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Basic fundamentals of AC electrogravimetry are introduced. Their main requirements and characteristics
are detailed to establish the design of an electronic system that allows the appropriate extraction of data
needed to determine the electrogravimetric transfer function (EGTF) and electrochemical impedance (EI),
in an experimental set-up for the AC electrogravimetry technique.
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ELECTRONIC SYSTEM FOR EXPERIMENTATION IN AC ELECTROGRAVIMETRY I TECHNIQUE FUNDAMENTALS

At LISE (Laboratory of electrochemical sys-
tems and interfaces) in the CNRS (National Centre for
Scientific Research) in Paris, an AC electrogravimetry
system is used to conduct experimental research in
conductive polymers. The AC electrogravimetry sys-
tem provides the so-called electrogravimetry transfer
function (EGTF), i.e., the relationship between the
mass change induced in an electrochemical quartz
microbalance (EQCM) and the electrochemical volt-
age variation which induces this mass change on the
conductive sensitive layer contacting the working
electrode (WE) of the electrochemical cell.

Information provided by an electrochemi-
cal impedance spectroscopy (EIS), although not
necessary in this technique, can provide additional
information very useful when combined with AC
electrogravimetry. We will focus this paper on AC
electrogravimetry.

The objective of this paper is to analyse
the theoretical basics of the AC electrogravimetry
experimental system in order to find out the main
requirements of an electronic system for improving
the accuracy in the determination of the EGTE. A new
electronic system will be proposed in an incoming
article with a detailed description of the system blocks
and operation. In an experimentation framework at
LISE, the accuracy of the system will be established
as well, in order to corroborate the system'’s perform-
ance to improve the distortion that is presented in
actual systems as it will be explained next.

In a classical QCM system an AT cut quartz
crystal is typically used as a sensor. When a variable
voltage is applied between the facing electrodes
deposited on the opposite faces of the crystal a
transversal mechanical wave propagates in the direc-
tion of the crystal’s thickness, i.e., in the direction of
the applied electric field (see Fig. 1). This vibration

mode is known as thickness shear mode and other
vibration modes which happen in the AT cut quartz
are normally negligible. The foundation of the QCM
is based on the fact that the resonant frequency of
the vibrating quartz crystal is extremely sensitive to
any mass deposited on the facing parts of the quartz
electrodes. A detailed and didactic explanation of
how it happens and about the fundamentals of the
classic QCM techniques can be found elsewhere
(4, 33].
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Figure 1. Thickness shear mode vibration for an AT
cut quartz crystal subject to a variable voltage in its
electrodes. Adapted from [32].

Some years ago, the classic electrochemical
techniques were mixed with QCM techniques giving
place to the so-called electrochemical quartz crystal
microbalance (EQCM) techniques, in which one of
the AT-cut quartz crystal electrodes is used as the
working electrode in an electrochemical cell. This
fact has allowed getting relevant information for un-
derstanding charge transport processes at molecular
level [3]. This schema provides important information
related to electron, ion and solvent activities and
mass transfer associated with different electrochemi-
cal studies [1, 3, 5-7, 9].

In all the cases, for both QCM and EQCM
techniques, the quartz crystal is included in an elec-
tronic circuit which electrically excites the sensor.
Adequate electronic interfaces must be used to excite
the sensor at the appropriate resonant frequency
[10]. In many applications an oscillator is used to
monitor the resonant frequency shift of the quartz
sensor. For a better understanding of the operation
of the crystal sensor in the circuit, its electrical im-
pedance is normally modelled through an equivalent
electrical circuit whose parameters can be related



to the physical properties of the quartz-crystal and
the contacting media. This makes possible the use
of the quartz-crystal as a sensor by obtaining the
acoustic characterization of different processes, both
chemical and physical, which occur in those layers
of the media very close to the sensor surface. This
acoustic characterization can be obtained through
electrical measurements which could be transferred
into mechanical properties through the electrome-
chanical model and interpreted in terms of physical
or chemical interactions.

The simplest equivalent lumped element
model (LEM) for describing the impedance re-
sponse of the unperturbed’ quartz crystal, operat-
ing near any of its series resonance frequencies,
is the Butterworth Van-Dyke model (BVD) for a
piezoelectric resonator [4, 8]. The BVD model is
showed in Fig. 2.
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Figure 2. Butterworth Van-Dyke (BVD) model for a
piezoelectric resonator.

