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ABSTRACT: The interfacial capacitance of a metal electrode in contact with a dilute
electrolyte is generally expected to follow the behavior predicted by the Gouy−Chapman−
Stern model. Recent experiments [Angew. Chem. Int. Ed. 2020, 59, 711], however, have
shown that a deviation from the Gouy−Chapman behavior is observed even in dilute
electrolytes on platinum and gold single-crystal electrodes. Such deviations are usually
attributed to an interaction between the surface and the electrolyte ions. However, a
quantitative model showing that the strong deviations from the Gouy−Champan behavior
observed for Pt can be ascribed to such an effect is still lacking, particularly as other
experimental observables do not indicate a strong ion adsorption. Here, we propose a
double-layer model that is capable of reproducing the main experimental findings in a simple and (in parts) analytical way. The
analytical model thereby includes the attractive ion−surface interaction via an additional capacitive element connected in parallel to
the Gouy−Chapman capacitance. By comparing the model predictions to experiment, we subsequently infer characteristics of the
ion−surface interaction. In particular, we find that the model predicts the attractive interaction to be weak (weaker than a typical
chemical bond formed when contact adsorbing) and that the interaction has to be very similar for all ions. Furthermore, for a good
agreement with experiment, ion-size effects are suggested to play a role in determining the potential of minimum capacitance.

1. INTRODUCTION

When bringing an electrode into contact with an electrolyte, an
electric double layer is formed. This structure of charges,
countercharges, and solvent molecules determines the relation-
ship between the surface charge and potential at the electrode,
which can be expressed as the capacitance of the electrified
interface. The classical model for the electric double layer at the
metal−electrolyte interface in the absence of charge transfer
reactions is the Gouy−Chapman−Stern model. In this model,
the double-layer capacitance is described by two separate

capacitors connected in series, as shown in Figure 1a and
expressed in the following equation

C C C
1 1 1

H GC
= +

(1)

where CH is the inner layer or Helmholtz capacitance and CGC is
the diffuse layer capacitance, also known as Gouy−Chapman

capacitance. Traditionally, The Helmholtz capacitance is
attributed to the fact that (hydrated) ions cannot access the
surface too closely. In reality, it also encompasses effects of the
electronic structure of the surface and its polarization, as well as
solvent. Consequently, it is expected to depend on the type of
anions and cations and on the charge on the electrode.1 The
diffuse layer capacitance, on the other hand, is expected to be
independent of the nature of the ionic species in the electrolyte
and to depend solely on the ionic charges, the ionic strength, and
the applied potential. An expression for the diffuse capacitance
can be derived when representing ions as point-like, charged, but
otherwise non-interacting, particles in a mean-field approx-
imation. This leads to the expression of the Gouy−Chapman
capacitance
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as a function of the potential ϕs at the Stern or Helmholtz layer
versus the potential of zero charge ϕ(q = 0) (pzc). The
expression mentioned above is given in SI units and is valid for a
1:1 electrolyte with ion charges ±z, εr denotes the solvent’s
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Figure 1. Equivalent circuits: (a) Gouy−Chapman−Stern model and
(b) extension to account for an attractive interaction between the ions
and the electrode. See eq 10.
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relative permittivity, ε0 is the vacuum permittivity, kB is the
Boltzmann constant, and T is the temperature. 1/λD is the
inverse Debye length, which is proportional to the square root of

the bulk concentration c0: ze c
k T

1 2( )

D

0
2 0

r 0 B
=

λ ε ε
. As a consequence of

the square root dependence of 1/λD on the bulk concentration,
the Gouy−Chapman capacitance decreases with decreasing
electrolyte concentration, while the cosh term in eq 2 causes the
Gouy−Chapman capacitance to increase exponentially as the
potential ϕs starts to deviate from ϕ(q = 0). As the overall
capacitance C is determined by the lower of the two capacitors
CH andCGC,CH will dominate the overall capacitance at high ion
concentrations and potentials far from the pzc, while CGC will be
decisive at low ion concentrations near the pzc.
The approximations made in deriving the Gouy−Chapman

capacitance are expected to break down at high ion
concentrations due to the atomic scale structure of the interface,
ion crowding,2 layering effects,3 and ion pair formation.4 In
dilute electrolytes and in the absence of charge transfer
reactions, however, the Gouy−Chapman−Stern theory is
usually expected to hold, an expectation that is largely based
on the seminal work by Grahame from 19541 demonstrating the
agreement of Gouy−Chapman−Stern theory with experimental
measurements for the double-layer capacitance of a mercury
electrode in a NaF electrolyte.
Recent experiments,5 however, show a dramatic deviation of

the experimentally measured capacitance from the expectations
of Gouy−Chapman−Stern theory for Pt(111) and Au(111)
electrodes in contact with a NaClO4 electrolyte even at very low
ion concentrations and in a potential window in which the
surfaces are usually considered to be ideally polarizable.6 In
particular, the capacitance at low bulk ion concentrations was
found to depend approximately linearly on the square root of the
ion concentration (as expected by Gouy−Chapman theory) but
to be higher than expected. As a consequence, the apparent
Debye length as a function of ion concentration appears to be
strongly reduced compared to the predictions from Gouy−
Chapman theory, leading to a reduced slope in the so-called
Parsons−Zobel plots, as shown in Figure 2.
Similar observations have been made earlier by Parsons and

