrolyte, even for an ideal blocking
electrode. Newman’s model refers to the simplified case of a
planar inlaid disc electrode in an insulating shroud. This
primary current density theory has been applied in analytical
and numerical models to account for more complex geometries
to study surface roughness and distributed capacitances.30−32

Here the authors highlighted that while these heterogenous
surface features create capacitance dispersion, this occurs at
frequencies higher than those associated with the overall
electrode geometry. To investigate the effect of other
geometries, primary current distribution theory and numerical
methods have been used to simulate an inlaid disc, a recessed
disc and a rough electrode.30,33 The concept of an

inhomogeneous capacitance and/or potential distribution has
been supported by experimental measurements both spec-
troscopically and electrochemically using recessed disc electro-
des, but has so far been limited to polycrystalline materials.34

However, these models based on Newman’s work rely on the
assumption that the electrode is ideally polarisable and do not
consider the potential-dependent structure of the EDL.

To capture the potential-dependent structure of the EDL
and incorporate key electrostatic phenomena, including ion
migration and ohmic drop, the coupled Poisson-Nernst-Planck
(PNP) equations are commonly solved either analytically or
numerically. Numerical solutions offer the ability to consider
the spatial and time-dependent variation in the ion
concentrations and electric potential distributions, offering a
dynamic description of the electrode-electrolyte interface
under non-equilibrium conditions. The two-dimensional
nature of double-layer charging is widely considered for nano
and microelectrode voltammetry, where the electrode size is on
the same length scale as the EDL.35−39 Similar modeling
approaches have been used to also model nanogap thin-layer
cells which confines the electrolyte between two large planar
electrodes within length scales comparable to the EDL,40

making it important to spatially resolve the potential and ion
distributions. In contrast, for larger macroscale systems, the
electrode and cell geometry are typically neglected and
assumed to be infinitely planar, allowing for the system to be
reduced down to one dimension (1D).41−45 To our knowl-
edge, the coupling of the nanoscale of EDL charging to bulk
two-dimensional macroscale (∼ mm) mass transport has not
previously been explored. We will show that considering both
length scales offers additional insight into the origin of the
CPE behavior.

Using the model previously proposed by Newman, we find
that any non-ideal charging can indeed be attributed to an
inhomogeneous current distribution across the disc electrode
surface, but it cannot explain the potential dependence of the
experimental behavior. However, by solving the coupled PNP
equations, we find that at potentials increasingly far from the
PZC, the structural rearrangement of the EDL and the limited
ion mobility (at low electrolyte concentrations) lead to non-
uniform double layer charging across the electrode surface,
which is amplified by the cell geometry. Conversely, at
potentials close to the PZC, a marked decrease in α is observed
experimentally. We attribute this to a potential-dependent
electrowetting effect, which alters the electrolyte geometry in
contact with the disc electrode in the hanging meniscus
configuration, thereby modifying the local electric field. In
summary, this work provides a more physical understanding of
capacitance dispersion observed at potentials near the PZC for
the Pt(111)/HClO4 interface and, ultimately, has widespread
implications for the single crystal community.

■ METHODS

Electrochemical Measurements
The electrochemical glassware cleaning procedure, cyclic voltammetry
(CV) and EIS measurements as well as the ohmic drop compensation
method used in this study followed protocols outlined previously.16,29

A disc-type Pt(111) (diameter 3 mm, thickness 0.8 mm, MaTeck,
99.999%) was used as the working electrode for the majority of
electrochemical measurements unless stated explicitly otherwise.
Additional Pt(111) electrodes of varying dimensions were used
(diameter 4 mm, thickness 2 mm, MaTeck, and diameter 6 mm,
thickness 1 mm, MaTeck, 99.999%) for photographs of the edge
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wetting and comparison to a larger diameter electrode, respectively.
All the potentials in this manuscript are reported versus the RHE scale
for experimental measurements and have been appropriately ohmic
drop-corrected. For further details and explanation of the choice of
parameters in CV and EIS measurements, see ref 16. It should be
noted that although explicit Kramers-Kronig consistency tests were
not performed, the small AC perturbation amplitude, the absence of
faradaic processes in the investigated potential window (i.e., the
double-layer window), and the high internal consistency indicate that
the EIS results are physically meaningful here. The experimental EIS
data presented in this work were taken in random sequence of applied
potential at least 3 times.
Finite Element Simulations
The model presented in this article builds upon previous work that
fully accounts for ion migration, ohmic drop, and the structure of the
potential-dependent EDL in 1D.41 While the earlier model accounted
for the coupled nature of faradaic and non-faradaic charging reactions
during cyclic voltammetry, the model presented here focuses solely on
the non-faradaic charging process. A schematic of the 2D
axisymmetric geometry of the model is shown below in Figure 1.

Instead of considering an inlaid insulated disc,46 a metal electrode of
radius r0 in a hanging meniscus electrode configuration is modeled to
match the experimental single crystal measurements.16,47,48 The
charge is assumed to be fully delocalised across the metal electrode

and is therefore described as a boundary, labeled as boundary 1 in
Figure 1. The center of the electrode is positioned on the 2D axis of
symmetry (boundary 2). The reference/counter electrode demarks
the bulk solution (boundary 3) where the concentration and potential
distributions are unperturbed. The air-liquid interface is labeled as
boundary 4.

