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Abstract: The electric double layer (EDL) is the most important region for electrochemical and
heterogeneous catalysis. Because of it, its modeling and investigation are something that can be found
in the literature for a long time. However, nowadays, it is still a hot topic of investigation, mainly
because of the improvement in simulation and experimental techniques. The present review aims to
present the classical models for the EDL, as well as presenting how this region affects electrochemical
data in everyday experimentation, how to obtain and interpret information about EDL, and, finally,
how to obtain some molecular point of view insights on it.
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1. Introduction

The electric double layer (EDL) is the most important part of any electrochemical
system because it is the region in space where the electrochemical reaction takes place. It
was always understood that the composition and conformation of this interfacial region are
important to the electrochemical reaction [1–6]. The composition, thickness, conformation,
and other parameters are already expected to be dependent on the electrode material, the
electrolyte chemistry, and the interaction between these two phases. Because of it, the
development of electrochemical theory always considered these factors for modeling the
electrochemical reactions, but just recently (around the last 30 years), the electrochemical
information could merge with molecular-level information, and the EDL structure could be
investigated [7–18].

Most of the works in the literature investigated the EDL response to the applied po-
tential of polarized electrodes without the presence of faradaic reaction, which allowed the
investigation of how the capacitive current is dependent on EDL, [7,10,11] a matter of im-
portance for double layer capacitor devices, [19–22] in which also some quantum effects can
also be present for enhancing the capacitance: [23–25] electric double layer transistors, [26]
as well as for electrocatalysts, e.g., However, some authors also presented information
under the presence of faradaic processes and suggested that the solvent orientation, as well
as supporting electrolyte ions adsorption are of great importance to the stabilization of key
intermediates [16,17,27–31].

The present work’s goal is to summarize the basis of EDL theory, present the exper-
imental and simulation data obtained over the years and relate an experimental and a
theoretical basis to further comprehend the EDL importance, mainly in electrocatalysis.
In this way, the work is divided as follows: (i) EDL physical interpretation and classical
models; (ii) how it affects electrochemical reactions and the electrochemical measure of
EDL-related quantities; (iii) finally, how it is possible to gain molecular and atomistic
experimental information about it. Therefore, this work aims to support inexperienced
researchers in the field, as well as remind experienced ones of that, as well as briefly sum-
marize some (spectro)electrochemical techniques that can be accessible for some research
groups and could be underrated by them.
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2. Electrochemical Double Layer—Definition and Classical Models

For every bulk chemical phase, the system presents symmetry. In this way, the chemical
bonds or van der Walls interactions are fully satisfied in all directions. The referential point
for our analysis’s initial position is inside the electrode bulk phase surrounded by such an
environment (Figure 1A). Since all interactions possible are satisfied, the system presents no
electric charge and no free energy. Now, letting the referential point be at the surface of the
metal phase, the symmetry is broken because the bonds are no longer fully satisfied, at least
half of them are no longer present [32]. Because of this matter, the electrode surface may
present some surface charge, which should be responsible for the surface potential (φ).
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Figure 1. (A) An example surface showing how the bulk atoms are bonding with the neighboring
ones, while the surface atoms have missing bonds, represented by the empty circles. (B). Helmholtz’s
electric double layer model shows the electrode surface (red rectangle), positively charged, while the
electrolyte responds to this potential by generating an anion monolayer (black circumferences). The
potential drop as a function of the distance from the electrode is shown as a golden line.

The electroneutrality principle should be sustained so the other chemical phase, which
in this case will be the aqueous liquid electrolyte, is the one that should be adapted from
this perturbation. At this point, the reader is invited to revisit the ion–dipole interaction
models, such as the Born model [33]. In the presence of charged particles, dipole molecules,
such as water, will be oriented. In this way, if the particle is positively charged, the partially
negative end of the solvent molecule (O atom) will be attracted by the particle, while the
opposite is observed when the charge is negative.

If the particle in question is the electrode surface, it is expected that a layer of water
molecules should be oriented on the surface as the first component of the EDL. However,
despite being a dipole, water molecules are not charged, so the electrode surface potential
is still not compensated. The electrolyte is also composed of ions, which are also interacting
with water by the solvation shells. These solvated ions are attracted by the electrodes with
opposite sign charges, so cations are attracted by negatively charged electrodes and anions
by the positive ones. For a first approximation, we will assume that there are no specific
interactions, just electrostatic ones between the electrode and the ions. In this way, the ionic
layer formed over the electrode surface is, of course, not direct, since at least the water in
the first solvation shell of the ion is present.

If this first ionic layer is enough to compensate φ, it is expected that at the end of this
layer no potential should be observed, the electrolyte should behave as bulk already below
it, and the potential (ψ) should promptly decay in this layer, as observed in a capacitor.
This was the behavior described by Helmholtz [32–34] and the potential drop illustrated in
Figure 1B.
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The Helmholtz model did not consider the thermic motion of the ions in the solution,
such as that considered for the ion–ion interaction in the Debye–Hückel model [33–35].
Inspired by it, Gouy and Chapman proposed the diffuse layer model. The ions are con-
sidered punctual charges, which are attracted by the electrode, and the total charge of the
diffuse layer should be the same as the electrode surface, for electroneutrality.

