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Abstract: A hyphenated electrochemical technique consists of the combination of the coupling of
an electrochemical technique with a non-electrochemical technique, such as spectroscopical and
optical techniques, electrogravimetric techniques, and electromechanical techniques, among others.
This review highlights the development of the use of this kind of technique to appreciate the useful
information which can be extracted for the characterization of electroactive materials. The use of
time derivatives and the acquisition of simultaneous signals from different techniques allow extra
information from the crossed derivative functions in the dc-regime to be obtained. This strategy
has also been effectively used in the ac-regime, reaching valuable information about the kinetics of
the electrochemical processes taking place. Among others, molar masses of exchanged species or
apparent molar absorptivities at different wavelengths have been estimated, increasing the knowledge
of the mechanisms for different electrode processes.

Keywords: hyphenated techniques; crossed derivative functions; crossed transfer functions; EQCM;
electrochemical techniques

1. Introduction

Electrochemical techniques are characterized by providing very precise information
on the behavior of certain materials. Most electrochemical techniques work by applying
an electrical perturbation to the system under study at a specific applied potential or
by forcing an electric current through it, and the response of the system is measured
in current or potential. The response to the electrochemical perturbations depends on
many factors, such as the kinetics and thermodynamics of the systems under study, but
it also depends on the structure and surface area of the system under study, the spatial
arrangement of the electrodes, the conductive characteristics of the medium, etc. During
electrochemical processes, changes can occur on the electrode’s surface, growth of passive
layers, viscoelastic properties, the size of layers, the interface and regions close to the
electrode, etc. Sometimes, there is not a single process that provides an electrical signal, but
rather we have coupled reactions that may appear as separated or overlapped responses.

The problem lies in the fact that this information always comes to us together with the
purely electrical response of the system, which can be interpreted based on a theoretical
model or as a deviation from the ideal or expected behavior of the system. An important
advantage of electrochemical techniques is that these techniques allow the simultaneous
recording of other signals, whose measurement has little or no effect on the electrochemical
response. Considering the complexity of the above-mentioned electrochemical processes,
this additional information helps to discern different possible mechanisms. Some of these
techniques that have been coupled to electrochemical ones are as follows:

• The electrochemical quartz crystal microbalance (EQCM) devices in the dc-regime
(electrogravimetry) and in the ac-regime (ac-electrogravimetry or mass impedance).
The EQCM electrode consists of a thin metal layer deposited on a thin sheet of quartz
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crystal whose resonant frequency is correlated with the mass on the metal electrode
layer by Sauerbrey’s equation [1–4]. This technique has been used to characterize the
ionic or solvent insertion in electroactive films [5–9], corrosion processes [10–14], or
the growth of passive layers [15–17], among others;

• Spectroscopy (UV-Vis, near IR, Raman). Working in transparent electrochemical cells
allows recording the spectra at different wavelengths during an electrochemical ex-
periment. This is known as spectroelectrochemistry and has been widely used to
identify changes in the structure of electroactive materials during electrochemical
experiments [18–23]. Coupling spectroscopy with electrochemical impedance spec-
troscopy is also possible; this is the color impedance technique [24–28];

• Digital Video Electrochemistry (DVEC). This technique consists of coupling an elec-
trochemical experiment with the recorded video of the electrode’s surface, allowing
the spatiotemporal analysis of the color changes at any part of the electrode’s surface.
If compared with spectroelectrochemistry, it has a small resolution but allows an
estimation of the homogeneity of the electrode’s surface through the analysis of the
color dispersion [29];

• Mirage effect: changes in density during the ion flux near the electrode’s surface
cause a change in the refraction index, and from these changes, the flux of ions can be
estimated [30–32];

• Acoustic impedance. The measurement of electromechanical changes is useful for the
characterization of the electrode/solution interface and viscoelastic properties of the
electrode [33,34].

There are other possible coupled techniques: chromatography; potentiometry; mass
spectrometer; etc. We will focus our attention on techniques allowing fast data acquisition
simultaneously with the electrochemical experiment. The key point is that the signal from
the different coupled techniques is simultaneously measured. Achieving synchronization
is crucial for comparing signals, computing time derivatives, and verifying the accuracy of
crossed derivatives to determine such parameters as molecular mass or molar absorptivity.
This coupling between techniques yields valuable information, increasing the comprehen-
sion of the mechanism, kinetics, and processes occurring. The objective of this review is
to show recent advances in electrochemical techniques and experimental data analysis
methodologies for the characterization of electroactive materials.

2. Electrochemical Techniques

During this experiment, a perturbation in potential or current is applied to the elec-
trochemical cell, and the response in current or potential, respectively, is measured and
recorded. Various techniques could be used to introduce the perturbations into the sys-
tem, such as potential or current steps, potential sweep voltammetry, electrochemical
impedance spectroscopy, zero current potentiometry, polarization curves, etc. The analysis
of the response gives thermodynamics and kinetics information about the studied system.
Electrode potentials are directly related to the thermodynamics of the system, while the
measured current is a direct measure of the electrochemical reaction rate. Faradaic current
can be expressed as the time derivative of electric charge, and the electric charge is directly
related to the number of mols reacting on the electrode’s surface. We can express it as
the change in the number of mols of the reduced or oxidized forms during a Faradaic
electrochemical reaction:

i =
dq
dt

= −∑ njF
dnRed,j

dt
= ∑ njF

dnOx,j

dt
(1)

This is why potential controlled techniques are the preferred ones for the data analysis
in hyphenated techniques, as explained below. In this expression, i refers to current, q
to the electrical charge, nj to the number of electrons involved in the jth contribution to
the current; F is the Faraday constant (96, 485 C mol−1), and nRed,j and nOx,j refer to the
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number of mols associated with the jth contribution to the electrical current for the reduced
or oxidized species, respectively.

Recording Data and Previous Data Treatment

As we observe the evolution of current during an experiment, we also gather data on
other signals, such as changes in mass, absorbance, electromechanical resistance, pH, and
more. The time derivatives of these signals compared with the electric current (expressed
as dq/dt) [11,35–41] allow the calculation of ratios, such as F dm/dq or F dA/dq [42,43].
These ratios can be seen as indications of the molar mass of the species involved in the
process or the molar absorptivity of the species under examination, respectively.

To do this, the first challenge is ensuring a proper synchronization of data since a small
delay between different measured signals can represent a serious problem. In direct current
techniques, a small delay between different signals can give a false crossed derivative
function. In the case of alternating current, the analysis of unsynchronized signals leads
directly to the appearance of artifacts in the impedance response. It must be understood
that, in this case, the impedance is already a cross-transfer function between the measured
analog signal and the sinusoidal perturbation. In these cases, a pre-calibration is performed
to correct the delay between analog signals [43–46].

Once all signals are correctly synchronized, raw data are usually acquired with a high
noise signal. Therefore, the detection of the noisy signal and a previous smoothing data
process is mandatory. Some of the routines for this purpose are filters based on the low-pass
Fast Fourier Transformations (FFT filter) or Savitzky–Golay (SG) smoothing data [47–49],
among others. Most of the commercial and free software for plotting data include them.
The optimal smoothing procedure depends on the studied system, the recorded signals,
and/or the preference of the person analyzing the data. For example, a low-pass FFT filter
could be a good choice for removing high-frequency noise. SG procedure could be useful
to eliminate a dispersed noise, but the optimum number of points for the SG procedure
depends on the number of data points recorded. Whereas poorly filtered signals provide
difficult-to-understand derivatives, excessively filtered data leads to derivative curves,
which do not correspond to the true measured signal, and smaller and wider peaks appear.
There are examples of treated data in the scientific literature [39,42].

After data are correctly synchronized and filtered, there is time to start the crossed
derivatives and crossed transfer functions analysis. For that purpose, we revise different
coupled electrochemical techniques.

3. Spectroelectrochemistry

An oxidation or reduction process is accompanied by changes in the molecule energy
levels or the formation/destruction of chemical bonds, and the spectroscopical properties
of the molecule also change. These changes can be detected as different bands of light
absorption at different wavelengths. On the one side, there is the appearance of new
chemical bonds detected as new absorption bands in the IR. However, IR proves difficult
to be measured during an electrochemical experiment since the solvent absorption bands
can interfere. Part of this problem is solved by measuring the Raman spectra during
the electrochemical experiment since water proves transparent to the visible and NIR
wavelengths where the LASER Raman usually operates [50–53]. On the other side, there
are also color changes at the vis-NIR or UV that can be easily detected by fast-response
modern spectrometers. Spectrometers can work both analogically or digitally (number of
counts), measuring light intensity. In the first case, light intensity (I) is converted after the
appropriate corrections into an absorbance A(λ) measurement, which can be easily related
to the concentration of active sites by Lambert–Beer’s law.

A(λ) = − log
(

I
I0

)
= ε(λ)·l·Cactive sites (2)
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where I0 is the light intensity for the blank sample; ε(λ) represents the molar absorptivity
at the λ wavelength; l is the optical path length, and Cactive sites is the concentration of
active sites. In the case of the number of counts (digital spectrometers) and after a previous
calibration, light intensity is proportional (∝) to the number of counts. Thus,

I ∝ ncounts and I0 ∝ ncounts,0 (3)

where ncounts is the number of counts registered for the sample at a given wavelength (λ),
and ncounts,0 the number of counts for the blank at this wavelength.

A(λ) = − log
(

I
I0

)
= − log

(
ncounts

ncounts,0

)
(4)

The UV-vis-NIR diode array spectrometers proved to be of special interest for our
purposes since they allow recording of one spectrum in the wavelength range from 350 to
1000 nm instantaneously.

3.1. Spectroelectrochemistry in the dc-Regime

In the case of studying a redox process of such adsorbed species as electrogenerated
polymers, recording the spectrum of the reduced and oxidized forms can help to identify the
changes that have occurred in the molecule (i.e., the formation of polarons or bipolarons).
In addition, the evolution of light signals during the electrochemical experiment gives extra
kinetic information. Let us assume a reduction reaction taking place by the general reaction:

Ox + ne− � Red (5)

The current at any time is directly related to the kinetics of the redox process.

i(t) =
dq(t)

dt
= nFA

dΓOx
dt

= −nFA
dΓRed

dt
(6)

In Equation (6), ΓRed and ΓOx refer to the surface concentrations of the reduced and
oxidized species, respectively. The rest of the parameters have their usual meaning. If
absorbance at a given wavelength is related to the concentration of active sites,

A(λ) = εOx(λ)lCOx + εRed(λ)lCRed = εOx(λ)ΓOx + εRed(λ)ΓRed (7)

It should be noted that the surface concentration (Γ) is given by the product of layer
thickness (l) and the volume concentration (C). If the total number of active centers at any
time does not change during the electrochemical process or, in other words:

ΓOx(t) + ΓRed(t) = Γtotal (8)

Differentiating the Equation (7), we arrive at

dA(λ)

dt
= εOx(λ)

dΓOx(t)
dt

+ εRed(λ)
dΓRed(t)

dt
(9)

and simplifying,

dA(λ)

dt
= (εRed(λ)− εOx(λ))

dΓRed(t)
dt

= −(εRed(λ)− εOx(λ))
dΓOx(t)

dt
(10)

Even if molar absorptivities and the cell length were unknown, the time derivative of
the absorbance proves proportional to the time derivative of the concentration of active
sites (reduced or oxidized).

dA(λ)

dt
= k(λ)

dΓRed(t)
dt

= −k(λ)
dΓOx(t)

dt
(11)
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In Equation (11), k(λ) is the difference between the molar absorptivities of the reduced
and the oxidized forms. Looking at the great similitude between current (Equation (6)) and
the time derivative of absorbance (Equation (11)), if there is only one electrochemical process
causing color changes at a given wavelength, the shape of the time derivative of absorbance
should be similar to the shape of the current curve [54]. In addition, the time derivative ab-
sorbance can solve one of the most important issues in spectroelectrochemistry—absorbance
needs a previous calibration (blank measure) at each wavelength, and this is not always an
easy experimental task. The use of time derivative absorbance can solve this issue. If we
differentiate Equation (2) or (4), we have

dA(t)
dt

= −d(log(I/I0))

dt
= −dlog(I)

dt
+

dlog(I0)

dt
= −dlog(I)

dt
(12)

Since log(I0) does not change with time, there is no need to measure the blank sample
for the derivative analysis.