Zobel8 for a KCl electrolyte in contact with a Hg electrode and
by Eberhardt et al.9 for HClO4 and KPF6 on gold single crystals.
Reduced slopes in the Parsons−Zobel plots can often be

attributed to surface roughness, which can cause an overpropor-

tional decrease of the apparent Debye length.10 For the single
crystalline surfaces mentioned above, however, such effects
cannot explain the strongly reduced apparent Debye length
observed experimentally.
An alternative explanation for the reduced apparent Debye

length is the presence of (weak) ion adsorption to the interface,
as was put forward by the groups of Parsons8 and Schmickler.9

However, a quantitative model that could corroborate this
explanation is still lacking. Specifically, the question arises
whether ion adsorption can really cause such a strong effect on
the Parsons−Zobel slope, while being weak enough such as not
to cause other measurable ion adsorption effects. Neither Na+

nor ClO4
− is known to adsorb specifically on Pt(111).

Furthermore, similar to the case on Au,9 no shift of pzc with
ion concentration is observed for NaClO4 on Pt(111),5 while
this would be expected in the case of strong ion adsorption.9 It is
therefore interesting to ask two questions: (i) “Can an attractive
ion−surface interaction explain the reduced Pasons−Zobel
slopes, while being in line with other experimental observa-
tions?” and (ii) “Which statements can we make on the strength
and nature of the ion−surface interaction?”. To answer these
question, we propose a simple model here that can capture the
experimental observations and that allows us to make some
statements on the nature of the interaction.
A valid quantitative model should address several exper-

imental observations. In particular, it should

1. Reproduce the strongly reduced slopes observed in the
Parsons−Zobel plots for Pt and, to a lesser extent, for Au
(see Figure 2a).

2. Predict the potential of the minimum capacitance to lie
close to the potential of zero charge for∼0.1 mM LiClO4,
NaClO4, CsClO4, LiF, and CH3SO3Na electrolyte
solutions (see refs 5 and 7).

3. Predict similar slopes in the Parsons−Zobel plots for
Pt(111) electrodes in contact with LiClO4, NaClO4,
CsClO4, LiF, and CH3SO3Na electrolyte solutions

7 (see
Figure 2b).

4. Allow for the potential of the minimum capacitance to
shift by a few tens of mV to more negative potentials for
LiClO4, to stay constant for NaClO4, and to shift to more
positive potentials for CsClO4 with increasing ionic
strength (see ref 7).

Figure 2. Parsons−Zobel plots obtained in experiments at pH = 3 for Au,5 pH = 4 for Pt,5,7 and pH = 7.1 for Hg.1 Panel (b) shows a zoomed-in version
of panel (a), focusing on the region of interest for Pt(111). Dotted gray lines: slope = 1, corresponding to the predictions of the Gouy−Chapman−
Stern model (data for Au and Pt are reproduced from ref 5 with additional data added from ref 7; data for Hg are taken from ref 1).
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Based on the model that we suggest in Section 2, we will be
able to make several interesting and maybe somewhat
unexpected statements about the nature of the interaction.
Most importantly, we predict the ion−surface attraction to be
rather weak, on the order of a few tens of meV and thus
significantly lower than typical bond strengths for contact
adsorption. Second, we predict that all ions have a very similar
ion−surface attraction strength and that likely both anions and
cations interact with the surface. Both observations are not in
line with the classical picture of anion−surface adsorption and
thus suggest a different cause for the decreased Parsons−Zobel
plots for Pt(111). Although we cannot give a final answer as to
the origin of the predicted interaction, we conjecture (based on
yet other observations) that the solvated ion size influences the
interaction.
In the following, we will first introduce our model in Section 2

and will then analyze the predictions the model makes
depending on its parameters in Section 3. In doing so, we
purposefully refrain from fitting the experimental results, as this
would likely lead to overfitting, and focus instead on the
qualitative and semiquantitative effect that different model
parameters have.

2. METHODS
In our model, we introduce an extension to the Gouy−
Chapman−Stern theory that allows for the inclusion of an
attractive ion−surface interaction. The reason for introducing
such an attractive interaction in order to capture the
experimental results, rather than other effects that go beyond
the classical Gouy−Chapman−Stern model, will be discussed
first. In the remainder of the chapter, we introduce our model
and a simple analytical approximation thereof.
2.1. Ion−Surface Attraction as a Cause for Reduced

Parsons−Zobel Slopes. The Gouy−Chapman−Stern theory
is based on many approximations. Consequently, it may not be
immediately obvious why ion adsorption is expected to be the
key factor explaining the deviations from the Gouy−Chapman−
Stern theory observed for Pt5 and Au.5,9 To clarify this, we will
briefly discuss which other approximations made in the Gouy−
Chapman theory cannot explain an apparently reduced Debye
length at low concentrations.
2.1.1. Constant εr. In Gouy−Chapman theory, it is assumed

that εr is constant throughout the entire electrolyte region. In
reality, εr typically decreases close to the surface due to surface−
water interactions, Pauli repulsion of electrons, saturation
effects, and/or ion crowding. One could, however, also postulate
an increase in εr close to the surface due to a broken hydrogen
bonding network at the surface and/or spilling of surface
charges.11 Such a local increase in εr could explain a reduced
apparent screening length, albeit at high concentrations (i.e.,
short Debye lengths) only.
2.1.2. Ions Are Point-like and Do Not Form Ion Pairs. These

approximations break down at high electrolyte concentrations
and for high surface charges. At very low ion concentrations,
however, and at potentials close to the pzc, as considered in the
experimental measurements in Figure 2, these approximations
can be expected to hold. Moreover, correcting for these
shortcomings has been observed to lead to an increased
screening length2−4 rather than a decreased screening length
as required here.
2.1.3. Solvent Molecules Act Exclusively as Dielectric