Considering the particles’ thermo-motion, the cations and anions population can be
described as Boltzmann distributions:

N± = N∞
± exp

(
−z±eψ

kBT

)
(1)

where N+ is related to the cation population, N− to the anion, N∞
± to the bulk ion popula-

tion, and z± to the ion charge number; e is the electron charge, kB the Boltzmann constant,
and T the temperature. The charge density (ρ) is written as:

ρ = ∑ N±z±e (2)

Substituting Equation (1) in (2):

ρ = ∑[N∞
±z±e exp(−zeψ/kBT)] (3)

The Poisson equation for a plane is:

d2ψ

dx2 =
−ρ
ε

(4)

with ε being the liquid’s permittivity and x related to the distance from the electrode surface.
In this way, the Poisson–Boltzmann equation is reached when Equation (3) is substituted
in (4):

d2ψ

dx2 = −∑[(N∞
±z±e/ε) exp(−zeψ/kBT)] (5)

The thermal motion is the reason for the ions’ kinetic energy, and if this quantity is
higher than the expected for the electric potential energy, or in mathematical terms, if kBT
>> |zeψ|, then the exponent term in Equation (5) can be expended in a polynomial form
and trunked in the second term, linearizing the equation:

d2ψ

dx2 = −∑
(

N∞
±z±e
ε

)
+ ∑

(
N∞
±z±e
ε

) (
z±eψ
kBT

)
(6)

The first term at the right side of Equation (6) is related to the total charge of the
electrolyte bulk, which is known to be zero since electroneutrality is observed. In this way,
it is possible to reduce Equations (6) and (7).

d2ψ

dx2 = ∑
(

N∞
±z±e
ε

) (
z±eψ
kBT

)
(7)

After some rearrangement:

d2ψ

dx2 =
e2ψ

εkBT ∑ N∞
±z2
± (8)

A solution for the differential equation in 8 is:

ψ = ψ0 exp
(
−x

e2

εkBT ∑ N±z2
±

)
(9)
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The Debye length, κ−1, is defined as the thickness of the ionic cloud around the
center ion, in the Debye–Hückel theory [33–35]. The total charge of this cloud has the
same modulus as the central ion charge, but the signal is the opposite, which guarantees
electroneutrality. This quantity is presented in Equation (10). If it is substituted in (9),
Equation (11) is obtained.

κ2 =

(
2e2NA

εkBT

)
I (10)

ψ = φ exp(−xκ) (11)

with NA being Avogadro’s number and I the ionic strength, which is defined by:

I =
1

2NA
∑ N±z2

± (12)

The potential drop, as well as the ionic surface excess population distribution, is shown
in Figure 2.
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Figure 2. Gouy–Chapman electric double layer model. The electrode is represented as a red rectangle,
and it is positively charged. The potential drop as a function of the distance from the surface is shown
as a golden line and the Debye length as a dotted black line. The anions are represented as black
circumferences and the cations as gray ones. The anion’s concentration is higher the smaller x, and
the cations are bigger, both reaching the minima or maxima (in order) above κ, where the electrolyte
behaves as a bulk phase.

The Gouy–Chapman model also presents some misconceptions, such as the assump-
tion that the ions are punctual charges. For the dimensions of the EDL, this approximation
is not valid, especially because small ions are found to be big in the solution due to the
solvation shell. That is why Stern’s model considered the size of these ions, mainly closer
to the surface, the first layers. By using this approach, the reader can notice that the
Stern model combines the Helmholtz and the Gouy–Chapman model, assuming that the
Helmholtz layer (HL) is not enough to compensate φ; so, at the HL’s end (xh), a residual
potential (ψh) is observed. Therefore, the potential of the diffuse layer is now described by:

ψ = ψh exp[−κ(x− xh)] (13)
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The Stern model works nicely for the description of the EDL; however, it is still
not enough to describe molecularly the electrode interface, especially inside the HL. The
Grahame model was later proposed in a way that the HL layer can be described as two
different layers, the first being more rigid than the second [36]. The first layer is composed
of solvent (water) molecules, oriented according to the electrode charge. These molecules
can also be involved in ion solvation, which is already a component of the second layer.
The first layer is normally called the inner Helmholtz plane (IHP), while the second is the
outer Helmholtz plane (OHP), as shown in Figure 3.
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Figure 3. (A) Stern’s electric double layer model. Being the positively charged electrode in a red
rectangle, the potential drop as a function of the distance from the electrode is a golden line. The
initial anion layer is marked with a dotted black line, the Helmholtz layer. Anions are represented
by black circumferences and cations as gray ones. (B) Grahame’s adaptation of Stern’s model is for
the electric double layer. The solvent molecules were added (blue circumferences), and the HL was
divided into two regions, the inner Helmholtz plane (IHP) and the outer one (OHP). The Helmholtz
potential (ψh), or ζ-potential, is also shown at the end of the HL in A and OHP in B.