By the combination of both Equations (6) and (11), we can have the FdA(λ)/dq
function as a first estimation of the electrochromic efficiency at each wavelength but also at
each applied potential during the electrochemical process [42]:

F
dA(λ)

dq
= F

dA(λ)
dt

i(t)
= − k(λ)

nA
(13)

The parameter k(λ) is characteristic for the electrochemical reaction studied at each
wavelength. The sign of k(λ) is given by the difference between the molar absorptivities
of the reduced and oxidized forms. If there is only one electrochemical process associated
with one absorbance change at a given wavelength, the crossed derivative function F dA(λ)

dq
gives a measure of the electrochromic efficiency (difference between molar absorptivities)
for this process [42]. It should be noted that this parameter cannot be evaluated in the
regions of the voltammogram where the current is close to 0 since the obtained asymptotic
values cannot be interpreted.

Even if more than one process takes place simultaneously, it is possible to deconvolute
the overall response. Let us assume that the global current measured during the experiment
can be expressed as the sum of currents due to different individual processes:

i(t) = ∑
j

njFA
dΓj,Ox

dt
= ∑

j
−njFA

dΓj,Red

dt
(14)

This expression for the voltammetry of adsorbed species case can be rewritten as

i(t) = ∑
j

njFAΓTotalbv·eb(Es+vt−E0′
j )(

1 + eb(Es+vt−E0′
j )
)2 = ∑

j

im.j

cosh2
(

b
2

(
Es + vt− E0′

j

)) (15)

In Equation (15), b = F/RT; v refers to the scan rate, Es to the starting potential, and
E0′

j to the formal potential of the electrochemical process. im,j is the maximum current for

the jth electrochemical process

im,j =
njFAΓTotalbv

4
(16)

Moreover, the change in absorbance measured at a characteristic wavelength is given
by the sum of time derivatives of absorbances associated with each individual process:

dA(λ)

dt
= ∑

j
k j(λ)

dΓj,Red(t)
dt

= ∑
j
−k j(λ)

dΓj,Ox(t)
dt

(17)
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If each one of the electrochemical processes causes absorbance changes at different
wavelengths, then it is possible to assign a singular characteristic wavelength for each one
of these processes, and thus, to separate the electrochemical response for each one of the
overlapped processes. This procedure has been successfully used for the deconvolution of
electrochemical processes during the redox processes in poly (Azure A) films [42]. In this
case, electrochromic efficiencies were estimated at different wavelengths from the F dA(λ)

dq
function obtained during the voltammetric curve, Equation (13), and then associated with
individual electrochemical processes. Therefore, in most cases, there is a characteristic
wavelength where electrochromic efficiency proves optimal to follow each one of the
overlapped electrochemical processes.

It is also possible that one of the electrochemical processes does not cause absorbance
changes at any λ; for example, an electrocatalytic process, such as hydrogen evolution. That
causes a fast decrease in the absolute value of the electrochromic efficiency since there is a
part of the current that does not cause any absorbance change. Thus, the time derivative of
the absorbance shows a zero baseline, but the current can show a non-zero (increasing or
decreasing) baseline due to the electrocatalytic reaction [55].

Figure 1 presents a simulation of a voltammetric curve for the reduction in adsorbed
species, where two electroactive sites are present. Each electroactive center is associated
with a voltammetric peak, and each electrochemical reaction causes changes in color; one of
them causes positive changes in absorbance, but the other causes negative ones. Together
with this “ideal” situation, a catalytic current is added to the measured current, which
causes a clear decrease in the electrochromic efficiency at the smaller potential.
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Figure 1. Simulated voltammetric curve for a reduction process of an absorbed specie, time derivative
of absorbance and the electrochromic efficiency (FdA/dq) for two electrochromic centers, and an
electrocatalytic process for the smaller potentials. EC refers to the electrocatalytic process, while
P1 and P2 to the electrochemical processes associated with electroactive centers (1) and (2), re-
spectively. Current was simulated from Equations (15) and (16) assuming two electrochemical
processes with these parameters: E0′

1 = 0.3 V, E0′
1 = 0.1 V; Es = 0.6 V, b = 38.9 V−1; v = 0.02 Vs−1;

n1 = n2 = 1; im.1 = −0.001 A; im,2 = −0.0005 A. A simulated catalytic reaction was added as

ic = −0.0001 exp
(
− 0.5F

RT (Es + vt− 0.005)
)

. dA/dt curves and FdA/dq curves were obtained, assum-
ing k(λ) values for both individual processes as 0.001 a.u. and −0.002 a.u.
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If the material electrodeposited is a conducting polymer, the absorbance due to the
organic polymers generated on electrode’s surface is dependent on the thickness of elec-
trogenerated polymers, and, thus, by absorbance changes, it is possible to estimate the
amount of the electrogenerated polymer on transparent or reflective electrodes [37]. The
main advantage is that kinetics for the polymer growth can be followed by measuring
absorbance at different wavelengths. However, some handicaps should be considered. One
of these is to work when the film is thick enough, and the absorbance does not change even
if the electrodeposit continues. Another obstacle is that we need to work in very diluted
monomer solutions since, at high concentrations, the monomer solution could be very dark,
and the absorbance could be saturated.

Spectroelectrochemistry can also be of interest for the study of electrodeposition,
electrodissolution, or the growth of a passive layer on the surface of a metal. In those
cases, the analysis of the spectroscopic data should be considered only when the electrode’s
surface changes by the new metal layer electrodeposited since, if the metal growths on the
surface of the previously electrodeposited metal, there is no color change and absorbance
keeps constant. Another point of interest is the electrodissolution of a metal where some
intermediate and colored species are formed near the electrode’s surface that can be detected
by changes in absorbance/color at a given wavelength. This information proves very
interesting for the kinetic mechanism studies since it allows the detection of intermediate
species by their color at different wavelengths. If there is enough absorbance resolution
from the kinetics of the appearance/disappearance of the intermediate species, it is possible
to elucidate the kinetics constants for consecutive reactions [51,56].

3.2. Spectroelectrochemistry in ac-Regime

Impedance techniques allow obtaining information separately from fast and slow pro-
cesses during an electrochemical experiment by changing the frequency of the perturbation.
Then, at higher frequencies, there is only the response due to the faster processes, while at
the lower frequencies, faster and slower processes contribute to the general response. Cou-
pling electrochemical impedance spectroscopy (EIS) techniques with a fast spectrometer
working at a fixed wavelength could serve to analyze the sinusoidal absorbance response
to the perturbation and then obtain the “color” impedance spectroscopy (CIS). Impedance
is measured with the help of the frequency response analyzer (FRA) that compares both
the sinusoidal potential perturbation and the sinusoidal current response, obtaining the
impedance transfer function ∆E

∆i (ω) [19,25,28,43]. For the simplest case of only one electro-
chemical reaction, this function can be converted into the electric charge transfer function
at each frequency via

∆q
∆E

(ω) =
1

jω∆E
∆i

= −nFA
∆Γred
∆E

(ω) (18)

For the color impedance, the transfer function is given by the following:

∆A(λ)

∆E
(ω) = k(λ)

∆Γred
∆E

(ω) (19)

In these expressions, ω refers to the angular frequency of the sinusoidal potential
perturbation (∆E); j is the imaginary unit (

√
−1), and ∆i is the current response to the

potential perturbation ∆E. ∆A is the response in absorbance change in the sample to the
potential perturbation ∆E.

Therefore, and from Equations (18) and (19), it is possible to get an estimation of the
electrochromic efficiency k(λ). Here, the main advantage is that it is possible to measure
this efficiency at different frequencies (ω). As an example of this kind of analysis, if
the electrochemical process causing the color change takes place simultaneously with
another electrochemical process not causing color changes but is slower, then at the higher
frequencies, a large value for the electrochromic efficiency is measured, while at the lower
frequencies, the smaller values are detected.



Materials 2023, 16, 4226 8 of 23

The frequency response analyzer (FRA) analyzes current, potential, and analog, corre-
sponding to the current measured in a photodetector proportional to the light intensity at a
given wavelength. Therefore, the transfer function measured corresponds to the ∆I(λ)

∆E (ω)

and not to the ∆A(λ)
∆E (ω) transfer function. However, for small potential amplitude pertur-

bation, there is a direct relation between both transfer functions [43]:

∆A(λ)

∆E
(ω) ≈ B

∆I(λ)
∆E

(ω) (20)

where B proves constant at a given wavelength. Then, the measured transfer function can
be interpreted as the ∆A(λ)

∆E transfer function.
For the case of adsorbed electroactive species, if we assume a fast electron transfer

at the electrode/solution interface and that adsorbed species form a thin layer on the
electrode, then the concentration of one electroactive species at the electrode can change
according to [43]

∆Γi
∆E

(ω) =
−Gi

1 + Ki
d

cot h(
√

jωτi)√
jωτi

(ω) (21)

where ∆Γi refers to the oscillating concentration of the electroactive species; Gi and Ki are
the parameters related to the kinetic constants for the electrochemical reaction and the
concentrations of electroactive species [43]; d refers to the thickness of the electroactive
layer, and τi to the time constant for the ith electrochemical process. Equation (21) proves
that it is easy to relate color changes (color impedance) with the electrical charge transfer
functions (∆q/∆E) and the color impedance transfer functions (∆A(λ)/∆E).