Medium. Pajkossy and Kolb6 previously proposed this
assumption to break down by assigning a peak in capacitance

observed close to pzc on Pt(111) to water reorganizationan
assumption that has been backed by computational results.12

More recent computational results suggest a capacitance peak
for Pt(111) to arise from a negative capacitance stemming from
the field-dependent adsorption of water to the surface with a
dipole moment opposite to the field direction.11 While such
processes lead to an increase in capacitance, similarly to a
reduced apparent Debye length, both processes are expected to
be driven by a change in electric field at the surface rather than
by a change in potential drop in the diffuse layer. The change in
water-induced potential drop d(Δϕ) caused by an infinitesimal
change in surface charge dQ at pzc should therefore be
independent of the ion concentration determining the diffuse
layer potential drop. Consequently, the adsorption of interfacial
water close to pzc should cause an ion concentration-
independent offset in 1/C and cannot cause a reduced slope
in the Parsons−Zobel plots, which would require ion
concentration dependence. We therefore exclude water flipping
or water adsorption as a possible cause for the experimental
results discussed here.

2.1.4. Ions Are Inert and No Charge Transfer Occurs. Partial
charge transfer between ions and metal may play a role.
However, experimentally, only the electrosorption valency is an
observable, which is a convolution of the ion distance from the
surface and the charge transfer. Therefore, one may argue that
mean-field models can effectively account for such an effect by
allowing the charges to approach the surface more closely than
they actually do. This would lead to a reduced distance of the
Stern layer from the electrode and would manifest itself in a
change in the Helmholtz-like contribution to the capacitance
without influencing the slope in the Parsons−Zobel plots.

2.1.5. Ion−Surface Attraction. While all of the above-
mentioned effects seem to be incapable of causing reduced
Parsons−Zobel slopes, ion−surface attraction can account for
such an effect: an attractive interaction drives the ions closer to
the interface than predicted in the Gouy−Chapman−Stern
theory. This causes a decrease in the effective Debye length. The
number of ions attracted to the interface thereby depends on the
bulk ion concentration, causing an ion concentration-dependent
increase in capacitance compared to the Gouy−Chapman−
Stern predictions, as required for reproducing the experimen-
tally measured reduced slopes in the Parsons−Zobel plots. We
will therefore follow up on the idea of an attractive ion−surface
interaction, trying to provide quantitative proof of whether this
interpretation is realistic and extracting likely properties of the
interaction based on a comparison of the model with
experimental results.

2.2. Mean-Field Model with Ion Attraction. The Gouy−
Chapman−Stern capacitance, eq 1, can be derived from a simple
continuum model that allows for an analytic solution. More
complex models of charged electrode−electrolyte interfaces can
be constructed using more sophisticated local free energy
functional-based continuum models. Such models allow for a
changing dielectric constant εr(x), for ion size effects, and they
allow introducing a slowly varying ion−surface interaction
φi(x). In our model, we exploit this flexibility. In doing so, we
follow closely ref 13, but the approach is quite generic and many
similar approaches can be found in other publications (e.g., refs
14−17). In the following, we sketch this model in broad lines.
More details can be found in Supporting Information in Section
S1.
The double-layer capacitance is derived from the following

local free energy expression13
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where the equation is given in atomic units and x defines the
distance from the surface. The first two terms describe the
electrostatic interaction created by the electric field ϕ(x), the
ionic charge density [given by ρions(x) = ∑i=1

p ci(x)zi with ion
charge zi and concentration ci], and the charges on the metal
interface ρ(x). The third term describes the interaction of the
aforementioned external potential φi(x) with the ions.18 The
function φi(x) can be repulsive, thereby simulating, for example,
the Helmholtz plane. It can, however, also be attractive,16,17,19

and we will exploit this in the present paper to account for an
attractive ion−surface interaction. The fourth term accounts for
a grand canonical description of the ions by taking their chemical
potential μi into account. The last term is the entropic
contribution to the free energy, where s is the entropy density.
By inserting the entropy density obtained for a lattice gas model
with an additional term for the solvent entropy20−23 (see
Supporting Information for details), ion size effects can be
introduced in the model. The lattice gas model introduces a
maximum ion density cmax, which is equal for all ions. In the
present study, the effect of different ion sizes can thus only be
included via a repulsive interaction in φi close to the surface.
[Although extensions to this expression for unequal ion sizes
exist,14 we disregard them here, as they (at least some of them)
are problematic due to sequence effects and/or their inability to
capture realistic ion configurations in the state counting
procedure.24]
From the free energy expression, eq 3, an expression for the

local ion concentration, ci
MPB+int(x,ϕ(x),φ(x)), as a functional of

the local electric and external potential can be derived by

requiring 0
c

d
d i

= . This expression can be plugged into a

modified Poisson−Boltzmann equation, obtained by minimiz-
ing the free energy with respect to ϕ(x) (see Supporting
Information for details)

x x z c x x( ) ( ) 4 ( ( )) 4 ( )r
i

p

i i
1

MPB int
i

k
jjjjjj

y

{
zzzzzz ∑ε π ϕ∇ ∇ϕ + = − πρ

=

+

(4)