The EDL is described using a Gouy-Chapman-Stern (GCS) model
where the compact Stern layer is further separated into the inner and
outer Helmholtz layers, as depicted in the zoomed-in inset at the edge
of the disc in Figure 1.49 Following the methodology of the previous
1D model, including three layers separated by the inner Helmholtz
plane (IHP) and outer Helmholtz plane (OHP). The IHP is located
at d1 = 0.29 nm (boundary 5) and the OHP at d2 = 0.59 nm
(boundary 6) from the electrode surface, with the latter marking the
plane of closest approach for the solvated electrolyte ions. A three-
state model is used to describe the dielectric properties of the EDL.
Dielectric constants of 6 and 30 are used for the inner (domain 1) and
outer (domain 2) Helmholtz layers, respectively.49 The electrolyte
solution beyond the OHP is denoted as domain 3, and it is assumed
to have a constant dielectric constant εS = 78 at 298.15 K.50 Note that
the model assumes that all ions in the electrolyte domain are point
charges.

The justification of the geometry of the meniscus for the model
followed from experimental observations. To expose only the Pt(111)
facet rather than the edges of the disc-shaped electrode, which are
polycrystalline, we use a hanging meniscus configuration in experi-
ments.48 In the ideal case, the hanging meniscus configuration would
resemble the configuration shown in Figure 2a (i.e., a slightly concave
shape). However, due to the overhead flow of argon maintained
throughout the experiments to prevent oxygen permeation, the
meniscus can break easily. Figure 2b depicts the more realistic
hanging meniscus configuration used under our experimental
conditions that remains stable for the duration of electrochemical
measurements. As can be seen, this configuration results in edge
wetting that is readily observed by eye (Figure 2b), meaning this
effect must be accounted for when modeling the experimental results.

As discussed in more detail in Supporting Information (SI), File 1,
a quantitative estimate for the height of this edge wetting observed in
Figure 2b can be obtained by considering the ratio between the
wetted and non-wetted parts of the edge of the crystal normalised to
the thickness of the electrode. The results of this analysis show that
the edge wetting height is relatively independent of the dimensions of
the electrode itself and can be estimated to be ∼200 μm, which was
used as the value in the following modeling results. The width of the
edge creep was arbitrarily estimated to be around 0.1% of the height
of the edge creep (i.e., 200 nm), which remains small enough to be
considered a thin layer, but thick enough to avoid double-layer
confinement effects under steady state conditions. In addition, we

Figure 1. Schematic of the geometry used for the finite element
simulation, with boundaries labeled with squares and the domains as
circles. The inset shows a zoomed-in region at the edge of the
electrode at (r = r0) on the scale of the EDL.

Figure 2. Images of a Pt(111) (diameter 4 mm, thickness 2 mm) disc electrode in 0.1 mM HClO4 electrolyte in an (a) idealized hanging meniscus
configuration with minimal edge wetting; (b) realistic hanging meniscus configuration with visible edge wetting. No potential applied.
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estimate the height, width and curvature of the meniscus, which
means that our results are qualitative/semi-quantitative rather than
quantitative.

To understand how the spatial and time dependence of double
layer charging across the electrode-electrolyte interface creates an
inhomogeneous capacitance and potential distribution, the Nernst-
Planck equation was used to describe flux (Ji) of the supporting
electrolyte ions, H+ and ClO4

‑, by diffusion and migration in the
electrolyte solution:

= D c
z F
RT

DcJi i i
i

i i (2)

where ϕ is the electric potential; Di, ci, and zi are the diffusion
coefficient, concentration, and electrostatic charge number of species
i; and F, R and T are Faraday’s constant, the ideal gas constant and
temperature, respectively.

The Nernst-Planck equation was coupled to the Poisson equation
to describe how the local concentration depends on the electric
potential within the electrolyte solution:

=
F z ci i2

0 s (3)

where ε0 is the permittivity of free space and εS is the relative
permittivity of water.

The simulations are performed by first solving the stationary
steady-state (DC) concentration and electric potential distributions
for a defined electrode potential, EDC. A small harmonic (AC)
perturbation, ΔEAC, is then superimposed on the steady-state solution
to simulate the system’s response under AC conditions as described in
eq 4:

= +E t E E t( ) sin( )DC AC (4)

where E(t) is the time dependent applied potential to the electrode.
The model outputs are complex values with a phase and amplitude.

Therefore, we analyze the phase and amplitude of the current
response, while for the potential and concentration distributions, only
the amplitude, Δϕ and Δci, respectively, are extracted. These
amplitudes correspond to the deviation of the total instantaneous
response from the initial steady-state values. The simulations are
computed at discrete frequencies, using 10 points per decade, to
match the experimental sampling frequency. Further details of the
geometry and mesh alongside the full corresponding set of boundary
and domain equations are described in SI 2. The numerical
simulations were performed using COMSOL Multiphysics version
6.2 using the transport of dilute species and electrostatic interfaces
from the Electrochemistry module. In addition, the model report is
also provided as a separate Supporting Information file, File 2.