∆q
∆E

(ω) = ∑
i

1
jω

FGi

1 + Ki
d

coth(
√

jωτi)√
jωτi

(22)

∆A(λ)

∆E
(ω) = ∑

i

1
jω

ki(λ)Gi

1 + Ki
d

coth(
√

jωτi)√
jωτi

(23)

Figure 2 shows a simulation of how a color impedance spectrum looks in a system
where two electroactive centers cause color changes at the same wavelength. At the higher
frequencies, there is only the response of the faster process (the higher frequency loop),
while at the lower frequencies, there is the sum of both contributions. It should be noted
that both simulated spectra will look identical to the electric charge transfer function, but
color impedance allows to separate both contributions by their different electrochromic
efficiencies. In Prussian Blue films studied by color impedance, it has been possible to
identify different electroactive centers by their different electrochromic efficiency ki(λ) at
690 nm and 1000 nm of wavelength [43,57]. A general problem for all impedance studies
is that they require the system to be in a steady state to obtain a good stable response,
especially for the lower frequencies. In the case of unsteady systems, this can result in
artifacts that make it impossible to accurately determine the electrochromic properties of
the material under study.
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Figure 2. Simulated color impedance spectra for a system where 2 electroactive centers contribute
to the color change at a given wavelength. Black Line: the faster process contributes positively, and
the slower one negatively if the applied potential increases. Red Line: the faster and the slower
process contribute positively. HF refers to high frequency, and LF to low frequency. Simulated
curves were obtained from Equation (23) with these parameters: τ1 = 0.08 s, τ2 = 1.6 s; k1(λ)G1 =

3.3× 10−4 V−1 s−1 mol·L−1; k2(λ)G2 = 2.2× 10−5 V−1 s−1 mol·L−1, K1 = 6.0 m·s−1, K2 = 23 m·s−1.
For the black line, the same parameters, except k2(λ)G2 = −2.2× 10−5 V−1 s−1 mol·L−1.

4. Electrogravimetry

As in the above-mentioned color impedance, electrogravimetry consists in coupling
electrochemical techniques with gravimetric ones. Since electrochemical processes are
heterogeneous processes, there is always a mass change on the electrode’s surface due to
adsorption/desorption processes, electrodeposition, corrosion, charge balance during redox
processes of adsorbed species, etc. This is why electrogravimetry has been used for the study
of kinetics during electrodeposition processes [55], electrodissolution processes [10,15,39],
the formation of passive layers on the metal electrode’s surface [15], adsorption/desorption
of active substances during electrochemical processes [58], or for the study of charge
transfer reaction in conducting polymers [5,43]. Changes in mass can be indirectly recorded
during the experiment thanks to the quartz crystal microbalance. This device measures
the resonance frequency of a quartz crystal, and shifts of this frequency are converted into
mass changes with Sauerbrey’s equation [1]. This equation applies to thin layers and small
changes in mass and provides that the viscoelastic properties at the electrode/dissolution
interface do not dampen the changes in resonance frequency.

If all these conditions apply, there is a measure of mass changes on the electrode’s sur-
face during an electrochemical experiment. Mass gives excellent information to distinguish
among different kinetic mechanisms if accurately measured and synchronized with the
electrochemical response. For that purpose, the first step is a calibration procedure where
an experimental Sauerbrey’s constant is estimated from a stoichiometric electrochemical
reaction. Usually, the electrodeposition of copper or silver is considered a good calibration
method [59,60]. Once the calibration constant is obtained, mass changes are obtained from
frequency shifts detecting changes of about 10 ng.

We can see some cases where electrogravimetry has proven useful for the characteriza-
tion of electrochemical processes.

4.1. Conducting Polymers. The Insertion Problem

Conducting polymers have been revealed as one of the most studied systems due to
their possibilities in different electrochemical applications, going from electrocatalysis to
their possible use in electrical charge storage devices. If one polymer changes its oxidation
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state, there is an excess or lack of electric charge within that should be balanced. The
insertion model schematizes this problem for the cation insertion/expulsion as follows:

< P > + ne− +
n

z+
Mz+ � < P, ne−,

n
z+

Mz+ > (24)

In many cases, the electric charge balance takes place during the exchange of anions,
and then,

< P,
n

z−
Az− > + ne− � < P, ne− > +

n
z−

Az− (25)

In these expressions, < P > refers to the polymer matrix; Mz+ refers to the cation
with electrical charge z+, and Az− to the anion with electrical charge z−; n is the number of
electrons exchanged.

In both cases, there are mass changes associated with the electrochemical process if
the polymer is attached to the electrode’s surface. If the electric charge balance takes place
during the exchange of anions, during the reduction process, there is a mass decrease in the
electrode’s surface, and the opposite happens during the oxidation process. For the cations
exchange case, mass increases during the reduction and decreases during the oxidation. In
order to make a better comparison between current and mass changes, the time derivative
mass functions are preferred. If several processes take place simultaneously, each one of
them with a characteristic molar mass for the exchanged species (MWi), the time derivative
of mass can be estimated via

dm(t)
dt

= − 1
F ∑

i

MWi
zi

dqi(t)
dt

= − 1
F ∑

i

MWi
zi

νi
dq(t)

dt
(26)

where zi represents the electrical charge of the ion i that participates in the electrochemical
process, and νi

dq(t)
dt is the associated charge compensated by the participation of each i

species. Equation (26) implies positive values for anions’ participation during the oxidation
process and negative during the cations process.

If mass changes are related to the electrochemical response, we can assess the species
participating in the electrochemical reactions at a given potential by calculating F(dm/dq)
from dm/dt (in g s−1) and current (in A) data as [11,39]:

F
dm
dq

= F
dm(t)/dt
dq(t)/dt

= ∑ νi
MWi
−zi

± ξ (27)

Fdm/dq can be interpreted as a mean weighted value of the molar masses of exchanged
species during the electrochemical process. It should be noted that anions and cations
contribute differently to this molar mass, and cations’ contribution can cancel the anions’.

In Equation (22), ξ corresponds to the mass contribution of solvent or non-charged
species. In an ideal system considering only charged species, negative F(dm/dq) means that
the electroactive system exchanges cations (dm/dt < 0 and dq/dt > 0 or vice versa), whereas
a positive F(dm/dq) indicates the exchange of anions (dm/dt > 0 and dq/dt > 0 or vice
versa). In real systems, the expected F(dm/dq) value for the charged participating species
is subject to modification due to some factors, such as the transfer of neutral molecules
involving only mass change and the simultaneous participation of different species, if there
are surface catalytic reactions or capacitive currents that only consume a charge. In the last
case, F(dm/dq) tends to be 0 g mol−1. One limitation of this analysis is that mathematically,
F(dm/dq) tends to be infinite if the current approaches zero.

This function offers a quick estimation of the molar mass of exchanged species. If
there is only one process balanced by the participation of one ion, this function gives the
molar mass of the exchanged species divided by zi. If more than one species participates or
there is more than one electrochemical reaction, this function gives a weighted mean molar
mass of the exchanged species but considering their sign (positive or negative).
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This methodology has been used to identify the cation or anion inserted during the
electrochemical processes of different conducting polymers allowing to quantify the number
of molecules that accompany the cations or anions during its exchange, as well as solvating
the ion or by the exclusion effect. Since the electric charge for the solvent molecules is 0, it
introduces an increase in the absolute value of F dm

dq , if their flux is accompanying the ion or
a decrease, if their flux is opposite to the ions flux (parameter ξ in Equation (27) [39]).

Looking at the simulation of Figure 3, one can see how the time derivative mass shows
two peaks at the same potentials as the current peak potentials. At the more negative
potentials, there is the electrocatalytic process which causes a small increase in the absolute
value of the current but no mass change. This is reflected in the Fdm/dq evolution at these
potentials, showing a near-to-zero value. This is an example of how this analysis can detect
the presence of catalytic processes during a voltammetric experiment.
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Figure 3. Simulated voltammetric curve for two electrochemical processes with different cation
exchanges (P1, P2) and an electrocatalytic process (EC) at the smaller potentials. Current was simulated
from Equations (15) and (16), assuming two electrochemical processes with these parameters: E0′

1 = 0.3 V,
E0′

1 = 0.1 V; Es = 0.6 V; b = 38.9 V−1; v = 0.02 Vs−1; n1 = n2 = 1, im.1 = −0.001 A; im,2 = −0.0005 A.

A simulated catalytic reaction was added as ic = −0.0001 exp
(
− 0.5F

RT (Es + vt− 0.005)
)

. dm/dt curves
and Fdm/dq curves were obtained, assuming −MWi/zi values for both individual processes as
−40 g·mol−1 and −20 g·mol−1.

Some of the limitations of this way of working are that mass changes are associated
with changes in the resonance frequency of the EQCM electrode. However, for this relation-
ship to exist, some conditions must be satisfied, such as that the layer on the microbalance
electrode should be sufficiently rigid. An additional difficulty is a change in the viscoelastic
properties or thickness of the conducting polymers, which can also cause small shifts in the
resonance frequency not associated with mass changes. Working with thick polymer layers
poses a problem in that the linearity between mass and resonance frequency changes is lost,
and the mass measurement is not valid.

4.2. Corrosion and Formation of Passive Layers

As commented above, EQCM proves to be of special interest in all these processes
involving mass changes. Kinetics for corrosion reactions is one of the most studied processes
in electrochemistry and engineering. Corrosion rates are usually expressed in mg per year.
Therefore, one can think that microbalance coupled with the electrochemical studies of
corrosion is an excellent option. However, the corrosion mechanism is more complex than a
loss of mass during a certain time. Depending on the experimental conditions, a corrosion
process implies a mass decrease in the studied sample; however, in some cases, if the
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oxidation subproducts keep on the metal surface, there is a mass increase. The presence of
different anions, such as Cl−, can accelerate the corrosion process. The role of these anions
involves previous adsorption on the metal that can help to stabilize some complexes with
the metal accelerating the corrosion rate. In other cases, the presence of some anions can
help the stabilization of M(I)aq species making the electrodissolution process faster. In all
these cases, the EQCM can help interpret experimental results.

Let us propose a mechanism for the dissolution of metal in two single electron
steps, followed by a transport stage of the oxidized species towards the solution [11]
Equations (28)–(30):

M(s)→ M(I)ads + e− (28)

M(I)ads → M(I I)ads + e− (29)

M(I I)ads → M(I I)aq (30)

In these expressions, the role of different anions stabilizing the oxidized metal species
is not considered since, globally, the anions do not keep on the electrode’s surface after the
metal leaves the electrode’s surface. Therefore, the M(I I) species leave the metal surface
after losing two electrons, and the F dm

dq crossed-derivative function gives a value of −MWM
2 .

If we consider that anions can stabilize the M(I) species, helping to remove it before the
second electron transfer takes place,

M(s)→ M(I)ads + e− (31)

M(I)ads + xA− → (MA)x−1
aq (32)

In this case, the F dm
dq crossed-derivative function will reach values of−MWM

1 since only
one electron is needed to remove the metal from the electrode’s surface.

This methodology has been used for the kinetics study of electrodissolution of Zn,
Ni, and Cu in sulfate and chloride solutions. In the case of Cu electrodissolution, the
Cu(I) species were stabilized on the electrode’s surface, and a first increase in mass was
detected during the electrodissolution [39]. These mechanisms were tested by different
electrochemical techniques, such as EIS, obtaining experimental results that corroborate
these hypotheses [11,15].