The LEM in Fig. 2 is formed by the “motional
branch”, composed by the dumped series resonant
circuit, Rm, Lm and Cm, whose magnitudes can
be directly related to the physical properties of the
quartz crystal, in parallel with a capacitor which is
the result of the so-called “static capacitance” that
arises from the electrodes located on opposite sides
of the dielectric quartz resonator and an added
external capacitance accounting for packaging,
connection, etc.

The resonance frequency of the series branch,
i.e., the motional series resonance frequency, for the
circuit in Fig. 2 is given by (1):

*

negligible.
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When a quartz crystal is in contact with a liquid
the BVD model is modified by the presence of this
new component and, as it can be shown elsewhere
[32], its contribution can be modelled with an in-
ductance and resistance added into the motional
branch of the BVD model. The circuit becomes into
the so-called extended BVD model (EBVD) shown
in Fig.3.
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Figure 3. Extended Butterworth Van-Dyke (EBVD)
model for a piezoelectric resonator immerse in a fluid.

It can be noted that, in a similar way as
described in Fig. 3 for the special case of a quartz
crystal in contact with a fluid, whatever substance
in contact with or deposited on the quartz crystal
surface will alter the series resonance frequency
with regard to that in the unperturbed state. In the
case of a fluid and according to the EBVD model,
the new motional series resonance frequency will
be given by (2):

1

= )
frz 2Tc \/(Lml + LmZ) * Cm]

A quartz crystal in contact with a thin rigid
layer contacting a semi-infinite fluid represents a
special case in which the resonance frequency shift
due to the global contribution of the media can be ex-
pressed as the additive contribution of the frequency
shifts due to each medium separately. This special
approach follows the well-known Martin equation,
and the corresponding EBVD model includes an
inductance representing the contribution of the thin

Unperturbed quartz crystal means in contact either with air or in vacuum, this way the contribution of the media is
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rigid layer, as a pure inertial mass contribution, on
the impedance response of the sensor [34].

When a thin rigid layer is assumed to be de-
posited on the quartz sensor, the shift of the motional
series resonance frequency corresponding to a mass
variation in the deposited layer can be described us-
ing the well-known Sauerbrey equation [11]:

2
—2/, 3)

——2=%Am = —-K_*Am'
AJwp.

Where: Af: Resonance frequency shift

Af =

Am’: Surface mass density variation in the deposited
layer

A: Effective piezoelectric area
u.: Shear modulus of the quartz
p.: Quartz crystal density

f: Fundamental or resonance frequency of the
crystal

Table 1. Typical parameters for a 10 MHz AT-cut quartz
crystal. Adapted from [4].

Quarz Value Description
Parameter
Shear modulus
1 1 o2
He 2,95x10"g em”'s of the quartz
Quartz crystal
-3
Pe 2,65gcm density
Sauerbrey
K, 0,000226 cm? Hz pg™" equation
constant

As indicated above, Eq. 3 is valid assuming
rigid film behaviour or negligible phase change of
the acoustic wave across the deposited layer. In these
conditions the contribution of the viscoelastic proper-
ties of the medium in the sensor response is negligible
and only inertial contribution is expected [37].

Equation 3 represents the fundamental rela-
tionship for the simplest QCM and EQCM techniques.
The mass sensitivity given by the linear relation be-
tween the resonance frequency shift of the quartz
sensor and the mass change given by Eq. 3 is ap-

proximately 40 pg/mm? for a 10MHz AT-cut quartz
when a resolution of 1Hz is assumed. This extreme
sensitivity allows the detection of atomic interactions
close to the quartz sensor and establishes the base
for the use of quartz microbalance techniques for
electrochemical analyse purposes.