This second-order differential equation in the electrostatic
potential ϕ(x) can be solved numerically for various different
surface charge densities σ = ∫ ρ(x)dx, where ρ(x) describes a
distribution of charges located on the metal surface (see
Supporting Information for further details on the numerical
implementation). The potential difference ϕ = ϕ(0) −
limL→∞ϕ(L) can be considered as the electrode potential on a
reference scale defined by the pzc of the electrode in the ideal
Gouy−Chapman−Stern case. By numerically differentiating the

resulting function σ(ϕ), we obtain the total differential
capacitance of the interface

C A
d
d

σ
ϕ

=
(5)

where A is the surface area. In the following, we use A = 1 cm2

and report the capacitance in μF/cm2.
Obviously, the resulting differential capacitance depends on

the model parameters used in the free energy expression. While
the full details on themodel parameters and the functional forms
of φi, εr, and ρ can be found in Supporting Information, Figure 3

summarizes the main model parameters used in this work: xrep
basically defines the distance of closest approach of the ions to
the surface. At values x < xrep, the external potential φ becomes
large and positive, thus expelling any ions from this region.
Together with the value of the relative permittivity εr(x) close to
the interface, xrep influences the Helmholtz-type contribution to
the differential capacitance by effectively shifting the Stern layer.
The Gouy−Chapman-like contribution to the capacitance
depends on the bulk ion concentration c0 through eq 2. The
contribution of ion−surface attraction to the capacitance
depends on the parameters Uatt and on Δx = xatt − xrep
determining the attractive interaction strength and the distance
over which ions are attracted to the surface. More sophisticated
functional forms of the ion−surface interaction term defined by
xrep, xatt, Uatt, and eq S8 in Supporting Information could be
developed. However, we limit the expression to a simple (box-
like) form in order to remain generic in the physical cause of the
postulated attractive interaction. Finally, there is one parameter
that influences all capacitive contributions: cmax defines the
maximum ion concentration allowed, leading to ion crowding
effects. Although cmax and xrep are, in reality, likely coupled, we
treat them as independent parameters here and keep cmax, and
hence ion crowding effects, the same for all ion types.
By adjusting the various model parameters, different model

interfaces can be simulated and the qualitative effect of an
attractive ion−surface interaction can be studied. However, the
mean-field model requires numerically solving eqs 4 and 5,
hampering an easy interpretation of the results. In the next
section, we therefore also develop an approximate, analytical
capacitance model that can account for ion−surface attraction.

Figure 3. Schematic representation of the most important model
parameters used in the continuum models. Parameters related to the
ion−surface interaction are highlighted in orange and may differ for
cations and anions.
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2.3. Analytical Model. To allow for a more intuitive
interpretation of the effects of ion−surface attraction on the
capacitance, we make a few approximations to the mean-field
model introduced above. These approximations allow us to
derive a simplified, analytical capacitance model, similar to the
Gouy−Chapman−Stern model. In contrast to the Gouy−
Chapman−Stern model, however, our extended model allows
accounting for an attractive ion−surface interaction via an
additional concentration- and potential-dependent capacitive
element Catt in parallel to the Gouy−Chapman capacitance

C C C C
1 1 1

H att GC
= +

+ (6)

as shown in Figure 1b.
Equation 6, as well as the functional form of Catt, can be

derived as an approximation to the more generic mean-field
model as follows: neglecting ion size effects, the expression for
ci
MPB+int, which follows from and is given in eq S2 in
Supporting Information, can be simplified to

c x c e( )i
int

i
z e x x k T0 ( ) ( ) /i i0 B= ϕ φ−[ + ]

(7)

We simplify this expression further by assuming that (i)
anions and cations are attracted to the surface by an interaction
φ = −Uatt

an/cat in the interval [xrep, xatt] = [xrep, xrep + Δx] (see
Figure 4) and that (ii) this interval is small compared to the

Debye length, such that ϕ(x) (as generated by the double layer
and the charges in the attractive region) does not change
appreciably compared to the overall potential drop. In this case,
ϕs = ϕ(xatt) ≈ ϕ(xrep), and the ionic charges in the volume V =
ΔxA can be written as