Another kind of studies that could be followed by the coupling of EQCM and electro-
chemical techniques is the growth of passive layers during the oxidation of a metal [15].
In this case, the corrosion of a metal does not give a decrease in mass since a layer of
oxides/hydroxides or other insoluble salts of the metal can be formed on the metal surface.
Thus, even during a corrosion experiment, mass increases. The Point Defect Model [61,62]
is used for the interpretation of the electrochemical response during the growth of the
passive layer, and the EQCM gives the rate of mass increase. In this case, the use of the
F dm

dq function allows to identify the nature of the species formed on the electrode’s surface
during the growth of the passive layer and the kinetics of a passive layer growth.

The application of the quartz microbalance to this type of studies has some limitations.
Firstly, it is necessary to work with quartz microbalance electrodes, usually gold, and this
implies that the metal must be electrodeposited on this electrode. On the other hand, and
as a limitation of the EQCM, it is not possible to work with very thick layers of metal.

4.3. Electroplating and Electrodeposition

Electrodeposition is used to modify the surface of one electrode and its properties by
the generation of different substances on its surface. It is possible to distinguish between
at least two kinds of electrodeposits. On the one hand, there is electroplating, where
a metal layer covers the electrode’s surface; on the other hand, there is the electrode
position of organic layers on the surface of a conducting electrode. Here, we can consider
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the generation of an intrinsically conducting polymer as well as the formation of an
isolating material.

In the case of electroplating, usually, this is a process taking place under galvanostatic
conditions when the rate of growth should be constant. However, experimental conditions
for the electrodeposition require the application of enough negative potentials, and then,
undesirable parallel electrochemical reactions, such as the hydrogen evolution reaction
(HER), could take place. If the current is only measured during the electrodeposition
reaction, it proves impossible to estimate the electric efficiency for the electrodeposition
reaction. However, if the mass is simultaneously recorded, one can have a fast estimation of
the electrodeposition reaction efficiency by measuring the F dm

dq function. If electrodeposition
takes place by the reaction

Mz+
aq + ze− → Mads (33)

absolute values of F dm
dq smaller than MWM

z mean that a part of the electric charge is wasted
in the HER or other coupled electrochemical processes. As a case of the use of the Fdm/dq
function to characterize the electrochemical properties of some materials, we will consider
the electrodeposition of a metal (Zn) that takes place together with the hydrogen evolution
reaction (HER). In this case, we assume that the current is the sum of the two contributions,
but the mass changes are only associated with the metal deposition process. Thus, we can
write the experimental variation of Fdm/dq as

F
dm
dq

∣∣∣∣
exp

= ν1F
dm
dq

∣∣∣∣
1
+ (1− ν2)F

dm
dq

∣∣∣∣
2
= ν1F

dm
dq

∣∣∣∣
1
+ 0 (34)

In Equation (34) we have the parameter ν1, which represents the part of the cur-
rent that we associate with the first process, and, therefore, (1− ν1) corresponds to the
current associated with the second process. F dm

dq

∣∣∣
1

and F dm
dq

∣∣∣
2

are the expected val-
ues for the function Fdm/dq, according to processes 1 or 2, respectively. In this case,
F dm

dq

∣∣∣
1
= −M(Zn)

2 = −32.7 g mol−1; the mass of the metal divided by its charge and for

the second process F dm
dq

∣∣∣
2
= 0 since this is a reaction taking place without mass change.

By solving this equation for each potential, we can separate the current for each process
and, thus, isolate the catalytic current. For the case of Zn electrodeposition, a value of
Fdm
dq = −23 g mol−1 was obtained during the deposition of the metal in these experimental

conditions [11], which corresponds to the consideration that for each atom of Zn deposited,
1/2 of H2 gas is formed.

This way of working can be generalized to other cases when the two values of Fdm/dq
are different, without necessarily canceling one of them, and different contributions to the
overall current can be separated.

Therefore, it could be possible to optimize the experimental conditions (controlled
current, additives, temperature, pH, and concentration) to achieve the largest electric
efficiency. The electrodeposition of Cu from a CuSO4 aqueous and H2SO4 solution has
been used for the calibration procedure of EQCM devices [59]. The redox potential for
Cu2+/Cu is 0.34 V, while for the Cu2+/Cu+, it is 0.16 V. Then, during electroplating, the
most favorable reaction is the reduction of Cu2+ to Cu, and F dm

dq reaches constant values

near 65
2 g mol−1. However, if the same experiment is made with Cl− anions in the solution,

since chloride can stabilize Cu+
aq species, the F dm

dq measured does not correspond exactly to

the 65/2 g mol−1 [39].
As commented above, this methodology has also been used for the characterization

of the electrodeposition of conducting polymers on the EQCM electrodes. In this case,
electrodeposition can take place by following different strategies. On the one side, there
is the case of organic conducting polymers, such as those generated from phenothiazine
monomers, that need the formation of a radical cation to start the polymerization process.
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After the radical cation has been formed, the monomer unit bonds with the polymer chain.
Obviously, there is a mass increase during the electrodeposition due to the new monomers
attached to the polymer chain, but usually, the formation of radical cations requires large
potentials that also can cause the oxidation of the polymer. Therefore, changes in mass due
to the charge in balance associated with the oxidation process should also be considered
for a correct interpretation. In this case, both the polymer chain growth and the polymer
oxidation reaction contribute to the F dm

dq function [55]. If the charge balance takes place
during the exchange of anions, mass increases more than expected for a single polymer
chain growth; on the contrary, if the polymer exchanges cations during the oxidation
process, a smaller mass change should be expected. In any case, the polymerization process
needs the formation of more than one radical cation by each monomer attached to the
polymer, making the efficiency to be always smaller than 100%. The use of F dm

dq during the
growth of conducting polymers can help in optimizing the experimental conditions for the
largest electric efficiency.

4.4. Electrogravimetry in the ac-Regime

As in the case of spectroelectrochemistry, it is also possible to record mass impedance
together with electrochemical impedance spectroscopy. This ensemble of techniques is
known as ac-electrogravimetry and was first introduced by the Gabrielli and Keddam
research group [44]. The interpretation of ac-electrogravimetry data requires an accurate
data treatment. First, as mass impedance is recorded from resonance frequency shifts, and
this measurement takes a little more than current or potential measurement, a calibration–
correction procedure is needed to correct this delay. After this, the ac-electrogravimetric
transfer function is obtained. If there are several electrochemical processes causing mass
changes on the electrode’s surface, and each of these processes is characterized by the molar
mass of the exchanged species, then the transfer function can be expressed as [43]

∆m
∆E

(ω) = − 1
F ∑

i

MWi
zi

∆qi
∆E

(ω) = −∑
i

1
jω

MWi/zi i· Gi

1 + Ki
d

coth(
√

jωτi)√
jωτi

(35)

In the case of an exchange of cations/anions in a conducting polymer, this transfer
functions produces loops in different quadrants on the complex plane of mass impedance.

Figure 4 shows simulations of the mass transfer function for different cases. For
the cations exchange, a third quadrant semicircle is observed, while for the anions, on
the first quadrant. If there is more than one participating ion, there is a transition from
high to low frequencies, starting on the quadrant corresponding to the fast exchange
process and changing at the lower frequencies to the quadrant corresponding to the slowest
process [43,63,64].

From Equation (35), we can arrive at the crossed impedance transfer function F ∆m
∆q (ω)

F
∆m
∆q

(ω) = F
∆m/∆E
∆q/∆E

(ω) = −∑
i

MWi
zi

νi (36)

This transfer function can be interpreted as the molar mass divided by its electric
charge of the exchanged ion if only one species is exchanged. In this case, the imaginary part
equals to 0, and the real part, to MWi/zi. If more than one ion participates, this is a mean
and weighted molar mass of the exchanged species, but in the complex plane. Differently
shaped loops can be observed depending on the relative speed of the electrochemical
processes studied. Mass changes can also be caused by the exchange of non-charged
(solvent) species. If these species are exchanged accompanying the cation/anion, then
the apparent molar mass of the ion is corrected by this contribution. If this exchange
of solvent takes place at a different rate, it will be detected in this transfer function as a
different process in mass changes, but not in electric charge, and a loop will appear in the
F ∆m

∆q (ω) transfer function [43]. As an example, during the electrochemical characterization
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of PEDOT films by ac-electrogravimetry (Figure 5), the value of this transfer function at
different frequencies has allowed identifying the exchanged species during the charge
compensation process in PEDOT films at different potentials [55]. At the higher frequencies
(0.1 Hz–10 Hz), there is the exchange of Li(H2O)+x since the mass proves larger than the
Li+ cation, but at the lower frequencies, the slow electrochemical reduction in molecular
O2 causes a larger current but no mass change, and then, F∆m/∆q decreases.
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It has also been possible to discern between the fast and slow cation exchange in
Prussian Blue films at different potentials [43,57]. In other studies, this transfer function
has served to evaluate the number of water molecules accompanying cations or to exclude
the insertion of anions within the films [65,66].

Despite the great possibilities offered by this technique, there are limitations. In the
first place, there are limitations derived from the use of microbalances, such as stiffness of
the films, thin films, changes in viscoelastic properties, etc. In addition, it is not possible
to work with a conventional microbalance, but it is necessary to use devices that allow a
faster response to frequency changes, and this requires previous calibration.
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4.5. Electromechanical Properties at the Electrode Interface

Electrochemical techniques are always referred to as heterogeneous processes. There is
an electron-conducting electrode and an ionic conductor in contact with it. Electrochemical
reactions take place on the electrode’s surface, but what happens at the electrode/solution
interface? It proves difficult to characterize the interface region during an electrochem-
ical process. This interface region should be interpreted as a transition region from the
solid/liquid electrode to the solution (or ionic conductor). Obviously, this interface region
changes during the electrochemical reaction, but how can we characterize these changes?
There is the possibility to characterize this interface region by LASER beam deflection,
mirage effect, or other spectroscopical techniques [67–69], where changes in the density at
the interface region during the electrochemical experiment can serve to estimate the flux
of species.

There is also the possibility to use the quartz crystal microbalance to follow these
changes. The resonator electrode is modeled as the Butterworth–Van Dyke (BVD) equiva-
lent circuit [70]. The simplest BVD-based circuit consists of two branches that represent
a static capacitance (Cs) in parallel with a motional branch with the motional inductance
Lm, the motional capacitance Cm, and the motional resistance Rm in series. Particularly, Rm
describes the energy dissipation during oscillation caused by internal frictions, mechanical
losses, and acoustical losses to the adjacent environment (solution) [71,72]. It is true that the
resonant frequency depends slightly on changes at the interface region, but this is not the
case for the motional resistance Rm. This resistance is measured with some EQCM devices
to correct frequency shifts if the electrode interface consists of a viscous material [72].
There are different models that can relate to this motional resistance and its variation with
the viscoelastic properties on the electrode material, but also with the properties of the
interface region, such as magnetic properties, molecular interactions, film porosity, metal
conversions, or electrocatalysis [34,72–78].