It is important to highlight another important application of ψh. It is called, in colloid
science, zeta potential (ζ). It is an important quantity since the surface charge of nanoparti-
cles dispersed in electrolytes is normally not possible to measure. However, the ζ-potential
is measurable and is a strong indication of how the particles are charged.

In the present work we considered just flat electrodes, which can also be considered
for smooth nanoparticles, if these boundary conditions are applied. For double layer
supercapacitors, however, the EDL also extends to the frequent porous structures of the
electrodes, which can provide some differences in the final result. It is beyond the scope
of the present work to consider such matters, due to the focus in electrocatalysis; for the
curious reader, the work by Wu [23] is highly recommended.

Concepts to keep in mind:

• EDL is a natural phenomenon caused by the interfacial region between the solid
electrode and the ionic conducting electrolyte;

• Its most complete modeling considers that the electrode surface charge compensation
happens in two layers, a rigid one that can be divided in two sub-layers, IHP (mostly
solvent) and OHP (mostly solvated ions compensating the electrode charge) and the
diffuse layer;



Electrochem 2022, 3 794

• The EDL potential drops linearly in the rigid layer and exponentially in the diffuse
one.

3. Electrochemistry in the Game

Knowing that the EDL can be understood as a double layer capacitor, as presented
in the models in Section 2, some relation between this propriety and the charge transfer
process needed to be established. One measurement that was proposed was the use of
ultra-high vacuum experiments, in which the electron working function (W) could be
measured by a photo-electron effect [37]. In this way, if a thin electrolyte layer is present, W
is related not only to the electrode material, but it is also related to the resistance of the EDL
for this electronic transfer. A simple relation was proposed between W and the potential of
zero charge (PZC), which by its turn, is an EDL property that can be related to the electrode
material, the conformation and structure, as well as the electrolyte chemical properties.
This relation was summarized in Equation (14).

PZC =
W
e

+ Xifp (14)

where e the electron charge and Xifp the so-called interfacial parameter. This empiric
quantity is related to the physical differences between the electrochemical environment
used to measure the PZC and the ultra-high vacuum needed for the W measurement.

Equation (14) gives two important factors to be considered: (i) the PZC/W ratio is an
important quantity to understand the electron transfer process; and (ii) there is a proportion
constant that is dependent on the electrode material, electrolyte, solvent, temperature, and
other variables [37]. In this way, it is somehow logical to say that the electron transfer and
the electrochemical kinetics are dependent on the interface and on the EDL.

The deviations from the PZC and W relations were related to the water in the EDL
and its orientation, as suggested for a long time by Trasatti [38], for metallic electrodes.
Therefore, this author presents that W can be described as dependent on the electron’s
chemical potential in the metal (µm) and the potential at the metal surface (φ) and F
(Equation (15)) [38].

W = −µm
F

+φ (15)

It should also be highlighted that the W description by Equation (15) is related to
quantities, such as φ, which should be dependent on the experimental conditions, so the
measurement in high vacuum may not be the same as the expected in electrochemical
conditions, which can result in deviations from the PZC/W ratio estimation [38]. These
differences due to electrode in contact with water (δφ) and the solution dipole can be related
to the IHP. Trasatti also shows that the PZC is also a function of the electrode material and
the chemical environment in which it is inserted (electrolyte) [38]. Considering Equations
(14) and (15), the electrode material should be represented by µm and directly related to W,
while the electrolyte should be better represented by Xifp.

In ref. [5], a possibility for obtaining information on the EDL is the measurement of
the double layer capacitance (Cdl), which can be measured by electrochemical impedance
spectroscopy (EIS) or cyclic voltammetry (CV). CVs in the EDL potential window, i.e., in
absence of faradaic processes, are frequently presented in the electrocatalysis literature
for the estimative value of the electrochemical active surface area (ECSA) [39–45]. It is
important to comment that such deviations from the perfect capacitor are normally related
to surface irregularities distributed along the surface [42,46–49]. These deviations will be
important later in this text.

When one uses the CV technique for the Cdl measurement, the information obtained
would be an average of the related potential window where faradaic processes are absent,
and higher scan rates (between 0.1 and 1 V s−1, e.g.,) of the Cdl are more independent on
the scan rate, so with less experimental error [46].
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EIS, by contrast, is a more sensitive technique, being also sensitive to charging differ-
ences in narrow potential windows, suggesting that Cdl is also affected by non-faradaic
processes, such as EDL charging and discharging [23,50]. These differences are related to
the definition of capacitance (Equation (16)).