Q e c A x e eze U k T ze U k T
0

0 ( )/ ( )/0
s

att
cat

B 0
s

att
an

B= Δ [ − ]ϕ ϕ− − − − −
(8)

where we assumed z = zcat = −zan for simplicity. Q now captures
all charges present in this region. From this quantity, we subtract
those charges that would be there if the ion−surface attraction
were zero. This way, we find the charges that are present

exclusively due to the attractive interaction between ions and the
electrode
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Differentiating this expression with respect to ϕs and taking
into account that Qatt denotes countercharges (giving an
additional negative sign), the ion−surface attraction capacitance
Catt can be found as
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This attraction capacitance is proportional to the bulk ion
concentration c0 and depends on the potential ϕs.
Under the assumption that the attractive region is situated

right next to the Stern layer (as depicted in Figure 4), ϕs is
equivalent to the potential at the outer Helmholtz plane. In this
case, bothCGC andCatt are functions ofϕ

s and the two capacitors
should be considered as being in parallel, such that their charges
add up, as required by eq 8 and the definition of Qatt.
Our analytic model predicts the ion−surface attraction

capacitance to lie in parallel to the Gouy−Chapman capacitance.
This deserves a comment, as most interface models consider the
effect of ion adsorption as part of the inner layer
capacitance25−29 and hence in series with the Gouy−Chapman
capacitance. To a certain extent, this may be due to geometric
considerations: in Langmuir- or Frumkin-type (specific)
adsorption models, the ions are considered to adsorb within
the inner layer. In our case, however, such geometric
considerations are not so plausible: our model is not a model
for specific (chemical) adsorption. Instead, we want to capture a
more generic attractive interaction. In fact, we believe that a
relatively broad region of attraction and a rather diffuse ion−
surface interaction are more in line with the absence of site
blockage and specific adsorption in the experiments,5,7 as well as
with the very fast ad- and desorption of ions observed for weakly
binding electrolytes on gold.9 We therefore do not necessarily
expect the ions to reside any closer to the interface than the
“normal” solvated ions, which makes it seem less necessary to
incorporate the effect of ion−surface attraction into the inner
layer capacitance. Ultimately, however, the parallel capacitance
model we suggest here is justified by its good correspondence
with the predictions of the mean-field theory (as demonstrated
in the next section), which, in fact, also holds when the ions are
allowed to come very close to the surfacethus simulating, to a
certain extent, adsorption on the surface, albeit (in the analytical
model) without being able to capture a maximum coverage.
Finally, the value obtained forUatt via fits to experiment turns out
to be weaker than strong chemically specific adsorption would
require (see Section 3.2).
Having developed a model that allows us to include ion−

surface attraction, we are now in a position to (i) validate our
simple analytical model against the more sophisticated mean-
field model and (ii) to investigate the influence of various
parameters on the model predictions in order to extract
information on the interaction based on a comparison with
experimental data.

Figure 4. Graphical representation of the assumptions made in the
derivation of the extended Gouy−Chapman−Stern + ion-attraction
capacitance.
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3. RESULTS

3.1. Validity of the Analytical Model. The analytical
model is a helpful tool as it provides a more intuitive
understanding of the main processes involved in our double-
layer model with ion−surface attraction than the numerical
model. We validate our approximate analytical model with ion−
surface attraction by comparing it to the predictions from the
mean-field model. As shown in Figure 5, our analytical model is
capable of reproducing the results from the mean-field model
over a wide range of parameters. This is true not only for the
Gouy−Chapman−Stern case (panel a) but also when both ions
are attracted to the interface [Uatt

cat = Uatt
an] (panel b) and when

only cations (or anions) are attracted to the interface [Uatt
an = U

andUatt
cat = 0] (panel c). As expected, the analytical model cannot

account for ion crowding effects captured by a low value of cmax

(dotted lines), but as long as cmax is large enough, the potential ϕ
is close to pzc ϕ(q = 0), and the ion concentration caused by
ion−surface attraction is not too high; the model captures the
predictions by the mean-field model well. In particular, also the
minimum capacitance C(ϕmin) and the potential ϕmin at which it

occurs are captured correctly at low concentrations. As C(ϕmin)
and ϕmin are the observables that are used in this paper to
compare the model predictions to experimental results (see the
list of experimental results in the Introduction section), this is of
particular importance for our purpose.
The capacitance minimum ϕmin occurs at ϕ = 0 in the Gouy−

Chapman−Stern case as long as the bulk ion concentration is
low enough such that the capacitance is dominated by CGC. The
same holds true of completely symmetric attraction of anions
and cations to the surface. However, for Uatt

cat ≠ Uatt
an (and for xrep

cat

≠ xrep
an ), ϕmin will differ from zero. Within the analytical model,

the minimum in capacitance can be found analytically by solving
for dC/dϕ|ϕmin = 0. As shown in Supporting Information, this
leads to a fourth order polynomial in ϕmin

s , which can be solved
numerically. This allows for a fast extraction of C(ϕmin) and its
location ϕmin without the need to compute the entire
capacitance curvea property that we will use in the following
and that can be useful when trying to interpret experiments
based on the model proposed here.

3.2. Attractive Ion−Surface Interaction as a Cause for
the Experimental Findings on Pt.The first question we want

Figure 5.Comparison of capacitance curves obtained using the mean-field model [eqs 4 and 5] and the simplified analytical expression [eqs 6 and 10]:
(a) no ion attraction; (b) anions and cations are both attracted to the interface; and (c) only anions are attracted to the interface. See Section S6 in
Supporting Information for a full specification of the model parameters.