In general, the frequency shift associated
with the contribution of the media in contact with
the sensor does not follow a simple expression [35];
therefore, it must be understood that the special
cases described before have been included with
the purpose of explaining in a simple way the basics
of the QCM and EQCM techniques. However, it is
important to make clear that when the viscoelastic
behaviour of the sensitive layer in contact with the
quartz sensor can not be neglected in the sensor
response, the data interpretation can not be longer
made in terms of mass effect. Moreover, the only
measurement of motional series resonant frequency
and motional resistance shifts are not enough for
extracting the sensitive layer properties, and for mak-
ing any physical or chemical interpretation of what is
happening if at least some of the layer properties are
assumed to be known. Furthermore, the frequency
and resistance shifts provided by typical oscillators
are not always related to the motional series resonant
frequency and resistance shifts, which are normally
taken as the maximum conductance frequency shift
and as the difference of the reciprocal of the con-
ductance peaks, respectively. In general, a complete
monitoring of the admittance spectrum of the sensor
around resonance by means of an impedance ana-
lyser gives more precise information. However, the
specific characteristics of the AC electrogravimetry
which will be explained next makes impossible the
use of the impedance analyser for an appropriate
monitoring of the interesting parameters. The reason
is that an impedance analyser can not follow the very
quick changes of the parameters of interest that are
induced in this technique, then the best but not the
ideal way is to monitor the parameters of interest by
an oscillator-like circuit which permits the continuous
monitoring of these parameters of interest.



The electrochemical systems that use QCM
could be catalogued as a potentiostat or galvanostat.
In the first type the potential of the specific electrode
(cathode or anode) is controlled while in the second
type the current through the working electrode is
controlled.

Figure 4 shows a typical experimental set-up
for potentiostatic EQCM [3]. The system is composed
by an electrochemical cell with the three electrodes:
the working electrode WE, the reference electrode
RE, and the counter electrode CE, according to the
structure of a potentiostat system [12, 13]), a potentio-
stat, a frequency meter, a power source, a controlled
quartz sensor oscillator, and a computer.
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Figure 4. Typical experimental distribution with
EQCM, adapted from [3].

It can be observed that one of the sensor
electrodes in the QCM is in contact with the elec-
trolyte inside the electrochemical cell, operating as
a working electrode. The working electrode is nor-
mally grounded to ensure the complete separation
of the electrochemical electric fields from the radio
frequency electric fields.

An oxidation-reduction reaction (redox)
produced by the application of an electrochemical
perturbation, i.e., by the application of a potential
difference between the working and reference elec-
trodes, will produce a mass variation in the material
layer (conducting polymer) in contact with one face
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of the QCM. This mass variation, according to Eq.
3, will produce a resonance frequency shift of the
sensor and then in the oscillating frequency of the
controlled sensor oscillator.

This frequency is monitored in the frequency
meter and registered in a central computer, and
then the linear relationship described by Eq. 3 can
be used to calculate the amount of mass transfer in
the experiment.

The potentiostat is concerned to provide the
potential difference between working and reference
electrodes to produce the electrolysis and to measure
the potential difference between working and refer-
ence electrodes, during the process, and finally to
measure the current of the electrochemical cell.

All these variables must be monitored and can
be used to obtain some specific transfer functions im-
portant in several electrochemical studies [14, 27].

The mechanism by which the charge transfer is
produced in the conductive sensitive layer in contact
with an electrode or an electrolyte has been a topic
of study by several authors, due to its important ap-
plications in industrial, environmental, and biological
process such as: metal electrodepositing [5], corro-
sion sensors [28], electrochemical process characteri-
zation which governs alkaline batteries [3], study of
polymers behaviour in presence of antibodies [27]
or for making devices that emulate certain corporal
senses function like smell [29], among others.

The redox mechanism has been studied us-
ing several techniques, but these do not give all the
information needed in order to discriminate with
certainty the activity of each particle involved in the
process over the conductive polymer, i.e., anions,
cations, and solvent or electrolyte [17].

A technique called “AC electrogravimetry”,
firstly proposed by Gabrielli et al. [14], at LISE (Labo-
ratory of electrochemical systems and interfaces), can
be used to discriminate the activity of the different
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species involved in the charge transfer during an
electrochemical process, including the case in which
a conductive polymer is used as a substrate. This
technique can be combined with EIS (which is used
to monitor the impedance of the electrochemical
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cell during electrolysis) to obtain additional useful
information in different applications.