C =
Q
E

(16)

In this way, Cdl is expected to decrease with the increment of potential (E) and to be
proportional to the charge (Q) observed. Obviously, the potential applied will also affect Q,
so the overall relation is not so simple. Considering an experiment in which potential is
the control variable, one can expect to observe a minimum of charge, in a way in which
the natural charge, related to the ζ-potential, is fully compensated by the bias potential.
In such a case, Cdl is expected to be also minimized. Because of this, the minimum of a
Cdl vs. E profile (Figure 4) is related to the PZC (Equation (14)). In other words, EIS is a
powerful and purely electrochemical technique to obtain EDL information, such as Cdl,
and by measuring this quantity at different E, electrochemical activity can also be better
comprehended by the relation between W and PZC.
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Figure 4. Representation of the double layer capacitance (Cdl) variation with potential (E). The
minimum is marked with a gray dotted line, representing the potential of zero charge (PZC).

Cdl is normally not directly obtained by EIS measurements, due to the surface imper-
fections previously cited. Because of it, it can be better related to a constant phase element
(CPE) [42,46–49]. The data fitting for these CPEs is normally not directly comparable due
to the exponential term. Because of it, the conversion of the CPE data to an effective double
layer capacitance (C′dl) should be considered, and so far, the model presented by Brug
et al. [51] is of high relevance because it considers a surface distribution of imperfections.

Changing the electrolyte nature, as the cations and/or anions, the PZC changes, and
so the electrocatalytic activity, which is related to W. As presented in the literature for alkali
ions [52], there is a linear tendency with the solvation energy of the ion and the PZC, which
immediately calls one’s attention to the Hofmeister series [53–55]. According to ref. [55],
this series classifies the ions as kosmotropic and chaotropic, the former one being the more
solvated ions and the latter one being the less solvated ions. This series was proposed by
Hofmeister for the precipitation of proteins [56], but at that time, the relation between the
chemistry of these ions and their interaction with the biomolecules was not clear. Later,
it was related to the ion–solvent interaction [57], and the series was observed to be of
relevance in surface science as well [32].
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For the EDL structure, the Hofmeister series is related to the capacity of these ions to
be adsorbed on the electrode surface, which equals the inner or outer Helmholtz’s planes.
The kosmotropic ions, the ones that disturb the bulk water structure, are the ones expected
to be more adsorbed on the surface. As a consequence, the Cdl measured in Li+ media is
always lower than that measured in Cs+ ones, [52,58] suggesting that more chaotropic ion
is less adsorbed on the electrode, leading to a more exposed electrode surface. In this way,
κ−1 (Equation (10)) is expected to be larger in chaotropic media.

The anion consideration of the EDL structure is also important, especially because
these ions are more affected by the Hofmeister series [55]. However, in this case, it is
also important to consider that the participation of anions in the EDL can be due to a
chemical bond between the electrode surface and the anion, if it is a halogenate [59] or
OH− [60] In these cases, even if the anion presents a “neutral” chaotropicity, as Cl−, it will
strongly adsorb on the electrode and influence on the IHP structure. In addition, the direct
comparison is facilitated in the cations case due to the periodic groups that are normally
used and can vary from kosmotropic to chaotropic, as the alkali metals group. For anions,
the case normally is to compare ions that have very different chemical compositions, e.g.,
as sulfate (SO2−

4 ) and perchlorate (ClO−4 ). Nevertheless, as a kosmotropic ion, sulfate is
normally more adsorbed on the electrode surface than perchlorate. Because of it, it is
normal to observe higher activities in ClO−4 electrolytes [17].

Another influence to be considered in the EDL is the electrode crystalline structure.
If one investigates the literature for single crystal electrodes [12,31,61–63], it will be noted
that a simple j/E profile is strongly affected by the exposed electrode facet, and in pure
supporting electrolyte, it is mostly due to the ionic adsorption, which is, by its turn, due
to the differences in surface charge and energy for each plane. An expressive example is
the triangular potential perturbation of Pt basal planes in a sulfuric acid solution. Taking
Pt(111) first, the j/E profile presents a current spike at 0.45 VRHE, which is not related to a
faradaic process but to the adsorption/desorption of sulfate anions on the electrode [61].
For Pt(100), this process is shifted to 0.38 VRHE, approximately, but is not as sharp as in the
previous electrode. Knowing that the electrochemical adsorption energy is proportional to
the potential peak [64], it is already possible to notice that, even if the electrodes are made
of the same element, they are immersed in the same electrolyte and exposed to the same
chemical species, and the adsorption energy will be different due to the crystallographic
structure; this can be understood as a perturbation on the EDL, since it would affect φ
and the whole EDL structure as a consequence. A similar conclusion was described in the
literature for Pd basal electrodes [65] using EIS.

Temperature (T) affects the molecular motion, enhancing the ionic mobility and ran-
domizing the water structure, which makes the EDL structuration more difficult [66]. This
could lead to two different behaviors, one is the decrease in PZC with T, due to the resulting
lower permittivity [66], or a PZC increase, due to the enhanced ionic mobility. The first
case was found to be true for the three-electrode cell, a well-behaved system, while the
second case is observed in a more complex system, such as the case of a fuel cell [66].

Another interfacial quantity is the interfacial pH. Electrochemical reactions tend to
generate/consume hydronium/hydroxyl ions, and these species will be less/more concen-
trated in the EDL, making the interfacial pH significantly different from the bulk pH [67–73].
These variations may lead to misreading of the potential, or even to a change in activity
and/or selectivity of the catalyst under investigation [16,39,67,74]. Because of it, the con-
sideration of this EDL property is of high relevance.