Figure 6. Parsons−Zobel plots obtained (a) forΔx = 0.4 Å and CH = 34 μF/cm2 and (b) forΔx = 4.0 Å and CH = 34 μF/cm2. Solid lines: Uatt
an = Uatt

cat;
dotted lines Uatt

an = 0 (in all cases, the capacitance obtained at the capacitance minimum is plotted).
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to answer is whether the capacitance model with ion−surface
attraction is capable of capturing the experimental observations
summarized in the Introduction section and thus whether the
interpretation of the experimental results as a consequence of
ion−surface attraction is reasonable. In answering this question,
we will automatically touch on the second question phrased in
the Introduction section, namely, which statements we canmake
on the ion−surface attraction based on a comparison of the
model predictions with the experimental results.
We first investigate whether the model predicts a reduced

Parsons−Zobel slope in the presence of ion−surface attraction
and will move to the other experimental observations listed in
the Introduction section later on. To this end, we compute the
capacitance predicted by our analytical model, eqs 6 and 10, for
various different ion−surface interaction strengths Uatt

an/cat and
for different attractive regionsΔx. The resulting Parsons−Zobel
plots are shown in Figure 6. In panel a, we show results for a
narrow region of ion−surface attraction (Δx = 0.4 Å), while
panel b shows the corresponding results for a much broader
region of ion−surface attraction (Δx = 4.0 Å). We also
distinguish two limiting cases: (i) only one type of ion is
attracted to the surface (solid lines) and (ii) both anions and
cations are attracted to the surface in exactly the same way
(dotted lines). As many of the parameters (e.g.,Δx andUatt) are
correlated, we refrain from attempting to fit the experimental
data. Instead, we investigate the model predictions for a whole
range of parameters. As shown in Figure 6, Parsons−Zobel
slopes similar to the slopes obtained experimentally for Pt(111)
(purple lines) can be obtained in all cases by tuning the ion−
surface interaction strength. The interaction strength necessary
to achieve such an effect is thereby on the order of only a few
tens of meV, independent of whether Δx is very narrow or very
broad and on whether only anions or anions and cations are
attracted to the surface. Additionally, any interaction strength
that is stronger by only 10 meV (brown lines) leads to Parsons−
Zobel slopes significantly smaller than those observed
experimentally on Pt(111) for NaClO4, KClO4, CsClO4, LiF,
and CH3SO3Na (see Figure 2b). As other parameters (such as εr
or the width of the Helmholtz plane rrep) have no influence on
this observation, we can make the important observation that
our model predicts the ion−surface interaction to be weak and
to be largely independent of the ionic species used in the
electrolyte. Keeping this in mind, we will try to extract more
information on the ion−surface interaction on Pt(111) by
analyzing the different parametrizations in more detail.

Historically, it is more common to assume that only one type
of ion, namely, the anions, is attracted to the surface, while
cations are usually assumed not to interact with the surface due
to their strong solvation shell. Naively, one may want to discard
the idea of “anion-only” attraction based on the fact that ϕmin
does not shift in a KClO4 electrolyte and is close to pzc
independently of ionic strength. However, as shown in the
Supporting Information in Section S4, while this is a valid
argument if the Helmholtz capacitance were small (on the order
of 20 μF/cm2), our model predicts negligible shifts of ϕmin from
pzc if the Helmholtz capacitance is large [as is indeed observed
for Pt(111)].5 Based on this argument, “anion-only” adsorption
can thus not be ruled out. However, we dismiss this option of
anion-only attraction in the following: for anion−surface
attraction only, our model is not capable of reproducing the
fourth experimental observation stated in the Introduction
section, namely, that ϕmin(c

0) can shift to higher and lower
potentials depending on the cation identity in the electrolyte.
When only anions are attracted to the surface, the model always
predicts a negative shift of ϕmin for increasing ionic strength.
According to our model and its comparison to experimental
results, “anion-only” adsorption thus does not seem to be a
reasonable explanation.
The ion−surface interaction could also be present for both

anions and cations. Symmetric cation and anion interaction with
the surface could be mediated, for example, by image charge
interactions. The effect of such a symmetric ion−surface
interaction on the Parsons−Zobel plots has already been
shown in Figure 6 (full lines). In contrast to the Parsons−Zobel
slopes for anion−surface attraction only, the Parsons−Zobel
plots for symmetric ion−surface interaction display a slight
curvature. This behavior is expected as CGC is proportional to

c0 , while Catt is proportional to c0 according to eq 10. This
leads to a slope that is dominated by Catt for large c

0 (i.e., small
values of 1/CGC) and by CGC for small c0 (i.e., large values of 1/
CGC). At very low ion concentrations, all curves for equal cation
and anion−surface interaction thus tend toward a slope of 1.
This asymptotic behavior may not be visible in the data range
plotted, though. The experimental data obtained for Au(111)
seem to suggest that no such curvature should be present (see
Figure 2). For Pt(111), however, the curved lines predicted by
the model actually provide a slightly better fit to the
experimental data than a linear fit would. In the absence of
more data, for example, for Au(111) at lower concentrations, we
will thus accept this slight curvature in the Parsons−Zobel plots