■ RESULTS & DISCUSSION
In accordance with previous results, the capacitance measured
in the double-layer window of the Pt(111)/HClO4 interface
(between 0.40−0.60 V vs. RHE) displays CPE behavior.16

This can be readily observed from the Nyquist impedance plot
(Figure 3a), where the experimental data (in this case taken at
the PZC in 0.1 mM HClO4) displays a frequency-dependent
real impedance. The data deviates from the vertical line that
would be expected for an ideal capacitor. Therefore, as shown
in Figure 3a, a significantly better fit of the experimental data is
obtained with a serial circuit containing a resistor (representing
the solution resistance) and CPE electric equivalent circuit
(RQ EEC) as opposed to an EEC consisting of a serial
connection of a resistor and an ideal capacitor (RC EEC).

As discussed in the introduction, and irrespective of the
presence of CPE behavior, the Pt(111)/HClO4 interface
deviates significantly from GC-theory as the GC-predicted
capacitance minimum at the PZC, C(Q)d,min, can only be
directly observed in low electrolyte concentrations (0.1 mM,

pH 4, Figure 3b). On the RHE scale, this GC-predicted
C(Q)d,min should be observable at ∼0.48 and 0.42 V for pH’s 3
and 2, respectively. As shown in Figure 3b, capacitance minima
are indeed observable for these pH’s in the double-layer
window, but they appear at ∼0.55 V for both pH 3 and 2. We
therefore argue that these capacitance minima do not
correspond to the GC-predicted Cd,min observed in pH 4 as
they appear at the incorrect potential (in comparison to their
respective expected PZCs).51

Interestingly, however, a minimum in the CPE exponent, α,
can be observed at the expected PZC for pH 3 at 0.48 V and
also at pH 2 a small local minimum was observed at the
expected PZC of 0.42 V (Figure 3c). This suggests that α is
sensitive to the PZC where the capacitance is not. Importantly,
the extent of CPE behavior, i.e., how far the average value of α
is from 1, increases with decreasing electrolyte concentration.
This electrolyte concentration dependence is also reflected in
the closer agreement observable between the capacitance
values obtained when fitting the EIS response with either an
RQ or RC EEC, respectively, at lower pH’s/higher electrolyte
concentrations (Figure 3b).

As discussed in the introduction, we exclude that the CPE
behavior observed is attributable to the specific adsorption of
trace impurities,21 as α increases with increasing electrolyte
concentration (Figure 3c). This trend contradicts what would
be expected if the effect were due to trace impurity adsorption,

Figure 3. (a) Nyquist impedance plot at the PZC (0.54 V vs. RHE) in
0.1 mM HClO4, where experimental data (black markers) is fitted
with respective serial RQ (pink line) and RC (blue line) EECs (ΔEAC
= 5 mV, 1 kHz−0.5 Hz). (b) Capacitance values extracted from fitting
EIS data for Pt(111) measured in x M HClO4 with serial RQ and RC
EECs, respectively shown at pH 1 (diamonds), pH 2 (triangles), pH 3
(circles), and pH 4 (squares). Vertical dotted lines indicate the PZC
at the respective pH. (c) Corresponding CPE exponent values, α, for
data shown in (b) when fitting with a serial RQ EEC. The data for pH
3 and pH 4 was previously reported in ref 16. Error bars are shown by
the corresponding shaded regions, and all data points are the mean of
at least three data sets, and the error is the population standard
deviation for each point.
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as higher electrolyte concentrations would typically lead to
increased impurity levels, thereby enhancing (rather than
diminishing) the observed CPE behavior.29 Furthermore, given
that the EIS measurements presented here were carried out in
random order of applied potential (see Experimental methods
section), the CPE profile observed here (i.e., the change in α as
a function of potential) cannot be attributed to time effects but
are intrinsic to the system. Such time effects could result from
either meniscus evaporation resulting from overhead Ar flow
during measurement, or from impurity accumulation over
time. Instead, an inhomogeneous current/potential distribu-
tion across the electrode surface is the most likely cause of
CPE behavior in this context, as previously shown and
modeled by Newman, and later expanded upon by other
authors.23−25,33,52 Initially we used Newman’s primary current
distribution model to simulate the impedance response of the
hanging meniscus geometry discussed in Figure 1 and Figure 2,
in order to assess how closely this model approximates the
experimental trends in Figure 3. In Figure S6, SI 3 we show the
Nyquist and Bode plots for the hanging meniscus geometry in
0.1 mM HClO4 using experimentally measured conductivity
and capacitance of 2.8 mS m−1 and 37 μF cm−2, respectively.
Unlike in Figure 3a, the Nyquist plot in Figure S6a displays no
observable CPE behavior, and the α value extracted is 0.993,
i.e., very close to an ideal capacitor where α = 1. It is assumed
in Newman’s model that the surface charge is perfectly

screened by a double layer which has a negligible thickness.
This assumption would suggest Newman’s model is only
appropriate to describe high (>0.1 M) concentrations of
supporting electrolyte at the PZC and is insufficient to describe
the CPE behavior of the Pt(111)/HClO4 interface at low
electrolyte concentrations relevant to the present context.