The pH variation at the interface can be estimated by some electrochemical techniques,
such as the rotating ring disk electrode (RRDE), in which the electrochemical reaction is
taking place on the disk, and the generation/consumption of hydronium/hydroxyl ions
can be measured at the ring electrode, which surrounds the disk. These ions reach the ring
due to the forced convection needed for this powerful technique [75–79].

The first suggestion in the literature to measure the interfacial pH by RRDE application
dates from 1983, in which Albery and Calvo suggested leaving the ring electrode at open
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circuit conditions and measuring the potential variation, which should be previously
calibrated [80]. Later, Hessami and Tobias have shown how this measurement is affected by
the electrode dimensions and the effects of the efficiency collector (N) in this interfacial pH
measurement [81]. If one prefers to apply the potentiometric measurement of interfacial
pH, it is of high interest for the ring electrode to be sensitive to pH variations. In this way,
the previously cited works [80,81] suggested using a Pt ring. However, other materials
can be used, such as the IrOx [82,83], which is reported to be more sensitive. Since many
pH-sensitive faradaic reactions of interest are related to gas evolution, such as H2 or O2
evolution and CO2 reduction, it is important to consider that accumulation of bubbles may
lead to misreading at the ring electrode [84].

Other electrochemical approaches that may help in the interfacial pH investigation
are local techniques, such as scanning electrochemical microscopy (SECM) [85–88]. Similar
materials that are used for RRDE apparatus can be used as SECM tips and be operated
in potentiometric mode. The mean advantage of SECM over RRDE is the possibility of
mapping the working electrode. By this, non-homogeneous electrodes with specific active
sites can be investigated in detail.

SECM can be used in different modes and by using different tips in a way that different
interfacial properties, such as conductivity and [85–92] adsorption of intermediates [93–96],
can be investigated. In addition, it is possible to couple SECM with EIS in the so-called
local EIS [91,94,97]. With this combined approach, it is possible to investigate the electro-
chemical proprieties of the EDL of isolated points of the electrode, which would allow
the determination of quantities, such as local PZC, which can be used to understand the
properties of active sites of electrocatalysts.

However, even with all the information that is possible to obtain with the electro-
chemical techniques, molecular-level information is still missing. Because of it, some
spectroelectrochemical techniques need to be considered as well.

Concepts to keep in mind:

• EDL can be used for charge transfer processes investigation, mainly due to how it is
related to W;

• PZC is a quantity that can be easily obtained by EIS measurements and is strongly
dependent on the EDL;

• The electrolyte chemical composition affects the EDL, and consequently the PZC and
the W. Because of it, the catalysis is strongly affected by the supporting electrolyte.

4. EDL Structure

So far, we discussed the EDL modelling, how it affects the electrochemical activity,
and how some proprieties can be measured by electrochemical techniques. However,
we still are not observing how the EDL structure behaves at a molecular level, which can
contribute to adsorbed species stability through intermolecular interactions [28,29,98,99]. To
better comprehend how both factors contribute to the system under investigation, the EDL
molecular structure needs to be taken into consideration, and spectroscopic techniques and
theoretical calculations need to be used for these insights. The present work will focus on
experimental approaches for the EDL structure; however, some theoretical comparisons will
be done when significant. For the reader interested in theoretical/molecular simulations,
the works by Wu [23], Chu [50], and Rossmeisl [100–105] are highly recommended.

To investigate electrochemical interfaces by experimental approaches, coupling the
electrochemical measurement with a spectroscopic technique is needed. Along the most
used spectroelectrochemical approaches [100,106–113], the vibrational ones are the most
used for EDL investigation due to their traditional application for intermediate/product
identification and mechanistic proposals [17,28,29,108–111,114–119]. Because of that, vibra-
tional spectroelectrochemistry is the main focus of this section. The operational principles,
selection rules, and limitations of infrared and/or Raman surface/electrochemical spec-
troscopy are not discussed in here. If the reader is not familiar with them, some literature is
proposed for infrared [120–124] and Raman [125–128].
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Before considering electrochemical reactions, it is better to consider how the EDL can
respond to small potential perturbations. In this sense, works using surface-enhanced
infrared spectroscopy (SEIRAS) [7,10,108,129,130], surface-enhanced Raman spectroscopy
(SERS) [131], and shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) [11]
can be found. For these studies, single-crystal electrodes were the most used ones, since it
should make the electrode material contribution (µm, Equation (15)) constant for the whole
analysis [12,31,100].