The AC electrogravimetry’s operation princi-
ple can be explained by means of Figs. 5 and 6.
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Figure 5. AC electrogravimetry operation principle. Voltage difference applied to QCM. Adapted from [30].

Figure 5 represents the QCM immerse in a
solution with the conductive polymer (electroactive
film) to be analysed deposited on the electrode of
the QCM which acts as the WE of the electrochemi-
cal cell. A low voltage sinusoidal wave is superim-
posed to a continuous voltage (E +AE) and applied
between the reference electrode and the working
electrode. This sinusoidal wave will produce a charge
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transfer (mass variation) in the polymer due to redox
processes in the presence of both ions and solvent
(M) in the solution.

Figure 6 shows how this mass transfer, pro-
duced by the incoming and outgoing of ions and
solvent in the polymer, produces a density change
and then a resonance frequency shift in the working
crystal.
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Figure 6. AC electrogravimetry operation principle. Process to obtain the electrogravimetric transfer function
EGTF. Adapted from [30].

Revista EIA



This resonance frequency shift of the crystal is
related to the mass change in the working electrode
according to Sauerbrey equation (Eq. 3).

Finally, the so-called electrogravimetric trans-
fer function (EGTF) is obtained by combining the
voltage change provided by the potentiostat and the
mass transfer monitored by the EQCM as Am/AE.

This transfer function is calculated for each
frequency of the superimposed sinusoidal wave
(modulating signal) by means of a frequency analyser
described below in Fig. 9. EGTF and electrochemi-
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cal impedance data are registered in the computer
which provides the graphic analysis.

It is important to make clear that the AC elec-
trogravimetry technique allows both finding relevant
results regarding to the kinetic of the ions involved in
the process and discriminating the different species
participating in the electrochemical process [14-
27]. This is possible thanks to the different reacting
response of the different species involved in the elec-
trochemical process as a function of the frequency
of the superimposed modulating signal.
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Figure 7. EGTF for one species analysed. Adapted from [30].

Figure 7 shows a schematic diagram of a typi-
cal EGTF response plotted in a complex plane. This
kind of figure is well-known as Nyquist plots and its
purpose is to show the behaviour of a magnitude both
in amplitude and phase as the frequency changes.

It can be noted that when only one species is
involved in the experiment the plot is characterized
by one loop. This loop is placed in the first quadrant
if the experiment deals with an anion insertion and
in the third quadrant if it is a cation expulsion. The
arrows in the figure indicate the direction of the
modulating signal frequency increase.

This EGTF response found is in concordance
with a theoretical model proposed by Perrot et al. [22]
in which the EGTF for one species is given by:
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Am(w)
AE(®)

—d(m @
Where: Am is the mass variation observed in the

polymer

AE is the voltage variation applied to the cell

_ G
jod + K

d is the polymer film thickness

m is the ion’s molar mass

G is a constant related to a concentration variation
K is the kinetic constant

o is the angular frequency

The reason for the presence of the plot in the
first or third quadrant depends on the sign provided
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by the constant G (minus for an anion insertion and
plus for a cation expulsion).

Electrode  Polymer, Sclution

When three species are involved in the elec-
trochemical process, a response like the one depicted
in the Fig. 8 is obtained.

AC () 5 Ant{ar)
AE{ar)  AE({as)

Cation exp. Anion inser.
anion . solvant | anjon
— [ Rl - —

g A7
i 5 -
::I M --"'--.__pf" -g' .\...__.f'.
= e T

solvant  cation i | cation

Ra{AmiGE) Ra{AmiAE)

Figure 8. EGTF for three species analysed. Adapted from [30].

When three species are involved in the process
the model is a little bit more complicated [23] due
to the contribution of the different species, and the
EGTF is given by:

3

Am@) _ —d| m, ZL ©)

AE(w) jod + K,

i=1
Where i can be anion, cation, or solvent.

From a qualitative and quantitative point of
view the characteristics of EGTF plots depend of
the physicochemical characteristics of the different
species involved in the process [24]. These charac-
teristics are determinants when the discrimination of
the substances in the process is mandatory and then
are important for the characterization of the polymer
under study. Finally, by a fitting procedure the specific
kinetics for each species can be determined [24].