The use of this magnitude for the characterization of electrochemical properties of
different kinds of films is relatively recent. For that, it was necessary to consider that the
acoustic wave generated by the quartz resonator crosses some physical barriers in the
normal direction of the resonator: the quartz crystal together with the metal electrode (q);
the quartz|film interface (q|f ); the acoustically thin film (f); the film|solution interface
( f|s ); and finally, the acoustic wave is damped in the liquid solution (s). Therefore, Rm can
be expressed as a sum of energy dissipations, such as [74,79–81]:

Rm = Rm(q) + Rm(q|f) + Rm(f) + Rm(f|s) + Rm(s) (37)

where Rm(q) and Rm(s) are assumed constant during the experimental time transient and
can be eliminated as in

dRm

dt
=

d(Rm(q|f) + Rm(f) + Rm(f|s))
dt

(38)

Thus, the evolution of Equation (38) is only due to such film physic properties as the
interaction forces between the electrodes surface and the film, the film roughness, which
leads the friction between the film surface and the liquid, and the viscoelasticity of film
due to the creation and destruction of covalent bonds by electrochemical reactions [82,83].

In other works, changes in the motional resistance are used to explain the mechanism
of formation of the passive layer on the electrode’s surface, to calculate the thickness of
viscoelastic films, or to monitor the coupling of biomolecules [84,85]. There is also the
possibility to relate these parameters with the viscosity or surface tension of different fluids
in contact with the EQCM electrode [79]. In 1995, Muramatsu et al. analyzed the Sauerbrey
model through the relationship between ∆Rm and ∆ fr of viscoelastic films and defined
d fr/dRm as the energy dissipation factor or viscoelasticity factor of coated film [86–88].
When ∆ fr/∆Rm ratios are equal or greater than 100 Hz Ω−1, the relation between the real
mass changes and the resonant frequency is reliable. On the contrary, the characteristic
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ratio of a net density/viscosity effect is ∼10 Hz Ω−1, which is a characteristic of a net
liquid-loading effect.

5. Digital Video Electrochemistry (DVEC)

During the last few years, a new strategy has been developed for the interpretation of
electrochemical results associated with color changes. Digital Video Electrochemistry takes
advantage of a fast CCD sensor of a Digital Video Camera that records video at 30 fps (or
more). This technique has been developed both as a low-cost spectroelectrochemical device
and a new technique allowing measuring the color intensity and color intensity dispersion
on large electrode surfaces [89,90].

Video is decomposed into individual frames, and each frame is analyzed based on the
RGB color theory. A digital image can be expressed as a matrix of pixels; each one of these
pixels is characterized by its three-color coordinates in the RGB space. If a 3 × 8 bits camera
is used, then a pure Red color corresponds to the (255,0,0) coordinates, a pure Green color
(0,255,0), and a pure Blue color (0,0,255). As it is well known, the combination of all three
coordinates gives 256 × 256 × 256 possible colors to be detected, which covers most of the
visible spectra. An important difference with spectroelectrochemical techniques is that it is
possible to simultaneously analyze a large surface area of the electrode. Since the entire sur-
face can be simultaneously analyzed, there is a large amount of information to be managed,
with three coordinates per pixel at any frame. Assuming a 30 fps 100 × 100 pixels image,
that means 3 × 30 × 100 × 100 = 900,000 data per second. Therefore, the use of statistical
parameters which summarize all this information should be necessary. For this purpose,
and for the mean color intensities (IRGB), Equation (39), and the standard deviation of color
intensity for each one of the RGB coordinates (variance, sd2

RGB), Equation (40) is a good
option [89].

IRGB = ∑
npixel
j=1

IRGB(j)
npixels

(39)

sd2
RGB =

∑
npixels
j=1 (IRGB(j)− IRGB)

2

npixels
(40)

In recent works, it has been proven that these parameters can be directly related to
kinetic parameters [89,90]. During a voltammetric experiment, this research has shown that
the time derivative of color intensity showed similar peaks to voltammetric ones, and if
there are several overlapped processes associated with different color changes, these peaks
can help to separate the current contribution to each one of these processes (see Figure 6).
In the case of electrocatalytic reactions, there is a current that does not cause color changes,
and with the help of the time derivative of mean color intensity curves, it is possible to
separate the electrocatalytic current from the current due to electrochemical processes of
the surface-adsorbed species.

A second application for digital video analysis, together with the electrochemical
response, is from the color dispersion analysis. Let us assume that during a surface
chemical/electrochemical reaction, there is a color change from color 1 to color 2. Then,
there is an initial situation where all the surface is color 1, and the final surface is color 2.
Color dispersion proves minimum at the beginning and at the end of the chemical reaction,
but larger values are observed at intermediate times [89,90]. Maximum of color dispersion
is achieved if one-half of the surface is color 1 and the other half is color 2. That corresponds
to the half-life time (t1/2) for a kinetic study and is directly related to the kinetic constant
for the studied process in such experimental conditions. Since the standard deviation of
the color intensity on the electrode’s surface is the measurement of the color dispersion,
the time at which this parameter proves maximum is an easy way to estimate the kinetic
constant associated with the chemical/electrochemical process. This possibility has been
used to study the evolution of the reduction kinetic constants of Prussian blue to Everitt’s
salt from the variance maxima with time during the electrochemical process [90]. Moreover,
the variance against time experimental curves show well-defined peaks, and from the
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half-peak width, it can be possible to discern the studied reaction among different kinetic
orders [89].
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Figure 6. Cyclic voltammetry at 2 mV/s of a thin layer of Poly(methylene Blue) on an ITO transpar-
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More recently, digital video electrochemistry analysis has been used for the study of
electroplating and electrodeposition processes. It is true that image analysis has been used
for the characterization of electroplated surface [91], but the main advantage of DVEC
is that this analysis takes place in situ and not after the surface has been electroplated.
Therefore, it proves more adequate for the study of the kinetics and mechanism of the
electrodeposition process. In this case, the maximum variance against time curves can be
interpreted as the time needed to cover 1/2 of the electrode’s surface [92]. It is an excellent
parameter to estimate the rate of the electrodeposition process. In electroplating studies,
the electrodeposition on the electrode’s surface does not necessarily mean a color change.
As an example, during the electrodeposition of copper on the surface of the electrode, if
copper is deposited on a non-covered region of the electrode, the mean color intensity and
the variance of color intensity change, but if copper is deposited on previously deposited
copper, there is no color change, and probably, a non-homogeneous layer of copper on the
electrode is formed [92]. Therefore, and if compared with electrodeposition followed by
mass changes, with this technique, we can estimate the degree of the covered surface but
not the total amount of electrodeposited material. It should be noted that the homogeneity
of the electrode’s surface cannot be estimated from classical spectroelectrochemistry since
this last technique usually gets the spectroscopic information on a small region on the
electrode’s surface (or, in some cases, two regions of the electrode’s surface [93]). An
important advantage of DVEC is that it is fully compatible with EQCM measurements, and
then mass changes together with color dispersion and color intensity can be simultaneously
measured and analyzed.

Another interesting parameter that can be obtained from DVEC is the time at which
the surface is fully covered by the new layer [92]. For this purpose, there are two parameters
that can be used. On the one side, there is the time from which the mean color intensity does
not change. After this time, all the electrogenerated material is deposited on previously
generated material, and then, no color change is measured. On the other side, there is
the color dispersion analysis. If there are no new regions on the electrode covered by the
electrogenerated material, then there is no change in the color dispersion, and the variance
keeps constant. In both cases, this is the time needed to achieve a fully covered surface.
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The study of electrodissolution by DVEC and electrochemical techniques of a previous
Cu deposit has allowed identifying different Cu compounds formed on the electrode’s
surface, for example, a white-grey compound corresponding to the formation of a CuCl
layer during the electrodissolution of the last layer [92]. By comparing the time needed for
the electrodeposition with the time needed for the electrodissolution, a rough estimation
of the electrochemical efficiency was also obtained. The rate of covering the electrode’s
surface has been measured at different parts on the electrode’s surface thanks to the local
image analysis provided by the DVEC, and it has been proved that the ohmic drop of the
electrode is a key factor determining the homogeneity of the covered surface [92].

More recently, the ac-response of DVEC has also been studied [29], obtaining the elec-
trochromic performance of PEDOT films at different frequencies and at different potentials
for the three-color coordinates, red, green, and blue.

6. Discussion and Conclusions

Electrochemical processes proved to be very complex and require the use of sophisti-
cated techniques and methodologies to be interpreted correctly. The use of hyphenated
techniques has proven to be one of the best strategies for this purpose. The simultaneous
acquisition of several signals represents a qualitative and quantitative leap in the study of
reaction mechanisms in electrochemical processes. When the measured signals can be re-
lated to changes in the concentration of the electroactive species, this implies the possibility
of relating directly to the measured faradaic current. In this way, it is possible to identify
species that are inserted by their molecular mass, reaction intermediates by their molar
absorptivity, and catalytic processes that cause electric current but do not carry associated
changes in mass or color. Acquiring the motional resistance during an electrochemical
experiment has allowed to detect viscous changes at the electrode/solution interface. Al-
though many of these coupled techniques do not have the same resolution as others, such
as AFM, STM, SEM, or EDX, the possibility of obtaining a simultaneous response to the
electrochemical response makes them ideal techniques for the kinetic characterization of
electroactive materials or the identification of intermediate species in more complex mecha-
nisms. It should be noted that in recent years, the use of video electrochemical techniques
(DVEC) has introduced the possibility of statistically studying the changes that take place
on the surface of an electrode. The variance versus time curves during a voltammetry
experiment show a similar variation to the current curves and allow a new interpretation
of the current measurement related to the dispersion of active centers on the surface.

Author Contributions: Conceptualization, J.J.G.-J., J.A. and F.V.; methodology, J.J.G.-J., J.A. and F.V.;
software, J.J.G.-J.; validation, J.J.G.-J., J.A. and F.V.; formal analysis, J.J.G.-J., J.A. and F.V.; investigation,
J.J.G.-J., J.A. and F.V.; resources, F.V.; data curation, J.A.; writing—original draft preparation, J.J.G.-J.,
J.A. and F.V.; writing—review and editing, J.J.G.-J., J.A. and F.V.; visualization, J.A.; supervision, F.V.;
project administration, J.J.G.-J., J.A. and F.V.; funding acquisition, F.V. All authors have read and
agreed to the published version of the manuscript.

Funding: Funding from the Spanish E3TECH-PLUS Research Network (RED2022-134552-T, MICINN/AEI).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Available under demand.

Acknowledgments: Funding from the Spanish E3TECH-PLUS Research Network (RED2022-134552-
T, MICINN/AEI) was acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2023, 16, 4226 20 of 23

References
1. Sauerbrey, G. Verwendung von Schwingquarzen zur Wägung dünner Schichten und zur Mikrowägung. Z. Physik 1959, 155,

206–222. [CrossRef]
2. Etchenique, R.A.; Calvo, E.J. Gravimetric Measurement in Redox Polymer Electrodes with the EQCM beyond the Sauerbrey Limit.