Independent of the supporting electrolyte used, water bands are always present. Be-
cause of it, the water-related bands are the target ones for EDL investigations. The banding
band (δH2O, around 1600 cm−1) is a qualitative guide for surface wetting [17,119,132].
For most cases, this band is normally not centered at the expected region for free water
molecules (1645 cm−1), and when it is redshifted to below 1600 cm−1, the shift is explained
by the fact that the IHP water is stabilized by the interaction with the electrode surface [7,10].
In acidic media, it is necessary to consider that the hydronium species can also co-adsorb
water. This interaction between hydronium and water generates a double degenerated
asymmetric banding centered around 1700 cm−1 [7–11,27,29,129]. The increment in the
hydronium-related band can be also related to the surface excess charge; in other words,
if the electrode is more negatively charged, the IHP and OHP hydronium concentrations
increase and the 1700 cm−1 intensity increases. In this way, the behavior of this band is
normally related to a spectroscopic determination of the PZC [7–11].

For neutral conditions, the shifts in the δH2O can be related to different conformations,
such as the weakly adsorbed water molecule, with the interaction by the H atoms (H-down,
Figure 5A) expected to be around 1615 cm−1 [7–10], the bi-layered conformation related to
the “ice-like” structure (Figure 5B) around 1640 cm−1 [7,10], and the stronger interaction
by the oxygen electrons lone-pairs and the surface at 1650 cm−1 (H-up, Figure 5C) [10].
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Figure 5. Schematics of water adsorbed structures on electrode surfaces (red rectangles). Red
spheres represent oxygen atoms, black hydrogen, and yellow sulfur: (A) H-down conformation
observed at potentials more negative than the PZC [7–9]; (B) “ice-like” bilayer structure observed
around PZC [7–10]. (C) H-up conformation observed at potentials more positive than the PZC [7–9];
(D) solvated sulfate anions suggested for positive potentials [10]; (E) water dimer; (F) adsorbed
OH− [133]; (G) flat adsorbed water at potentials around PZC [7,10].
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Another band observed for water molecules is the O-H stretching (νOH). This is
very intense, and the broadband is localized over 3000–3200 cm−1. In most spectroelectro-
chemical investigations, this band is just cited as a “water-related band” and no further
interest is given to it [114,116,134–136]. However, it is already known that this is not a
full symmetric band; it presents several shoulders, which sometimes evolve into proper
bands [7,10]. Applying deconvolution methods, the contribution of smaller bands can
also be investigated, such as the one centered around 2900 cm−1, and attributed to the
stretching of an O-H moiety in which the H atom is also interacting with the electrode
surface in the IHP (H-down, Figure 5A) [7], 3250 cm−1, related to a Fermi resonance of
νOH with a δH2O overtone [7]. At 3400 cm−1, the band is suggested to be related to the
solvation shell of anions, mainly SO4

2− (Figure 5D) [8,9]. At 3470 cm−1, the νOH is related
to an almost flat-water molecule conformation (Figure 5C); however, it is a little tilted, a
condition needed for the observation of this band due to the surface selection rules, and
the shift is interpreted to be related to an interaction between the O lone-pairs and the
surface [8,9]. At higher wavenumbers, such as 3640 and 3735 cm−1, water dimers are
expected (Figure 5E) [7], while for alkaline media, the νOH for hydroxyl ions is expected to
be at 3750 cm−1 (Figure 5F) [133].

The bi-layered “ice-like” structure (Figure 5B), also presents a characteristic νOH,
which can be observed around 3200 cm−1, according to Garcia-Araez et al. [9] or around
3612 cm−1, according to Ataka et al. [7] In this conformation, just one water layer is related
to the IHP, while the second is already considered as part of the OHP [100]. The naming of
this structure as “ice-like” is supported by the fact that its adsorption strength is close to the
bulk ice binding energy. Additionally, at this conformation, no chemical interaction between
the IHP water (first layer) and the electrode is observed, purely physical adsorption [100].

At the PZC, the EDL water is reported to be closer to bulk conformation [11], presenting
no preferential interaction, just a flat relation having one lone-pair interacting with the
electrode (Figure 5G) [7,130] or even the “ice-like” conformation (Figure 5B) [10]. Ataka
et al. [7] proposed that at potentials more negative than the PZC, δH2O should be around
1612 cm−1 and is related to a weakly H-bonded molecule and to a conformation in which
the H-down conformation (Figure 5A) is not fully perpendicular (at a 60o tilt); so, there is
an interaction between the metallic surface and an oxygen lone-pair [7–9]. Wandlowski
et al. [10], at the same conditions, also suggested that a second layer is related to the H-bond
between the IHP tilted water, and an OHP water is present by also looking at the νOH
bands. At the PZC (≈0.58 VRHE, Au electrode in 0.5 mol L−1 HClO4 electrolyte [7]), no
preference was observed, and the spectrum at this potential was used as a background [7–
11].

At potentials shortly more positive than the PZC, Ataka et al. [7] and Wandlowski
et al. [10] suggested the “ice-like” conformation (Figure 5B). However, the range in which
each group suggested such a structure did not match, and later, Garcia-Araez et al. [9]
highlighted that the divergence between both excellent works could be due to the proposed
PZC region. At even more positive potentials, the electrode is expected to be fully H-up
(Figure 5C), and some anions are expected to co-adsorb as well (Figure 5D); so, water bands
in the solvation shell are also expected [7–10,28,29,130].