Figure 7. Both ions attracted to the surface but with different attraction strengths: (a) Parsons−Zobel plot, (b) potential of minimum capacitance, and
(c) its offset fromϕ(q = 0) as a function of bulk ion concentration c0. Dotted lines: results from the analytical model withΔx = 4 Å andCH = 34 μF.Uatt

an

= 0.20 eV in all cases [see Supporting Information, Section S6 for further specification of the model parameters. Results reported in (b,c) are
converged to within a few meV. In (a), we keep the same y-axis scaling as in Figure 2b to allow for easier comparison of the slopes].
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as tentatively in line with the experimental data shown in the
Parsons−Zobel plots and turn to investigate whether the model
predictions also conform to the other experimental observations.
The remaining experimental observations (number two to

four) concern measurements involving various different electro-
lytes (LiClO4, NaClO4, CsClO4, LiF, and CH3SO3Na).
Therefore, we first need to find a possibility to describe the
effect of different electrolytes within our model.
Assuming that both anions and cations are attracted to the

surface, the effect of different electrolytes can be mimicked by
changing the relative attraction strength of anions and cations
(Uatt

an ≠ Uatt
cat) or by changing the geometric parameters of the

ion−surface interaction (xrep
an ≠ xrep

cat). The first case is shown in
Figure 7, where we vary Uatt

cat between 16 and 24 meV, while
keeping Uatt

an constant at 20 meV. The range of Uatt is thereby
chosen such that the resulting Parsons−Zobel slopes (panel a)
correspond approximately to those obtained experimentally for
Pt(111) in contact with various electrolytes. Within this range of
values for Uatt

cat versus Uatt
an, our model predicts only small offsets

of ϕmin from ϕ(q = 0) (panel c), consistent with the
experimental observations [exp. observation nr. 2: number
two (ϕmin is close to pzc)]. In this case however, our model also
predicts negligible shifts of ϕmin for increasing bulk ion
concentration (see panel b). Experimentally, however, shifts of
ϕmin of several tens of meV have been observed, depending on
the electrolyte (exp. observation nr. 4). This observation also
holds when changing other parameters in the model, such as
increasing the Helmholtz capacitance (see Figure S5 in the
Supporting Information) and using a small value of cmax (see
Figure S6 in the Supporting Information). As the present model
(anions and cations are attracted to the surface but with slightly
different attraction strengths) cannot capture all the exper-
imental observations, it is also unlikely that the present model
captures the main physics behind the attractive ion−surface
interaction. We therefore turn to the second possibility: both
cations and anions are attracted to the surface, but depending on
the ion identity, the ions can access the surface more or less
closely.
By changing xrep for anions versus cations, we can allow

cations to penetrate a different region (e.g., closer or further
away from the surface) than anions. This allows us to capture the
effect of different cation sizes as a consequence of different
(hydrated) ion sizes. In Figure 8, we show results for xrep

cat = xrep
an ±

0.8 Å. Our hypothetical (hydrated) cations can thus be smaller

or larger than the hydrated anions by 0.8 Å. This range is
somewhat arbitrary but is inspired by the range of hydrated ion
radii (3.8−3.2 Å for Li+ to Cs+ from corrected Stokes radii30 or
5.8−3.5 Å for Li+ to Cs+ extracted from double-layer capacitance
measurements31). Within this range, the slope of the resulting
Parsons−Zobel plots is basically unaffected (see Figure 8, panel
a, where only results from themean-fieldmodel are shown as our
simplified analytical model does not allow for different ion
sizes). Additionally, this difference in ion size between cations
and anions does not cause a strong offset ofϕmin from pzc,ϕ(q =
0), consistent with experimental observation number 2.
Furthermore, ϕmin starts to shift to more positive potentials
when increasing the bulk ion concentration, if the hydrated
cation is smaller than the anion (circles in panel b), while it shifts
to more negative potentials, if the cation is larger than the anion
(squares). This prediction is consistent with experimental
observation number 4 (ϕmin shifts toward more positive
potentials in CsClO4 and to more negative potentials in
LiClO4): as Cs+ has a relatively small hydrated ion radius,
CsClO4 can be expected to correspond to a situation in which
the cation is smaller than the anion (circles, positive shifting),
while Li+ has a relatively large hydrated ion radius,
corresponding to the case shown in squares (negative shifting).
These observations are robust with respect to changes in other
model parameters (see Figures S7 and S8 in Supporting
Information).
We may thus conclude that within the validity of our model,

the comparison of model predictions and experimental
observations suggests that both cations and anions are attracted
to the surface with similar attraction strength but that they can
access the surface to various degrees depending on the ion
identity, leading to a shift in ϕmin as a function of ionic strength.