Electrochem. Commun. 1999, 1, 167–170. [CrossRef]
3. Kankare, J. Sauerbrey Equation of Quartz Crystal Microbalance in Liquid Medium. Langmuir 2002, 18, 7092–7094. [CrossRef]
4. Vogt, B.D.; Lin, E.K.; Wu, W.-I.; White, C.C. Effect of Film Thickness on the Validity of the Sauerbrey Equation for Hydrated

Polyelectrolyte Films. J. Phys. Chem. B 2004, 108, 12685–12690. [CrossRef]
5. Feldman, B.J.; Melroy, O.R. Ion Flux during Electochemical Charging of Prussian Blue Films. J. Electroanal. Chem. 1987, 234,

213–227. [CrossRef]
6. Hillman, A.R.; Loveday, D.C.; Bruckenstein, S. A General Approach to the Interpretation of Electrochemical Quartz Crystal

Microbalance Data: Part II. Chronoamperometry: Temporal Resolution of Mobile Species Transport in Polyvinylferrocene Films.
J. Electroanal. Chem. Interfacial Electrochem. 1991, 300, 67–83. [CrossRef]

7. Dini, D.; Salatelli, E.; Decker, F. EQCM Analysis of the Insertion Phenomena in a N-Doped Poly-Alkyl-Terthiophene with
Regioregular Pattern of Substitution. Front. Chem. 2021, 9, 711426. [CrossRef]

8. Hillman, A.R.; Daisley, S.J.; Bruckenstein, S. Ion and Solvent Transfers and Trapping Phenomena during N-Doping of PEDOT
Films. Electrochim. Acta 2008, 53, 3763–3771. [CrossRef]

9. Ismail, H.K.; Alesary, H.F.; Al-Murshedi, A.Y.M.; Kareem, J.H. Ion and Solvent Transfer of Polyaniline Films Electrodeposited
from Deep Eutectic Solvents via EQCM. J. Solid State Electrochem. 2019, 23, 3107–3121. [CrossRef]

10. Tang, M.; Harmon, S.; Nadagouda, M.N.; Lytle, D.A. Quartz Crystal Microbalance with Dissipation: A New Approach of
Examining Corrosion of New Copper Surfaces in Drinking Water. Environ. Sci. Technol. 2021, 55, 11265–11273. [CrossRef]

11. Gimenez-Romero, D.; Garcia-Jareno, J.J.; Vicente, F. EQCM and EIS Studies of Zn-Aq(2+)+2e(-) Reversible Arrow Zn0 Electro-
chemical Aq Reaction in Moderated Acid Medium. J. Electroanal. Chem. 2003, 558, 25–33. [CrossRef]

12. Kim, G.-Y.; Kim, S.-W.; Jang, J.; Yoon, S.; Kim, J.-S. Investigation of Early Corrosion Behavior of Canister Candidate Materials in
Oxic Groundwater by the EQCM Method. Sci. Technol. Nucl. Install. 2022, 2022, 4582625. [CrossRef]

13. Wang, Y.; Zhang, Y.; Zhou, B.; Li, C.; Gao, F.; Wang, X.; Liang, D.; Wei, Y. In-Situ Observation of the Growth Behavior of ZnAl
Layered Double Hydroxide Film Using EQCM. Mater. Des. 2019, 180, 107952. [CrossRef]

14. Guo, N.; Lei, Y.; Liu, T.; Chang, X.; Yin, Y. Electrochemical Deposition of Polypyrrole Coating on Copper from Aqueous Phytate
Solution and Its Application in Corrosion Protection. J. Chin. Soc. Corros. Prot. 2018, 38, 140–146. [CrossRef]

15. Gregori, J.; García-Jareño, J.J.; Giménez-Romero, D.; Vicente, F. Growth of Passive Layers on Nickel during Their Voltammetric
Anodic Dissolution in a Weakly Acid Medium. Electrochim. Acta 2006, 52, 658–664. [CrossRef]

16. Woodhouse, R.C.; Wilbraham, R.J.; Boxall, C. Fixed Contamination on Steel Surfaces: First Use of Quartz Crystal Microgravimetry
to Measure Oxide Growth on Process Steels under Conditions Typical of Nuclear Reprocessing. MRS Online Proc. Libr. 2012, 1383,
95–100. [CrossRef]

17. Vidal, C.V.; Muñoz, A.I.; Olsson, C.-O.A.; Mischler, S. Passivation of a CoCrMo PVD Alloy with Biomedical Composition under
Simulated Physiological Conditions Studied by EQCM and XPS. J. Electrochem. Soc. 2012, 159, C233–C243. [CrossRef]

18. Amemiya, T.; Hashimoto, K.; Fujishima, A.; Itoh, K. Analyses of Spectroelectrochemical Behavior of Polypyrrole Films Using the
Nernst Equation “Monomer Unit Model” and Polaron/Bipolaron Model. J. Electrochem. Soc. 1991, 138, 2845–2850. [CrossRef]

19. Amemiya, T.; Hashimoto, K.; Fujishima, A. Frequency-Resolved Faradaic Processes in Polypirrole Films Observed by Electro-
modulation Techniques—Electrochemical Iimpedance and Color Impedance Spectroscopies. J. Phys. Chem. 1993, 97, 4187–4191.
[CrossRef]

20. Arjomandi, J.; Kakaei, Z. Electrosynthesis and In Situ Spectroelectrochemistry of Conducting O-Aminophenol-p-Aminophenol
Copolymers in Aqueous Solution. J. Electrochem. Soc. 2014, 161, E53–E60. [CrossRef]

21. Mortimer, R.J. Spectroelectrochemistry, Methods and Instrumentation. In Encyclopedia of Spectroscopy and Spectrometry, 3rd ed.;
Lindon, J.C., Tranter, G.E., Koppenaal, D.W., Eds.; Academic Press: Oxford, UK, 2017; pp. 172–177. ISBN 978-0-12-803224-4.

22. Mortimer, R.J.; Reynolds, J.R. In Situ Colorimetric and Composite Coloration Efficiency Measurements for Electrochromic
Prussian Blue. J. Mater. Chem. 2005, 15, 2226–2233. [CrossRef]

23. Mortimer, R.J.; Rosseinsky, D.R. Iron Hexacyanoferrate Films: Spectroelectrochemical Distinction and Electrodeposition Sequence
of “soluble” (K+-Containing) and “Insoluble” (K+-Free) Prussian Blue, and Composition Changes in Polyelectrochromic Switching.
J. Chem. Soc. Dalton Trans. 1984, 2059–2062. [CrossRef]

24. Amemiya, T.; Hashimoto, K.; Fujishima, A. Color Impedance Spectroscopy of Polypyrrole Films. J. Electroanal. Chem. 1994, 377,
143–148. [CrossRef]

25. Kim, J.J.; Tryk, D.A.; Amemiya, T.; Hashimoto, K.; Fujishima, A. Color Impedance and Electrochemical Impedance Studies of
WO3 Thin Films: Behavior of Thinner Films in Non-Aqueous Electrolyte. J. Electroanal. Chem. 1997, 433, 9–17. [CrossRef]

26. Rojas-González, E.A.; Niklasson, G.A. Setup for Simultaneous Electrochemical and Color Impedance Measurements of Elec-
trochromic Films: Theory, Assessment, and Test Measurement. Rev. Sci. Instrum. 2019, 90, 085103. [CrossRef]

27. Gabrielli, C.; Keddam, M.; Perrot, H.; Torresi, R. Lithium Insertion in WO3 Studied by Simultaneous Measurements of Impedance,
Electrogravimetric and Electro-Optical Transfer Functions. J. Electroanal. Chem. 1994, 378, 85–92. [CrossRef]

https://doi.org/10.1007/BF01337937
https://doi.org/10.1016/S1388-2481(99)00031-4
https://doi.org/10.1021/la025911w
https://doi.org/10.1021/jp0481005
https://doi.org/10.1016/0022-0728(87)80173-0
https://doi.org/10.1016/0022-0728(91)85384-2
https://doi.org/10.3389/fchem.2021.711426
https://doi.org/10.1016/j.electacta.2007.10.062
https://doi.org/10.1007/s10008-019-04415-1
https://doi.org/10.1021/acs.est.1c02220
https://doi.org/10.1016/S0022-0728(03)00373-5
https://doi.org/10.1155/2022/4582625
https://doi.org/10.1016/j.matdes.2019.107952
https://doi.org/10.11902/1005.4537.2018.007
https://doi.org/10.1016/j.electacta.2006.05.051
https://doi.org/10.1557/opl.2012.211
https://doi.org/10.1149/2.090205jes
https://doi.org/10.1149/1.2085327
https://doi.org/10.1021/j100118a040
https://doi.org/10.1149/2.086403jes
https://doi.org/10.1039/B418771G
https://doi.org/10.1039/dt9840002059
https://doi.org/10.1016/0022-0728(94)03458-3
https://doi.org/10.1016/S0022-0728(97)00181-2
https://doi.org/10.1063/1.5115119
https://doi.org/10.1016/0022-0728(94)87059-4


Materials 2023, 16, 4226 21 of 23

28. Garcia-Belmonte, G.; Bueno, P.R.; Fabregat-Santiago, F.; Bisquert, J. Relaxation Processes in the Coloration of Amorphous WO3
Thin Films Studied by Combined Impedance and Electro-Optical Measurements. J. Appl. Phys. 2004, 96, 853–859. [CrossRef]

29. Guillén, E.; Ferrer-Roselló, M.; Agrisuelas, J.; García-Jareño, J.J.; Vicente, F. Digital Video-Electrochemistry (DVEC) to Assess
Electrochromic Materials in the Frequency Domain: RGB Colorimetry Impedance Spectroscopy. Electrochim. Acta 2021, 366,
137340. [CrossRef]

30. Decker, F.; Neuenschwander, R.T.; Cesar, C.L.; Penna, A.F.S. The Mirage Effect in Electrochemistry. J. Electroanal. Chem. Interfacial
Electrochem. 1987, 228, 481–486. [CrossRef]

31. Rosolen, J.M.; Decker, F.; Fracastoro-Decker, M.; Gorenstein, A.; Torresi, R.M.; de Torresi, S.I.C. A Mirage Effect Analysis of the
Electrochemical Processes in Nickel Hydroxide Electrodes. J. Electroanal. Chem. 1993, 354, 273–279. [CrossRef]

32. de Abreu Alves, M.R.; Reis, R.N.C.; de Oliveira, J.G.; Calado, H.D.R.; Donnici, C.L.; Matencio, T. Simultaneous Quartz Microbal-
ance and Mirage Effect Studies of Poly(3-Methoxythiophene) Electrosynthesis and Electrochemical Characterisations. Electrochim.
Acta 2013, 105, 347–352. [CrossRef]

33. Ispas, A.; Peipmann, R.; Bund, A.; Efimov, I. On the P-Doping of PEDOT Layers in Various Ionic Liquids Studied by EQCM and
Acoustic Impedance. Electrochim. Acta 2009, 54, 4668–4675. [CrossRef]

34. Agrisuelas, J.; Gabrielli, C.; García-Jareño, J.J.; Perrot, H.; Sel, O.; Vicente, F. Viscoelastic Potential-Induced Changes in Acoustically
Thin Films Explored by Quartz Crystal Microbalance with Motional Resistance Monitoring. Electrochim. Acta 2015, 176, 1454–1463.
[CrossRef]