At potentials more negative than the PZC, one of the most interesting works is using
SHINERS [11]. There, the authors observed that two possible H-down conformations can
be observed. The first is related to a row of water molecules in which one H is interacting
with the electrode (Figure 6A), while the other is involved in an H-bond with the water
molecule directly in front; the second conformation is also a bi-layered one (Figure 6B)
in which the IHP water has both H-atoms interacting with the electrode, while the OHP
molecules have one in an extended interaction with the electrode and the second is an
H-bond with the IHP molecules.
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Figure 6. Representation of the two H-down conformation described by Li et al. [11] at potentials
more negative than PZC; (A) is expected for shortly more negative than the PZC and (B) for potentials
much more negative.

One of the biggest issues of investigating EDL by vibrational spectroscopy is that it
is difficult to interpret the relation between band position and potential [11,27,129]. The
literature highlights that it can be a Stark shifting, related to how strongly adsorbed the
water conformation of one or the other IHP is due to the changing in the conformation,
which normally have bands closely centered. For this reason, the investigation of these
bands needs to be taken with care and always considering both moieties, δH2O and νOH.

In electrolytic solutions, water is not the only chemical species present, there are also
ionic ones. In acidic media, the hydronium ions (δH3O+ around 1700 cm−1) are the cation,
and the anions are, frequently, sulfate [9,10,17,18,29,118,129], perchlorate [7–9,17,28,29],
and sometimes other acids, such as nitric [18] and halogenates [131], which are also present.
The anion participation in the EDL structure is very important, especially for oxidative
reactions since they normally occur at potentials more positive than the PZC. These anions
are attracted/repelled to/from the EDL by the surface charging process and may assume
different conformations [17,18].

The kosmotropic anions, such as sulfate, are known to strongly interact with the
surface [53–55], and this may shift the PZC, as discussed in the previous section. The PZC
shift is normally reflected in a positive shift in the oxidation potential, making the oxidation
process less favorable [28,29]. The strong interaction may also block some catalytic sites,
and because of it, the electrocatalytic overall current may be smaller. The bands related
to sulfate are around 1100 cm−1 [7,9,10,17,18,119], and this band can be deconvoluted in
two C2v vibration modes related to adsorption in which two oxygen atoms are interacting
with the surface (Figure 7A) [17,18]. This conformation results in two observed bands,
one above 1100 cm−1, which is the stronger one, and another below 1000 cm−1. The first
is related to the asymmetric stretching and the other to the symmetric one [18]. Another
possible conformation for the sulfate adsorption is related to an inverted tetrahedron, in
which just one O atom is interacting with the surface in a C3v mode (Figure 7B). The
symmetric stretching is expected to be between 750 and 900 cm−1 and the asymmetric
between 1250–1350 cm−1 [18]. All these bands are expected to be observed as a broad and
an asymmetric band, so once again deconvolution methods are recommended [17].

For chaotropic anions, such as perchlorate and nitrate, the adsorption is not so
strong. Especially for perchlorate, which is normally assumed to be a non-adsorbing
anion [53–55]. However, there is already evidence that this anion is not just an adsorbate
one [62,63,65,137], but that this adsorption also may present different conformations on
the electrode surface [17]. The perchlorate adsorption is expected to present a duplicate
of an asymmetric mode around 1250 cm−1 [17] and a symmetric mode stretching around
1100 cm−1 [7–9,17,28,29]. The symmetric one is reported to be more intense, and maybe
this is the reason for it being mostly reported as the only perchlorate band. However, it is
possible to find works that not only report both bands but also deconvolute the symmetric
band in two, suggesting three moieties for the ClO−4 adsorption [17].
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Nitrate ions are reported to adsorb just by one conformation (Figure 7C) using
two oxygen atoms and presenting just symmetric and asymmetric modes, at 1043 and
1440–1450 cm−1 [18] Halogenates, assumed in the Hofmeister series to be “neutral”, nor-
mally form chemical bonds with the electrode surface, and since they are monoatomic
ions, the typical vibrations are M–X (M: metal, X: halogenate) stretching ones. These bands
are observed at very low wavenumbers and, because of it, normally are in the region
of absorption of the infrared cell window material, so they are observed just at Raman
spectroscopy [98,131].

The presence of these ions in the EDL is reported to affect the electrochemical activity
of several reactions, such as the SO2 oxidation reaction [28,29,116], and even some reduction
reactions, such as the oxygen reduction [17]. The reduction reactions are normally observed
at potentials more negative than the PZC, and because of it, the anions are expected to be
repelled from the electrode surface. However, as shown by Nesselberger and Arenz, some
anions, such as phosphate and sulfate, have a maximum surface coverage at potentials
in which the ORR is already taking place [17]. In that work, the authors have shown
that phosphoric acid adsorbs more and at more negative potentials than sulfate and/or
perchlorate, suggesting not only a shift in PZC but also a blocking of active sites at more
negative potentials by phosphate anions.