Figure 8 shows that the characteristics of the
different loops depend on the properties of the spe-
cies, as it was corroborated in some experimental
studies made by Gabrielli et al. [23]; in these studies
it could be noted that the main contribution at “low”
frequencies is given by the anions, at “mid” frequen-
cies by the solvent, and at “high” frequencies by

cations. This indicates that the kinetics of cations is
faster than that of the anions.

In order to determine the EGTF, one stage is
required for an appropriate continuous measuring
of the resonance frequency shift of the quartz crystal
microbalance (QCM), for instance, the frequency
shift of a quartz crystal sensor controlled oscillator.
Moreover, the determination of the EGTF requires
a voltage signal accurately related to the resonance
frequency shift of the EQCM, both in phase and
magnitude.

As it was mentioned, the resonance frequency
shift is, taking into account some restrictions, pro-
portionally related to the mass variation of the
conductive polymer under study, which has been
thin-film deposited on the working electrode of
the electrochemical cell [1]. These mass variations
are induced by a variable-frequency sinusoidal low
potential superimposed to a constant polarisation
voltage applied between working and reference
electrodes of the electrochemical cell. It can be
understood that the QCM output signal is related to
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a frequency modulation process, where the carrier
signal is provided by the sensor controlled local oscil-
lator and the modulating signal is the superimposed
sine wave applied to the electrochemical cell’. The
modulating signal induces mass variations in the
conductive polymer and then in the mass deposited
on the working electrode, i.e., on the QCM sensor,
due to oxidation-reduction process in the polymer.

Nowadays, at LISE, transfer function equip-
ment is used for a real-time obtaining of the EGTF.
For this equipment two input voltages are needed,
one is the superimposed sine wave applied to the
electrochemical cell and the other one is a voltage
proportional to the induced frequency change in
the EQCM. As can be understood, an accurate fre-
quency-voltage converter is necessary to avoid any
distortion of the EGTF.

Two different approaches are currently used
for the frequency-voltage converter based on two
analogue frameworks.

The first framework is based on a frequency-
voltage converter composed by a multivibrator that
provides a pulse of appropriate constant width at

the output at each zero crossing of the input signal.
The average value of this output signal is obtained
with an appropriate average-value filter and directly
related to the frequency shift of the input signal that
comes from the EQCM [16].

Another schema is formed by a PLL (phase
locked loop), which is a feedback system composed
by an analogue mixer working as a phase-detector, a
low pass filter, an amplifier, and a voltage controlled
oscillator or synthesizer [2].

These systems present problems both for ob-
taining an appropriate resolution in the frequency-
voltage conversion and for a proper continuous
frequency-voltage tracking.

Since the AC electrogravimetry technique was
proposed, two main electronic systems have been
used to get the data necessary for the calculation
of the EGTF. One of those experimental set-ups is
depicted in the figure 9.
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Figure 9. Experimental set-up for AC electrogravimetry. Adapted from [16].

* It is important to note that the carrier’s frequency is the

in the Hz range (few mHz until 1000 Hz).
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MHz range (6 MHz-10 MHz) meanwhile modulating one is
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The experimental set-up depicted in Fig. 9
shows an electrochemical cell in which the WE is
one of the electrodes of the quartz sensor and ground
connected; the QCM is based on a quartz sensor
controlled oscillator, and an analogical subsystem
composed by several electronic devices to get a volt-
age variation related to the frequency shift produced
by mass variation; a transfer function analyser and a
computer to process the data obtained.

In the AC electrogravimetry technique the
frequency of the superimposed sinusoidal voltage
applied between the reference electrode and the
working electrode WE is ranged between a few mHz
and 1kHz. It is clear to understand the system like a
frequency modulator system in which the carrier sig-
nal is provided by the quartz sensor controlled oscil-
lator and the modulating signal is the superimposed
sinusoidal voltage applied to the electrochemical cell.
It is important to note that the oscillators’ frequen-
cies are in the megahertz range meanwhile the sine
wave applied has a maximum frequency of 1 kHz.
Experimentally frequency shifts (from the frequency
of the carrier signal) in the range of 10 to 50 Hz are
found when the sinusoidal voltage is applied to the
electrochemical cell; this means that it is necessary
to measure the frequency shifts very quickly and with
high resolution, around 0.1 Hz over 10 MHz in less
than 0.1ms. In other words, it is necessary to follow
frequency changes in the range of 10-50 Hz over a
carrier of 10 MHz very quickly and with high resolu-
tion, and additionally these frequency changes have
to be converted in voltage changes to be used at the
input of the EGTF system. This is not an easy task
whose problems will be analysed in detail next.