35. Kulesza, P.; Zamponi, S.; Malik, M.; Miecznikowski, K.; Berrettoni, M.; Marassi, R. Spectroelectrochemical Identity of Prussian
Blue Films in Various Electrolytes: Comparison of Time-Derivative Voltabsorptometric Responses with Conventional Cyclic
Voltammetry. J. Solid State Electrochem. 1997, 1, 88–93. [CrossRef]

36. Nekrasov, A.A.; Ivanov, V.F.; Gribkova, O.L.; Vannikov, A.V. Voltabsorptometric Study of “Structural Memory” Effects in
Polyaniline. Electrochim. Acta 2005, 50, 1605–1613. [CrossRef]

37. Duluard, S.; Ouvrard, B.; Celik-Cochet, A.; Campet, G.; Posset, U.; Schottner, G.; Delville, M.-H. Comparison of PEDOT Films
Obtained via Three Different Routes through Spectroelectrochemistry and the Differential Cyclic Voltabsorptometry Method
(DCVA). J. Phys. Chem. B 2010, 114, 7445–7451. [CrossRef]

38. Qafsaoui, W.; Taouil, A.E.; Kendig, M.W.; Cachet, H.; Joiret, S.; Perrot, H.; Takenouti, H. Coupling of Electrochemical, Electro-
gravimetric and Surface Analysis Techniques to Study Dithiocarbamate/Bronze Interactions in Chloride Media. Corros. Sci. 2018,
130, 190–202. [CrossRef]

39. Gimenez-Romero, D.; Gabrielli, C.; Garcia-Jareno, J.J.; Perrot, H.; Vicente, F. Electrochemical Quartz Crystal Microbalance Study
of Copper Electrochemical Reaction in Acid Medium Containing Chlorides. J. Electrochem. Soc. 2006, 153, J32–J39. [CrossRef]

40. He, J.-B.; Zhou, Y.; Meng, F.-S. Time-Derivative Cyclic Voltabsorptometry for Voltammetric Characterization of Catechin Film on
a Carbon-Paste Electrode: One Voltammogram Becomes Four. J. Solid State Electrochem. 2009, 13, 679–685. [CrossRef]

41. He, J.B.; Yu, C.-L.; Duan, T.-L.; Deng, N. In Situ Spectroelectrochemical Analysis of Quercetin in Acidic Medium. Anal. Sci. 2009,
25, 373–377. [CrossRef]

42. Agrisuelas, J.; Giménez-Romero, D.; García-Jareño, J.J.; Vicente, F. Vis/NIR Spectroelectrochemical Analysis of Poly-(Azure A) on
ITO Electrode. Electrochem. Commun. 2006, 8, 549–553. [CrossRef]

43. Agrisuelas, J.; García-Jareño, J.J.; Gimenez-Romero, D.; Vicente, F. Innovative Combination of Three Alternating Current
Relaxation Techniques: Electrical Charge, Mass, and Color Impedance Spectroscopy. Part II: Prussian Blue � Everitt’s Salt
Process. J. Phys. Chem. C 2009, 113, 8438–8446. [CrossRef]

44. Gabrielli, C.; Keddam, M.; Nadi, N.; Perrot, H.A.c. Electrogravimetry on Conducting Polymers. Application to Polyaniline.
Electrochim. Acta 1999, 44, 2095–2103. [CrossRef]

45. Gabrielli, C.; Perrot, H.; Rose, D.; Rubin, A.; Toque, J.; Pham, M.; Piro, B. New Frequency/Voltage Converters for Ac-
Electrogravimetric Measurements Based on Fast Quartz Crystal Microbalance. Rev. Sci. Instrum. 2007, 78, 074103. [CrossRef]

46. Gabrielli, C.; Perrot, H. AC-Electrogravimetry Investigation in Electroactive Thin Films. In Modern Aspects of Electrochemistry No.
44: Modelling and Numerical Simulations II; Schlesinger, M., Ed.; Modern Aspects of Electrochemistry; Springer: New York, NY,
USA, 2009; pp. 151–238. ISBN 978-0-387-49586-6.

47. O’Leary, P.; Harker, M.; Neumayr, R. Savitzky-Golay Smoothing for Multivariate Cyclic Measurement Data. In Proceedings of the
2010 IEEE International Instrumentation and Measurement Technology Conference I2mtc 2010, Proceedings, Austin, TX, USA,
3–6 May 2010; IEEE: New York, NY, USA, 2010.

48. Kalka, A.J.J.; Turek, A.M.M. Searching for Alternatives to the Savitzky-Golay Filter in the Spectral Processing Domain. Appl.
Spectrosc. 2023, 77, 426–432. [CrossRef]

49. Betty, K.R.; Horlick, G. Frequency Response Plots for Savitzky—Golay Filter Functions. Anal. Chem. 1977, 49, 351–352. [CrossRef]
50. Ibañez, D.; Fernandez-Blanco, C.; Heras, A.; Colina, A. Time-Resolved Study of the Surface-Enhanced Raman Scattering Effect of

Silver Nanoparticles Generated in Voltammetry Experiments. J. Phys. Chem. C 2014, 118, 23426–23433. [CrossRef]
51. Ibañez, D.; Garoz-Ruiz, J.; Heras, A.; Colina, A. Simultaneous UV–Visible Absorption and Raman Spectroelectrochemistry. Anal.

Chem. 2016, 88, 8210–8217. [CrossRef]
52. Joiret, S.; Keddam, M.; Nóvoa, X.R.; Pérez, M.C.; Rangel, C.; Takenouti, H. Use of EIS, Ring-Disk Electrode, EQCM and Raman

Spectroscopy to Study the Film of Oxides Formed on Iron in 1 M NaOH. Cem. Concr. Compos. 2002, 24, 7–15. [CrossRef]

https://doi.org/10.1063/1.1759083
https://doi.org/10.1016/j.electacta.2020.137340
https://doi.org/10.1016/0022-0728(87)80125-0
https://doi.org/10.1016/0022-0728(93)80339-J
https://doi.org/10.1016/j.electacta.2013.04.173
https://doi.org/10.1016/j.electacta.2009.03.056
https://doi.org/10.1016/j.electacta.2015.07.131
https://doi.org/10.1007/s100080050027
https://doi.org/10.1016/j.electacta.2004.10.030
https://doi.org/10.1021/jp9111712
https://doi.org/10.1016/j.corsci.2017.10.034
https://doi.org/10.1149/1.2181315
https://doi.org/10.1007/s10008-008-0601-8
https://doi.org/10.2116/analsci.25.373
https://doi.org/10.1016/j.elecom.2006.01.022
https://doi.org/10.1021/jp900824w
https://doi.org/10.1016/S0013-4686(98)00317-X
https://doi.org/10.1063/1.2751093
https://doi.org/10.1177/00037028231154278
https://doi.org/10.1021/ac50010a045
https://doi.org/10.1021/jp5074363
https://doi.org/10.1021/acs.analchem.6b02008
https://doi.org/10.1016/S0958-9465(01)00022-1


Materials 2023, 16, 4226 22 of 23

53. Bernard, M.C.; Hugot-Le Goff, A. Quantitative Characterization of Polyaniline Films Using Raman Spectroscopy: I: Polaron
Lattice and Bipolaron. Electrochim. Acta 2006, 52, 595–603. [CrossRef]

54. Dunphy, D.R.; Mendes, S.B.; Saavedra, S.S.; Armstrong, N.R. The Electroactive Integrated Optical Waveguide: Ultrasensitive
Spectroelectrochemistry of Submonolayer Adsorbates. Anal. Chem. 1997, 69, 3086–3094. [CrossRef]

55. Guillén, E.; Agrisuelas, J.; García-Jareño, J.J.; Vicente, F. The Role of Lithium, Perchlorate and Water during Electrochemical
Processes in Poly(3,4-Ethylenedioxythiophene) Films in LiClO4 Aqueous Solutions. J. Electroanal. Chem. 2021, 897, 115580.
[CrossRef]

56. Varvara, S.; Dorneanu, S.-A.; Okos, A.; Muresan, L.M.; Bostan, R.; Popa, M.; Marconi, D.; Ilea, P. Dissolution of Metals in Different
Bromide-Based Systems: Electrochemical Measurements and Spectroscopic Investigations. Materials 2020, 13, 3630. [CrossRef]

57. Agrisuelas, J.; García-Jareño, J.J.; Vicente, F. Identification of Processes Associated with Different Iron Sites in the Prussian Blue
Structure by in Situ Electrochemical, Gravimetric, and Spectroscopic Techniques in the Dc and Ac Regimes. J. Phys. Chem. C 2012,
116, 1935–1947. [CrossRef]

58. González-Peña, O.I.; Chapman, T.W.; Vong, Y.M.; Antaño-López, R. Study of Adsorption of Citrate on Pt by CV and EQCM.
Electrochim. Acta 2008, 53, 5549–5554. [CrossRef]

59. Gabrielli, C.; Keddam, M.; Torresi, R. Calibration of the Electrochemical Quartz Crystal Microbalance. J. Electrochem. Soc. 1991,
138, 2657. [CrossRef]

60. EQCM-Simple-Experiment_Ver1_1—EQCM-Calibration-of-an-Au-Coated-Quartz-Crystal-AppNote.Pdf. Available online: https:
//www.gamry.com/assets/Uploads/eQCM-Calibration-of-an-Au-coated-Quartz-Crystal-AppNote.pdf (accessed on 18 Decem-
ber 2016).