To capture the potential-dependence of the double layer, we
instead solve the PNP equations at a range of steady state
potentials, EDC, on either side of the PZC, to explicitly account
for the structure of the EDL in the finite element model.
Results are shown in Figure 4, where the Bode impedance plot
from experiments in 0.1 M HClO4 (Figure 4a) is compared
with the finite element simulations (Figure 4b). Here, the
impedance magnitude (|Z|) and phase angle (θ), shown in blue
and purple respectively, are both plotted at the PZC (light
shades), -0.05 V vs. PZC (medium shades) and -0.1 V vs. PZC
(dark shades). We explore here only potentials negative of the
PZC, as there is a broader potential range in the experimental
data to compare to in 0.1 mM HClO4 at negative potentials of
the PZC. Both plots show a potential dependence at the low
end of the frequency range: as the EDC moves away from the
PZC, |Z| and |θ| both become smaller. The region in Figure 4
where the impedance response depends on EDC corresponds to
the CPE region, characterized by a mixed resistive and
capacitive behavior. Above ∼500 Hz in the simulation, the
response is dominated by solution resistance, which is

Figure 4. (a) Experimental Bode impedance plot at different potentials from the PZC in 0.1 mM HClO4 (1 kHz − 0.5 Hz); (b) PNP-modeled
Bode impedance plot for the same conditions (10 kHz − 10 Hz). The applied EDC potentials are shown at 0.00 (light), −0.05 (medium), and
−0.10 V (dark) vs. PZC. |Z| is shown in blue (diamonds, left axis) and θ in purple (circles, right axis). Model parameters: ΔEAC = 5 mV, DH+ = 9.3
× 10−5 cm2 s−1, DClO4− = 1.8 × 10−5 cm2 s−1, celec* = 0.1 mM, r0 = 1.5 mm, ε1 = 6, ε2 = 30, εS = 78, zH+ = +1, zClO4− = −1. All other geometry
parameters are defined in Table S3, SI 2.

Figure 5. Nyquist plots obtained from (a) experiments (pink) in 0.1 mM HClO4 (1 kHz − 0.5 Hz) and (b) PNP simulations (blue) under the
same conditions (10 kHz − 10 Hz) at 0.00 (pale), -0.05 (medium) and -0.10 V vs. PZC (dark). (c) Plot of α for the experimental (pink, diamonds)
results previously shown in Figure 3c and simulated (blue, circles) results extracted. The potential axis corresponds to EDC assuming PZC = 0.30 V
+ 0.06·pH = 0.54 V vs. RHE (pH 4). Error bars for the PNP simulations, shown as a blue shaded region, correspond to the standard error of the
linear regression slope. The inset shows a schematic of two regimes: A (purple), which is the CPE behavior arising from a static meniscus geometry
and B (gray) the CPE behavior arising from a second potential-dependent effect. All other parameters are as listed in Figure 4.
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independent of potential. In SI 4, we discuss the impact of
using the PNP equations across an extended frequency range
of 1 mHz to 10 MHz which is beyond those used in
experiments and show the potential dependence of the Bode
plot across this range in Figure S9.

It should be noted that it is only possible to replicate the
same behavior observed experimentally by shifting the
frequency range plotted from 0.5 Hz − 1 kHz to 10 Hz −
10 kHz for the simulations. This is carried out to ensure we are
capturing the physical processes behind the CPE behavior and
provide a more faithful comparison between experiments and
simulations. Discussion of how this frequency range was
chosen is discussed in more detail in SI 5. This shift is likely
due to the measured capacitance of Pt(111), which is an order
of magnitude greater (∼32-37 μF cm−2) than the capacitance
predicted by a GCS model (∼2−3 μF cm−2), even at dilute
concentrations of 0.1 mM.16 Previous research has attributed
the larger capacitance of Pt(111) to weak ion-surface
interactions, which are not captured in this model.7,53

Furthermore, we cannot fully define the exact geometry of
the edge-wetting region, which can, as we will discuss later,
have a marked effect on the α values extracted. For reference,
all the parameters used, and their source can be found in Table
S3. The parameters put into the model are based on values
extracted from the literature without any further modification
to improve the fit of the simulation.

The experimentally obtained Nyquist plots (Figure 5a)
match reasonably to the simulated ones (Figure 5b) for the
imaginary component of the impedance (ZImag). The
simulation matches the behavior of the experiments, appearing
as a tilted straight line in this frequency range. However, the
high-frequency intercept on the real impedance axis, which
corresponds to the uncompensated solution resistance, is lower
for the simulated (71 kΩ) compared to the experimental (85
kΩ) results.