4. DISCUSSION AND OUTLOOK

In the previous section, we presented a model that is capable of
explaining several features of the double-layer capacitance on
Pt(111). This includes the slopes observed in the Parsons−
Zobel plots for Pt(111) and Au(111), which are reduced
compared to the predictions from Gouy−Chapman theory, and
observations made for the location of the minimum in the
capacitance. Obviously, the fact that a model fits experimental
results cannot be seen as proof that the model captures the
correct physics. Nevertheless, the good correspondence
between our final model and experiment and the robustness of

Figure 8. Both ions attracted to the surface but with different ion sizes: (a) Parsons−Zobel plot, (b) potential of minimum capacitance, and (c) its shift
from ϕ(q = 0) as a function of bulk ion concentration c0. Uatt

an = Uatt
cat = 0.22 eV, xrep

an = 3.18 Å, and xatt
cat = xatt

an = 5.29 Å in all cases [see Supporting
Information, Section S6 for further specification of the model parameters. In (a), we keep the same y-axis scaling as in Figure 2b to allow for easier
comparison of the slopes].
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our conclusions with respect to various parameters in the model
allow us to conclude that an attractive ion−surface interaction is
a realistic interpretation for the observations made experimen-
tally. Furthermore, our model suggests the attractive interaction
to

• be very similar in strength for all ions (at least for the ions
tested experimentally5,7)

• affect anions and cations, and

• depend on the hydrated ion radius.

These observations are at odds with the traditional
interpretation of reduced Parsons−Zobel plots to be due to
specific (chemical) adsorption of ions on the surface, as these
interactions generally depend strongly on the chemical species.
Although the double-layer region of Pt(111) is narrow,
adsorption and desorption of H+ and OH− (which would be
present in all electrolytes) cannot explain the reduced Parsons−
Zobel slopes, as this process does not depend on the electrolyte
concentration, while a reduction of the Parsons−Zobel slopes
requires such a dependency.
An explanation for an attractive ion−surface interaction could

be a water-mediated ion−surface interaction. However, such an
interaction would be expected to be more specific (i.e., ion-
dependent) than what is suggested by the experimental results.
Yet another source of an attractive ion−surface interaction is

the image charge effect. For εr = 10 close to the surface and ions
residing 3 Å from the image plane, the image charge interaction
is, however, only 12 meV. This is considerably weaker than the
interaction strength predicted within the current model to be
necessary to obtain slopes in the Parsons−Zobel plots
comparable to those obtained for Pt(111). A very low relative
permittivity (as can be caused by a strong water−Pt interaction),
as well as an anomalously short image plane−ion distance, could
increase this interaction. The former explanations (low εr)
seems to be at odds with the large Helmholtz capacitance found
for Pt(111).5 However, the large Helmholtz capacitance
observed on Pt(111) may also be a consequence of field-
dependent water adsorption, as suggested in ref 11, leaving
strong image charge interactions due to a low εr as possible
explanation.
Clearly, the conclusions made above about the nature of the

ion−surface interaction are based on a rather simple model. One
may therefore wish to test whether the predictions hold when
going to a higher level of theory, such as classical density
functional theory for hard sphere fluids. While a higher level
theory may strengthen the conclusions made, a proof for the
interpretation of ion−surface interaction as a cause for the
experimental results, as well as its characteristics, must rely on
explaining the origin of the attraction, for example, by molecular
dynamics calculations. Further verification or refutation of the
hypothesis of the suggested model could, however, also come
from experimental investigations: by studying even lower ion
concentrations on Au(111), one could check whether the slope
in the Parsons−Zobel plots increases toward 1, as predicted by
the model for symmetric ion−surface attraction. A second check
would be to investigate the double-layer capacitance for different
electrolytes on gold: as shown in Figure S9 in Supporting
Information, no shift in the potential of minimum capacitance is
predicted for different electrolytes in this case because of the
weaker interaction.

5. CONCLUSIONS

In this paper, we discussed properties of the double-layer
capacitance of Pt(111) based on a comparison of experimental
results with model predictions. To this end, we presented a
double-layer model with an attractive ion−surface interaction
and derived an approximation thereof, in which the attractive
ion−surface interaction is captured by an additional “ion
attraction capacitance” circuited in parallel to the Gouy−
Chapman capacitance. The proposed model is capable of
capturing several experimental observations5,7 made for the
double-layer capacitance of Pt(111) in contact with dilute
electrolytes, including the fact that the Parsons−Zobel slope is
strongly reduced, while the potential of minimum capacitance is
nearly constant and close to pzc. By comparing various different
model predictions with experimental results,5,7 we thereby
inferred likely properties of the ion−surface attraction. Based on
this comparison, we conjecture that the various ions, including
both anions and cations, are attracted to the Pt surface with a
weak, but similarly strong interaction strength of a few tens of
meV. This prediction is at odds with the traditional
interpretation of specific (chemical) adsorption as the source
of the attractive ion−surface interaction, as chemical adsorption
is typically strongly dependent on the ionic species. The
comparison of experimental results with model predictions
furthermore suggests that the attractive interaction is counter-
acted by a repulsive force based on the (ion-dependent) distance
of closest approach, which is determined by the hydrated ion
radius.
Taken together, our results thus allow us to conclude that the

interpretation of the strongly reduced Parsons−Zobel slopes
observed for Pt(111) as being due to ion−surface attraction is
realistic, even in view of other experimental observations, which
suggest a nonexisting or very weak interaction (such as the
nonshifting potential of minimum capacitance and the absence
of experimentally measurable site blockage). Furthermore, our
model has allowed us to make predictions on the nature of the
interaction. In the case of the Pt(111) surface studied here, these
predictions suggest that a reinterpretation of the traditional
picture of specific (chemical) contact adsorption as the only or
main source of ion−surface attraction may have to be
reconsidered and we hope that these results trigger future
work on the ion−surface interaction on Pt and other metals.
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