61. Chao, C.Y.; Lin, L.F.; Macdonald, D.D. A Point Defect Model for Anodic Passive Films: I. Film Growth Kinetics. J. Electrochem. Soc.
1981, 128, 1187. [CrossRef]

62. Macdonald, D.D. Some Personal Adventures in Passivity—A Review of the Point Defect Model for Film Growth. Russ. J.
Electrochem. 2012, 48, 235–258. [CrossRef]

63. To Thi Kim, L.; Sel, O.; Debiemme-Chouvy, C.; Gabrielli, C.; Laberty-Robert, C.; Perrot, H.; Sanchez, C. Proton Transport Properties
in Hybrid Membranes Investigated by Ac-Electrogravimetry. Electrochem. Commun. 2010, 12, 1136–1139. [CrossRef]

64. To Thi Kim, L.; Debiemme-Chouvy, C.; Gabrielli, C.; Perrot, H. Redox Switching of Heteropolyanions Entrapped in Polypyrrole
Films Investigated by Ac Electrogravimetry. Langmuir 2012, 28, 13746–13757. [CrossRef]

65. Hillman, A.R.; Swann, M.J.; Bruckenstein, S. General-Approach to the Interpretation of Electrochemical Quartz Crystal Microbal-
ance Data 1. Cyclic Voltammetry—Kinetic Subtleties in the Electrochemical Doping of Polybithiophene Films. J. Phys. Chem. 1991,
95, 3271–3277. [CrossRef]

66. Hillman, A.R.; Hughes, N.A.; Bruckenstein, S. Dynamic Separation of Mobile Species Transfer Processes at Polymer Modified
Electrodes Using the Electrochemical Quartz Crystal Microbalance. Analyst 1994, 119, 167. [CrossRef]

67. Vieil, E.; Lopez, C. Quantitative Discrimination of Mass Fluxes at Electrochemical Interfaces by Optical Beam Deflection. J.
Electroanal. Chem. 1999, 466, 218–233. [CrossRef]

68. Henderson, M.J.; Robert Hillman, A.; Vieil, E. A Combined Electrochemical Quartz Crystal Microbalance (EQCM) and Probe
Beam Deflection (PBD) Study of a Poly(o-Toluidine) Modified Electrode in Perchloric Acid Solution. J. Electroanal. Chem. 1998,
454, 1–8. [CrossRef]

69. Zaera, F. Use of Molecular Beams for Kinetic Measurements of Chemical Reactions on Solid Surfaces. Surf. Sci. Rep. 2017, 72,
59–104. [CrossRef]

70. Oyama, N.; Ohsaka, T. Coupling between Electron and Mass Transfer Kinetics in Electroactive Polymer Films—An Application of
the in Situ Quartz Crystal Electrode. Prog. Polym. Sci. 1995, 20, 761–818. [CrossRef]

71. Buttry, D.; Ward, M. Measurement of Interfacial Processes at Electrode Surfaces with the Electrochemical Quartz Crystal
Microbalance. Chem. Rev. 1992, 92, 1355–1379. [CrossRef]

72. Cuenca, A.; Agrisuelas, J.; Catalán, R.; García-Jareño, J.J.; Vicente, F. Motional Resistance Evaluation of the Quartz Crystal
Microbalance to Study the Formation of a Passive Layer in the Interfacial Region of a Copper Vertical Bar Diluted Sulfuric
Solution. Langmuir 2015, 31, 9655–9664. [CrossRef]

73. Hillman, A.R. Mobile Species Populations and Viscoelastic Effects in Electroactive Polymer Films. Solid State Ion. 1997, 94, 151–160.
[CrossRef]

74. Gimenez-Romero, D.; Agrisuelas, J.; Garcia-Jareño, J.J.; Gregori, J.; Gabrielli, C.; Perrot, H.; Vicente, F. Electromechanical Phase
Transition in Hexacyanometallate Nanostructure (Prussian Blue). J. Am. Chem. Soc. 2007, 129, 7121–7126. [CrossRef]

75. Cooper, M.A.; Singleton, V.T. A Survey of the 2001 to 2005 Quartz Crystal Microbalance Biosensor Literature: Applications of
Acoustic Physics to the Analysis of Biomolecular Interactions. J. Mol. Recognit. 2007, 20, 154–184. [CrossRef]

76. Etchenique, R.; Brudny, V.L. Characterization of Porous Polyaniline-Polystyrenesulfonate Composite Films Using EQCM.
Electrochem. Commun. 1999, 1, 441–444. [CrossRef]

77. Gabrielli, C.; Magalhaes, A.A.O.; Margarit, I.C.P.; Perrot, H.; Tribollet, B. Study of Chromate-Zinc Conversion Process through
Microbalance/Electroacoustic Impedance Coupling Measurements. Electrochem. Commun. 2004, 6, 492–498. [CrossRef]

78. Xie, F.; Huang, Z.; Chen, C.; Xie, Q.; Huang, Y.; Qin, C.; Liu, Y.; Su, Z.; Yao, S. Preparation of Au-Film Electrodes in Glucose-
Containing Au-Electroplating Aqueous Bath for High-Performance Nonenzymatic Glucose Sensor and Glucose/O-2 Fuel Cell.
Electrochem. Commun. 2012, 18, 108–111. [CrossRef]

https://doi.org/10.1016/j.electacta.2006.05.039
https://doi.org/10.1021/ac961272g
https://doi.org/10.1016/j.jelechem.2021.115580
https://doi.org/10.3390/ma13163630
https://doi.org/10.1021/jp207269c
https://doi.org/10.1016/j.electacta.2008.02.104
https://doi.org/10.1149/1.2086033
https://www.gamry.com/assets/Uploads/eQCM-Calibration-of-an-Au-coated-Quartz-Crystal-AppNote.pdf
https://www.gamry.com/assets/Uploads/eQCM-Calibration-of-an-Au-coated-Quartz-Crystal-AppNote.pdf
https://doi.org/10.1149/1.2127591
https://doi.org/10.1134/S1023193512030068
https://doi.org/10.1016/j.elecom.2010.06.003
https://doi.org/10.1021/la302115f
https://doi.org/10.1021/j100161a056
https://doi.org/10.1039/an9941900167
https://doi.org/10.1016/S0022-0728(99)00153-9
https://doi.org/10.1016/S0022-0728(98)00245-9
https://doi.org/10.1016/j.surfrep.2017.02.002
https://doi.org/10.1016/0079-6700(95)00006-2
https://doi.org/10.1021/cr00014a006
https://doi.org/10.1021/acs.langmuir.5b02233
https://doi.org/10.1016/S0167-2738(96)00502-4
https://doi.org/10.1021/ja070895g
https://doi.org/10.1002/jmr.826
https://doi.org/10.1016/S1388-2481(99)00093-4
https://doi.org/10.1016/j.elecom.2004.02.017
https://doi.org/10.1016/j.elecom.2012.02.031


Materials 2023, 16, 4226 23 of 23

79. Martin, S.; Granstaff, V.; Frye, G. Characterization of a Quartz Crystal Microbalance with Simultaneous Mass and Liquid Loading.
Anal. Chem. 1991, 63, 2272–2281. [CrossRef]

80. Rodahl, M.; Hook, F.; Kasemo, B. QCM Operation in Liquids: An Explanation of Measured Variations in Frequency and Q Factor
with Liquid Conductivity. Anal. Chem. 1996, 68, 2219–2227. [CrossRef]

81. Lee, S.W.; Hinsberg, W.D. Determination of the Viscoelastic Properties of Polymer Films Using a Compensated Phase-Locked
Oscillator Circuit. Anal. Chem. 2002, 74, 125–131. [CrossRef]

82. Bund, A.; Schneider, M. Characterization of the Viscoelasticity and the Surface Roughness of Electrochemically Prepared
Conducting Polymer Films by Impedance Measurements at Quartz Crystals. J. Electrochem. Soc. 2002, 149, E331–E339. [CrossRef]

83. Arnau, A.; Jimenez, Y.; Fernández, R.; Torres, R.; Otero, M.; Calvo, E.J. Viscoelastic Characterization of Electrochemically Prepared
Conducting Polymer Films by Impedance Analysis at Quartz Crystal Study of the Surface Roughness Effect on the Effective
Values of the Viscoelastic Properties of the Coating. J. Electrochem. Soc. 2006, 153, C455–C466. [CrossRef]

84. Lucklum, R.; Hauptmann, P. The Delta F-Delta R QCM Technique: An Approach to an Advanced Sensor Signal Interpretation.
Electrochim. Acta 2000, 45, 3907–3916. [CrossRef]

85. Sousa, C.; Compere, C.; Dreanno, C.; Crassous, M.-P.; Gas, F.; Baus, B.; Perrot, H. Direct and Fast Detection of Alexandrium
Minutum Algae by Using High Frequency Microbalance. J. Microbiol. Methods 2014, 104, 49–54. [CrossRef] [PubMed]

86. Kim, J.M.; Chang, S.M.; Muramatsu, H. In Situ Optoelectrochemical Approach for the Dynamic Property Study of Polypyrrole
Thin Film by Quartz Crystal Combined with UV-Visible Advanced Design. J. Electrochem. Soc. 1999, 146, 4544–4550. [CrossRef]

87. Kim, J.M.; Chang, S.M.; Muramatsu, H. Monitoring Changes in the Viscoelastic Properties of Thin Polymer Films by the Quartz
Crystal Resonator. Polymer 1999, 40, 3291–3299. [CrossRef]

88. Muramatsu, H.; Egawa, A.; Ataka, T. Reliability of Correlation Between Mass Change and Resonant-Frequency Change for a
Viscoelastic-Film-Coated Quartz-Crystal. J. Electroanal. Chem. 1995, 388, 89–92. [CrossRef]

89. Agrisuelas, J.; García-Jareño, J.J.; Guillén, E.; Vicente, F. Kinetics of Surface Chemical Reactions from a Digital Video. J. Phys. Chem.
C 2020, 124, 2050–2059. [CrossRef]

90. Agrisuelas, J.; García-Jareño, J.J.; Vicente, F. Quantification of Electrochromic Kinetics by Analysis of RGB Digital Video Images.
Electrochem. Commun. 2018, 93, 86–90. [CrossRef]

91. Vidal, M.; Amigo, J.M.; Bro, R.; Ostra, M.; Ubide, C.; Zuriarrain, J. Flatbed Scanners as a Source of Imaging. Brightness Assessment
and Additives Determination in a Nickel Electroplating Bath. Anal. Chim. Acta 2011, 694, 38–45. [CrossRef]

92. Agrisuelas, J.; García-Jareño, J.J.; Guillén, E.; Vicente, F. RGB Video Electrochemistry of Copper Electrodeposition/Electrodissolution
in Acid Media on a Ternary Graphite:Copper:Polypropylene Composite Electrode. Electrochim. Acta 2019, 305, 72–80. [CrossRef]

93. Izquierdo, D.; Ferraresi-Curotto, V.; Heras, A.; Pis-Diez, R.; Gonzalez-Baro, A.C.; Colina, A. Bidimensional Spectroelectro-
chemistry: Application of a New Device in the Study of a o-Vanillin-Copper(II) Complex. Electrochim. Acta 2017, 245, 79–87.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/ac00020a015
https://doi.org/10.1021/ac951203m
https://doi.org/10.1021/ac0108358
https://doi.org/10.1149/1.1497173
https://doi.org/10.1149/1.2195893
https://doi.org/10.1016/S0013-4686(00)00451-5
https://doi.org/10.1016/j.mimet.2014.05.025
https://www.ncbi.nlm.nih.gov/pubmed/24927989
https://doi.org/10.1149/1.1392672
https://doi.org/10.1016/S0032-3861(98)00557-6
https://doi.org/10.1016/0022-0728(95)03881-G
https://doi.org/10.1021/acs.jpcc.9b10689
https://doi.org/10.1016/j.elecom.2018.06.011
https://doi.org/10.1016/j.aca.2011.03.030
https://doi.org/10.1016/j.electacta.2019.03.016
https://doi.org/10.1016/j.electacta.2017.05.105

	Introduction 
	Electrochemical Techniques 
	Spectroelectrochemistry 
	Spectroelectrochemistry in the dc-Regime 
	Spectroelectrochemistry in ac-Regime 

	Electrogravimetry 
	Conducting Polymers. The Insertion Problem 
	Corrosion and Formation of Passive Layers 
	Electroplating and Electrodeposition 
	Electrogravimetry in the ac-Regime 
	Electromechanical Properties at the Electrode Interface 

	Digital Video Electrochemistry (DVEC) 
	Discussion and Conclusions 
	References