From the simulated data, α is calculated using the method
presented by Orazem et al.:54

| | = +Zlog ( ) log ( ) c10 Imag 10 (5)

so that when plotting the magnitude of the imaginary
impedance, |ZImag|, against the angular frequency, ω, the
slope is equal to -α on a logarithmic scale. However, in both
the experiments and simulations, the slope is not constant as a
function of frequency, therefore, we extract α only over a range
where the response is linear. Examples of the fits can be found
in SI 5 and all values in Figure 5 are extracted from fits with an
R2 ≥ 0.9998.

Figure 5c shows the potential-dependent values of α
extracted from both the experiments in 0.1 mM HClO4 and
the PNP simulations. Here, the α values from the simulations
display a maximum instead of the experimentally obtained
minimum (Figure 3c) at the PZC, albeit that in the simulation
this maximum is slightly offset by -0.03 V with respect to the
PZC. This implies that by accounting for EDL charging effects
using the PNP model, α would be expected to decrease as we
increase the potential away from the PZC (±50 mV).
Interestingly, this effect captures to some extent the CPE
behavior observed experimentally at potentials further from the
PZC, especially for 0.48−0.42 V (Figure 5c), where a general
decrease in α is observable with increasing potential away from
the PZC. Nevertheless, these simulations reveal that the
current model does not capture the marked minimum in α
observable at the PZC in experiments. This suggests that there

is a second potential-dependent phenomenon that dominates
in this potential window, leading to a decrease in α at the PZC
not captured by the current model. To distinguish the two
potential regions in which we propose these two effects
respectively dominate, we refer to the schematic shown in the
inset of Figure 5c: regions A (purple curve) and B (gray
curve). Here, region A refers to the “background” CPE
behavior we would expect for a static hanging meniscus
configuration geometry (and can be accounted for with the
current model), and region B refers to a secondary effect that
dominates at potentials close to the PZC, respectively. As
discussed in more detail below, we attribute region B to
potential-dependent electrowetting, which alters the geometry
of the edge wetting up the sides of the disk electrode and
consequently modifies the local electric field distribution as a
function of potential. The overall CPE behavior observed
experimentally is then a convolution of these two effects (i.e., A
+ B, black curve, Figure 5c).

To better understand region A, i.e., why the capacitance
behavior becomes more non-ideal with increasing potentials
away from the PZC, we examine how the spatial distribution of
the electric potential varies across different applied potentials,
EDC. Since we are evaluating the harmonic perturbation, we
plot and discuss the amplitude of the electric potential, Δϕ. In
Figure 6 the Δϕ distribution is plotted as a contour plot for
EDC values of (a) 0.00 V, (b) -0.05 V and (c) -0.10 V vs. PZC
at 10 Hz, where potential-dependent CPE behavior is observed
in the simulations. Each band corresponds to a 0.5 mV
increment in Δϕ, with pale yellow indicating values between 0
and 0.5 mV, while dark purple corresponds to values between

Figure 6. Contour plots of the Δϕ distribution at 10 Hz across a 0.1
mM HClO4 electrolyte solution at (a) 0.00, (b) −0.05, and (c) −0.1
V vs. PZC, where each band corresponds to a 0.5 mV change. Insets
show a zoomed-in section at the edge of the disc. (d) Plot of the
corresponding Δϕ along the z axis going away from the center of the
electrode surface (r = 0) at 0.00 (light), −0.05 (mid), and −0.10 V vs.
PZC (dark), with an inset zoomed in to 0.5 μm from the electrode
surface. All other parameters are as listed in Figure 4.
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5.0 and 5.5 mV. Note this is larger than the 5 mV harmonic
perturbation used in experiments and simulations due to the
mass transport effects in the thin wetted edge. The bands
transition from being widely spaced and radially distributed in
bulk solution to becoming tightly spaced and nearly planar
close to the electrode surface, following the electrode surface
boundary, as illustrated in the insets. Although the hanging
meniscus electrode configuration limits the radial accessibility
of the surface to current-carrying ions (similar to a recessed
disc electrode configuration),55 the edge of the electrode
remains radially accessible. The difference in accessibility
across the electrode surface to current carrying ions, creates the
non-uniform current and/or potential distribution across the
electrode surface proposed by Newman as shown in Figure
S12 and discussed in more detail in SI 6.25

Additionally, the spatial distribution of Δϕ across the cell is
dependent on EDC. At the PZC, as shown in Figure 6a, more
than half of the applied 5 mV perturbation drops within a few
hundreds of nanometres from the electrode surface. In
contrast, at the more negative potential of -0.10 V vs. PZC
shown in Figure 6c, a greater proportion is dropped across the
bulk electrolyte solution. This dependence on the EDC is more
clearly illustrated in Figure 6d, where the Δϕ distribution is
shown only along the z axis moving perpendicularly away from
the center of the electrode surface (0, 0) for EDC values of 0.00
V (pale blue), -0.05 V (mid blue) and -0.10 V (dark blue) vs.
PZC. The inset of Figure 6d also shows the data on the scale of
the diffuse layer of the EDL, where the dashed line
corresponds to approximately the edge of the EDL, defined
here as 5 times the Debye length λD,

=
*F z C

RT
i i i

D
1

2 2

S 0 (6)

5 times the Debye length marks the effective distance where
over 99% of the electric field is screened by the redistribution
of ions under equilibrium conditions.