As presented before, the EDL can also present a different pH value than the bulk elec-
trolyte [67–73]. Since hydronium and hydroxyl ions present vibrational bands, it is obvious
that spectroelectrochemistry is also a powerful tool to investigate interfacial pH [27]. For
more detailed information, the stretching of the hydronium complexes need also to be con-
sidered. The solvated hydronium, the Eigen cation (H3O+(H2O)2), has a very short lifetime,
so unless the EDL is probed by a high-resolution spectroscopic technique, it will probably
not be seen [138]. By contrast, the shared proton, Zundel complex (H2O . . . H+ . . . H2O), is
more stable [138] and possible to be observed in infrared spectroscopy applied to electro-
chemical systems by the band centered at 1700 cm−1 [7–9,28,29,130,139]. It also presents a
characteristic stretching mode around 3160 cm−1 [138].

For obtaining more quantitative information about the local pH, the anions present in
the electrolyte may be a more efficient probe. Ayemoba and Cuesta presented an interesting
investigation on the interfacial pH variation during the CO2 reduction in Au electrodes [74]
in which the intensity ratio between CO2 (2340 cm−1) and bicarbonate (1650 cm−1) related
bands was used as a pH indicator based in the Henderson–Hasselbach equation. For such a
study, the authors calibrated the system measuring this ratio using different solutions with
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bias-adjusted pH. The authors varied the cations in the electrolyte and investigated how
they affect the CO2 reduction. They have shown that for the biggest alkali cations, the ones
with the lowest charge density and smaller solvation shells (the most chaotropic ones), the
pH increment during the reaction is lower, and the electrochemical activity is higher [74].

Another anion pair that can be used as a pH probe is sulfate/bisulfate. Previous
investigations have shown that with an increase in hydronium generation the sulfate-
related band (1100 cm−1) decreases, while the symmetric (1000 cm−1) and asymmetric
(1250 cm−1) bisulfate ones increase [119]. Investigating these bands, Dourado et al. [132]
were able to calibrate an interfacial pH dependence on the bulk titrated pH and proposed a
method to investigate the pKa of adsorbed species.

In alkaline media, the anion is hydroxyl (3750 cm−1) [133], and in a similar way as
that explained for acidic media, this should not be the only ion presented in the EDL; the
cations should also be present. However, these cations do not present vibrational bands by
themselves, and normally no cation–electrode as well. In this specific case, it is suggested
to further investigate the water-stretching region. In there, bands related to the solvated
cations can be observed around 3630 cm−1, which are reported in the literature to be
related to a Zundel-like complex involved in the solvation shell of sodium [7,10,140–143]
or potassium ions [9,12,27].

Concepts to keep in mind:

• Spectroelectrochemic techniques can provide the EDL structure evolution during an
electrochemical process;

• The water related bands can be deconvoluted and different conformations can be
obtained and investigated by them;

• The potential shift of these water bands needs to be taken with care since they can be
related to a generation or consumption behavior as well as a Stark shift. Simultaneous
consideration of stretching and bending modes is mandatory;

• Anions can also be followed by spectroscopic techniques, and its adsorption can be
related to active sites blocking;

• Cations are considered in alkaline media, but due to the lack of natural bands, the
water in the solvation shell is responsible for the probing bands.

5. Conclusions

In the present review, the EDL was firstly defined according to classic models for the
charged interface and electrolyte interaction, by the historical evolution from Helmholtz’
to Grahame’s model. After that, the EDL properties, such as the PZC and the interfacial
pH, are shown and related to the electrochemical activity in catalytic systems. Several
electrochemical techniques, such as EIS, RRDE, and SECM, are presented as powerful
tools for the chemical investigation and understanding of the EDL relation with electron
tunneling and the chemical pathway selectivity.

Finally, all these aspects were related to spectroelectrochemistry, so a molecular-
level point of view can be considered for further comprehension of EDL evolution in
electrochemical reactions. This text never aimed to be an ultimate contribution to the EDL
study; on the contrary, we tried to summarize different points of view on the problem and
tried to show the reader how complex, and yet fascinating, it is to study and learn about
this interfacial region.
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Abbreviations

EDL electric double layer
φ electrode surface potential
ψ EDL potential
kB Boltzmann’s constant
T temperature
z ionic charge number
e electron charge
N atomic population
x EDL thickness
κ−1 Debye length
I ionic strength
NA Avogadro’s constant
HL Helmholtz layer
ψh Helmholtz layer potential
xh Helmholtz layer thickens
IHP inner Helmholtz layer
OHP outer Helmholtz layer
PZC potential of zero charge
W work function
Xifp interfacial parameter
F Faraday’s constant
µm electron’s chemical potential
Cdl double layer capacitance
EIS electrochemical impedance spectroscopy
CV cyclic voltammetry
C capacitance
Q charge
E potential
CPE constant phase element
RRDE rotating ring disk electrode
SECM scanning electrochemical microscopy
SEIRAS surface enhanced infrared absorption spectroscopy
SERS surface enhanced Raman spectroscopy
SHINERS shell-isolated nanoparticle-enhanced Raman spectroscopy
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