At 10 Hz, the ions are unable to redistribute to fully screen
the surface charge of the electrode, causing the potential drop
to extend beyond the EDL (>5λD) at all three potentials. As a
result, the structure of the double layer deviates from
equilibrium at this frequency. This difference with EDC arises
from the potential-dependent structure of the EDL established
during the initial steady-state solution, prior to the application
of the harmonic perturbation. At the PZC, the small AC
perturbation induces near symmetrical ion redistribution. On
the other hand, at potentials far away from the PZC, the
interface is already highly polarised due to the large
asymmetric accumulation/depletion of ions, creating a strong
electric field across the EDL. Because the steady-state electric
field is already strong and the ion-distribution asymmetric, the
small AC perturbation only slightly modifies the existing
electric field, resulting in a limited rearrangement of ions. With
a limited rearrangement of ions near the interface, more of the
potential drop is distributed across the bulk solution.

The asymmetric potential dependence of α extracted in
Figure 5c either side of the PZC arises from the difference in
the diffusion coefficients of H+ (9.3 × 10−5 cm2 s−1) and ClO4

‑

(1.8 × 10−5 cm2 s−1) ions,56 accounted for in the PNP model.
This difference effects each ion’s electrical mobility (ui) via the
Nernst−Einstein relation.

= | |
u

z FD
RTi
i i

(7)

As the Δϕ distribution extends further into the bulk at
potentials away from the PZC, migration-driven flux also
becomes increasingly dominant, amplifying the effect of the
asymmetric diffusion coefficients. In addition, according to the
Nernst-Planck equation, migration scales not only with
electrical mobility, but also with the bulk electrolyte
concentration (eq 1).

This difference in transport properties causes the system to
respond differently depending on the sign of the applied
potential relative to the PZC, leading to the skewed response
in Figure 5c. At potentials negative of the PZC, the more
mobile H+ ions are locally accumulated and can respond more
quickly to the perturbation in potential by diffusion and
migration than the ClO4

‑ ions at an equal but opposite
(positive) potential relative to the PZC. This leads to a lag in
the electrode charging and less accumulation at the surface of
the electrode. This effect is enhanced at the electrode edges,
where radial mass transport and the stronger local field
gradients amplify the non-uniform and asymmetric charging
behavior. The asymmetry in the potential dependence of α can
be removed by setting the diffusion coefficient of H+ and
ClO4

− to be equal. Adjusting both to 5.5 × 10−5 cm2 s−1 (the
mean of their original values), preserves the bulk electrolyte
conductivity of 4.2 mS m−1 for 0.1 mM HClO4, as shown in
Figure 7.

On the other hand, as shown in Figure 7 increasing the
electrolyte concentration from 0.1 mM (dark purple) to 100
mM (light pink) increases α at potentials away from the PZC.
At increasing electrolyte concentrations, the diffuse layer is
more compact, and ions can screen the charge on the metal
electrode more effectively. This trend is supported by the
corresponding simulated Bode plots for concentrations of 0.1−
100 mM HClO4 (pH 4−1) shown in Figures S13 and SI7,
where the potential-dependent deviation in the θ and |Z|
diminishes with increasing concentrations of HClO4. Impor-
tantly, however, α never reaches the ideal value of 1, but it
plateaus at ∼0.99 for this cell and electrode geometry. This
persistent deviation from ideal capacitance behavior is
attributed to the inhomogeneous potential and current
distributions created by the non-uniformly accessible cell
geometry.25

Figure 7. Plot of α extracted from simulations vs. EDC, when DH+ =
DClO4− = 5.5 × 10−5 cm2 s−1 with varying concentrations x M HClO4.
The electrolyte concentration is set at 0.1 (squares), 1 (circles), 10
(triangles), and 100 mM (diamonds). All other parameters are as
listed in Figure 4.
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In summary, the decrease in α at potentials away from the
PZC (Figure 5c, region A) arises from the interplay between
the structure of the electrode-electrolyte interface and the local
electric field distribution shaped by the cell geometry. The
hanging meniscus configuration promotes a near-planar
current path near the electrode surface, reducing the non-
uniform current and potential distribution across the electrode
surface that would be observed for a more radially accessible
in-laid disk, as proposed by Newman.25 However, unlike
Newman’s model which assumes the EDL is an ideal
Helmholtz capacitor, in the PNP model the structure of the
EDL is dependent on EDC as well as the diffusion coefficients,
bulk concentrations and electrostatic charge of the ions
present. At potentials far from the PZC, the interface is highly
polarised, and the AC perturbation of the EIS measurements
leads to non-uniform charging due to the finite transport of
ions. While the hanging meniscus configuration limits radial
effects, the edge of the electrode remains more accessible than
the center, amplifying the effect of the asymmetry in mass
transport of ions at potentials away from the PZC. The cell
configuration results in the CPE behavior persisting even at
high electrolyte concentrations, though the effect is very small.

However, as discussed above, the PNP model does not
account for the minimum in α at the PZC observed
experimentally (i.e., region B, Figure 5c). To further under-
stand the origin of this secondary effect, one could think of the
following (though not exhaustive) plausible explanations: 1)
changes in the interfacial dielectric properties of the solvent;57

2) specific adsorption at the PZC;58 and 3) electrowetting.
The first two of these explanations are unlikely in this context,
as the frequencies at which these effects become significant fall
outside the range of our experimental conditions. Specifically,
since anion adsorption from ClO4

‑ (or from trace impurities in
the electrolyte) is negligible in this context, the most probable
adsorbate in this potential window would be H2O. However,
the characteristic frequencies associated with H2O adsorption,
as well as with interfacial dielectric responses, are expected to
lie in the GHz range,59 which lie far beyond our accessible
experimental frequency window (as discussed in more detail in
ref 16, the upper frequency limit is limited to 1 kHz in 0.1 mM
HClO4 due to the interference of a high-frequency artifact).

Instead, we propose that the latter of these propositions,
namely that there is an electrowetting effect that will impact
the potential-dependent geometry of the wetted edge (i.e., as
shown in Figure 2b) is the most likely cause of a minimum in α
at the PZC. Electrowetting itself has previously been well-
studied on carbon electrodes, revealing that at the PZC the

least wetting should be observed, whereas with increasing
potential away from the electrode (regardless of being positive
or negative), a symmetric increase in wetting would be
expected.60 This electrowetting would have a marked impact
on the geometry of the wetted edge, where an increase in
wetting should result in a lower contact angle, ultimately
resulting in a thinner and taller wetted edge geometry (top left
schematic, Figure 8a). On the other hand, at the PZC, the least
wetting is expected and therefore the contact angle should
increase and the wetted edge geometry should become wider
and slightly shorter (bottom left schematic, Figure 8a). Given
the significant edge wetting we observe in the realistic hanging
meniscus configuration (Figure 2b), it is reasonable to assume
that the effect of such an electrowetting would indeed be
marked.

To explore this potential-dependent wetting, we model
different edge geometries at the PZC and extract the
corresponding α using the same method discussed previously
for Figure 5c, where an edge height, Hedge, of 200 μm and a
width, Wedge, of 0.2 μm (0.1% of the height) were used. Here,
we change the height from Hedge = 0 μm (no creep) to 300 μm
(creep) as well as the width from Wedge = 0.2 μm (thin) to 6
μm (thick) and all fits had an R2 > 0.9998. This range of
heights is based on the optical images discussed in Figure 2
and SI 1. The choice of a small change in width is based on the
optical images, which showed no observable change with EDC.
In Figure 8b, α is plotted as a color map with the dark purple
corresponding to where 0.998 < α < 1.000, i.e., more ideal
capacitive behavior, and yellow when 0.950 < α < 0.952, i.e.,
less ideal capacitive behavior. For the parameter space
explored, there is no significant effect of the edge width on
α, if the edge height stays below ∼25 μm. As soon as this
threshold value is exceeded, an increase in wetted edge width
significantly increases α. This has a strong effect on our
investigated system, where the experimentally obtained creep
height was Hedge = 200 μm.

We would expect that both the height and the width of the
wetted edge region will change with potential. For example,
Figure 8a shows that if the width of the edge is indeed
increased by more than an order of magnitude from 0.2 μm
(the double dagger symbol) to 6 μm (the star symbol), a
significant decrease in α is observed, causing a similar
minimum in the α to that experimentally observed, as
highlighted in Figure 8b. In contrast, changes in edge height
must be in the range of several tens of micrometers, making us
conclude that changes in the edge width have a more
pronounced effect on α than the variations in the height of

Figure 8. (a) Plot of the data in Figure 5c overlaid with the additional point (hollow circles) corresponding to the α value extracted for an edge
creep height of 200 μm and width of 6 μm. All other parameters are as listed in Figure 4. (b) Color plot of α for a matrix of height (Hedge) and
width (Wedge) values for the geometry of the edge creep at the PZC.
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the edge creep. Nevertheless, for a different initial meniscus
geometry, variations in the height of the edge creep may be
more significant.

These results reveal the importance of including the wetted
edge in the model, as even a small change in the wetted edge
geometry is sufficient to alter the local electric field and
contribute to a decrease in α. Nevertheless, the edge may also
contribute to the voltammetric signal, as the edges of single-
crystalline disc electrodes are typically polycrystalline. As is
now generally well accepted in the platinum electrochemistry
community, all facets other than (111) exhibit no adsorbate-
free potential windows in HClO4, i.e., some adsorption should
occur on the wetted edge sites where it would not for the
(111) facet in the double-layer window.3−6 Additionally, the
PZC of the edge sites likely differs from that of the (111) facet,
which could also contribute to the observed CPE behav-
ior.61−63

To evaluate whether the electrochemistry at the edge
contributes significantly to the experimentally obtained signal,
we carried out the same EIS measurements on a semi-
submerged Pt(111) electrode in 0.1 mM HClO4 (i.e., still
meniscus-like, however, edges were wetted significantly more,
see Figure S14). As shown in Figure S15, the average values of
α decrease by ∼0.1 in the semi-submerged meniscus
configuration compared to the realistic hanging meniscus
configuration. Given that the sides of a single crystal disc
electrode are polycrystalline in nature, this decrease in α for
the semi-submerged Pt(111) electrode compared to the usual
hanging meniscus configuration is consistent with generally
lower α values measured previously for polycrystalline Pt
electrodes at similar potentials.63,64 In the semi-submerged
configuration more of the polycrystalline Pt edge sites are
wetted relative to the Pt(111) facet which is further confirmed
by the increasingly polycrystalline nature of the blank CV,
Figure S17. However, it is important to note that while the
average α values decrease, the relative trend, i.e., the depth of
the minimum in α near the PZC (region B, Figure 5c) relative
to the background α values at potentials further from the PZC
(region A, Figure 5c), remains the same between both
meniscus configurations. These observations suggest that
adsorption at the edges is unlikely to be the major reason
for the minimum in α we observe at the PZC as adsorption
leads to a decrease in α at all potentials, but does not seem to
affect CPE behavior at the PZC specifically. Furthermore, the
PZC of a polycrystalline Pt electrode is different to that of
Pt(111) due to constituting a combination of different facets as
well as adsorption of water-dissociated species on the lower-
coordinated facets (i.e., hydrogen and hydroxyl species).65

Therefore, the fact that a minimum in α is still observed at the
PZC of Pt(111) suggests that the inherent nature of
electrowetting changing the potential drop across the edge-
wetted region is the key factor governing CPE behavior in this
context rather than the chemistry of the wetted edge site itself.
The latter effect would only lead to an overall decrease in the α
value. This is further confirmed by a decrease in α for a
correspondingly larger diameter Pt(111) electrode (see Figure
S16), which has a smaller edge-to-surface ratio, ultimately
suggesting that the minimum in α at the PZC is more likely
attributable to an inhomogeneous current/potential distribu-
tion that changes as a function of edge geometry due to
wetting rather than due to electrochemical differences between
the edge and the surface. See SI 8 for more details.

■ CONCLUSIONS & OUTLOOK
Despite its status as a benchmark system in electrochemistry,
the Pt(111)/HClO4 interface displays pronounced deviations
from ideal capacitive behavior. Using the hanging meniscus
configuration for single crystal electrochemistry and EIS, we
reveal two distinct regimes of CPE behavior at potentials close
to the PZC: 1) a general decrease in the CPE exponent, α, at
potentials further from the PZC and, 2) a pronounced
minimum in α at the PZC.

By combining experimental measurements with numerical
solutions to the PNP equations in 2D, we demonstrate that the
CPE behavior observed throughout the double-layer window
arises from inhomogeneous charging of the EDL. This
originates from capacitance and/or potential dispersion across
the electrode surface. For a static geometry, we find that as a
function of potential, α should reach a maximum approx-
imately at the PZC, depending on the symmetry of the
diffusion coefficients, and decrease with increasing potential
away from the PZC. Therefore, the model captures the CPE
behavior observed experimentally at potentials further away
from the PZC (i.e., the first regime). To account for the second
regime, namely a minimum in α at the PZC, we argue that the
geometry of the wetted part of a non-trivial proportion of edge
sites due to the hanging meniscus configuration changes as a
function of potential, leading to a different distribution of
current/potential across the electrode surface itself. Ideally, the
frequency-dependent information could be used to derive
more information about interfacial properties, like the PZC.
However, we showed that the frequency dispersion is not only
influenced by the potential-dependent structure of the double
layer, but also by the 2D geometry of the experimental setup.

These findings underscore the critical role of the electrode
and cell geometry in interpreting CPE behavior. Our results
further reveal that the edge of the electrode is an active three-
phase boundary, the influence of which must be considered
when evaluating interfacial properties near the PZC. We also
establish that as the electrolyte concentration decreases, the
diffuse layer increasingly dominates over the capacitive
behavior of the Helmholtz layer, making mass transport effects
more significant, a phenomenon only captured through the
PNP model. This work therefore offers a more complete
understanding of inhomogeneous capacitance distribution near
the PZC. The model introduced in this work can also be
applied to understand the time-dependent behavior of
confined electrochemical double layers in nanoporous geo-
metries.

While this study resolves several key ambiguities, it also
opens new questions, particularly regarding the direct
experimental confirmation of electrowetting effects and edge-
related phenomena near the PZC. More specifically, an
interesting follow-up study would be to gain an understanding
of how the surface tension relates to the shape of the
electrowetting film as the electrowetting tail would be
maximised at the PZC due to maximal surface tension.
Continued investigation in this direction will be crucial for
extending our understanding to more complex electrode
architectures and for refining models of electrochemical
interfaces in systems where geometric confinement and
interfacial heterogeneity play significant roles. Ultimately, the
insights gained here are broadly applicable to the single-crystal
electrochemistry community and provide a solid foundation
for future studies of interfacial phenomena in model systems.
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