Let’s suppose that a high frequency signal, for
instance 10 MHz, is required to be measured. There are
several methods for performing this task. One of these
is by using a very high frequency signal as a reference,
to count up pulses or cycles of this signal during certain
time and at the same time to count up the pulses or
cycles of the signal whose frequency must be measured;
then a simple operation provides the frequency meas-
ured. The principle is illustrated in Fig. 10.

” nl £1 cycles .

I I BN . Reference Signal (High Freq)

|||||||| ||||||||_ A=t mn=da
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Figure 10. Frequency measurement using a high
frequency reference signal. Adapted from [36].

Figure 10 shows a 100 MHz reference signal
used to measure the 10 MHz frequency signal. As it
can be noted, during Ims n1+1 cycles are counted,
T1 is the time analysed, f1 is the frequency and P1
is the period of the reference signal, meanwhile n2
cycles are counted, T2 is the time analysed, f2 is the
frequency and P2 is the period of the sighal whose
frequency must be measured.

The error in the measurement is given by:
2n2 2n2
nl* -1 nl*

Replacing data from Fig. 10 (n1= 10° and n2
=104 in Eq. 6 it is obtained an error of 200 Hz.

Af = f1=="% 71 ©

This result is useful to show that, unless the
frequency of the reference signal is as higher as
10 GHz, any system that uses this method to measure
a frequency incurs an error which is not negligible
for an AC electrogravimetry system as the one de-
scribed above where the deviation is in the range
of 50 Hz maximum.

Two solutions could be developed to im-
prove both the system’s accuracy and resolution:
the first one is to increase the temporal window in
which cycles from both signal are counted up, and
the second one is to increase the frequency of the
reference signal. But these two solutions arise with
more additional problems that do not allow solving
the problem.

In the first case, if the temporal window is
increased, the resolution is improved even until
0.1 Hz or more; however, the problem is that it
causes a very slow response of the system, which is



not a problem for a “static” signal, but in the case
of measuring a quickly changing frequency signal
(1 kHz, for instance, in AC electrogravimetry set-up)
the system is unable to measure the frequency evo-
lution, and only the average frequency during the
temporal window is measured.

In the second case, when the reference
frequency is increased, some additional problems
related to stability and noise of the high frequency
signal appear and the measurement becomes more
complicated.

As it was mentioned, at LISE, the transfer
function equipment used for obtaining the EGTF
requires two input voltages, one is the superimposed
sine wave applied to the electrochemical cell and the
other one is a voltage proportional to the frequency
change measured in the EQCM. As can be noted,
in addition to a good resolution frequency meas-
urement method, an accurate frequency-voltage
converter is necessary to avoid any distortion of the
EGTF. This aspect supposes an additional challenge
to any electronic system that presumes to recover the
voltage proportional to the frequency change.

The first approach currently implemented for
the frequency-voltage converter at LISE (see Fig.
9) uses a similar frequency measurement method
described above. This system is composed by a
multivibrator that provides a pulse of appropriate
constant width at its output according to the fre-
quency measured. The average value of this output
signal is obtained with an appropriate average-value
filter and directly related to the measurement of the
frequency shift of the input signal that comes from
the EQCM.

This system has to cover all the frequency
range variation of the modulating signal (from few
Hz until 1 kHz) with good resolution and accurately,
but when the pulse width is large (“low” frequency)
the system tends to saturation, so a calibration to
the dynamic range is required in order to avoid this
saturation; however, this calibration reduces the
dynamic range of the system and then the resolu-
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tion as well, mainly when the pulse width is short
(“high” frequency). To solve the paradox a trade-off
must be established between dynamic range and
resolution.

Another schema is formed by a PLL, composed
by an analogue mixer working as a phase-detector, a
low pass filter, an amplifier, and a voltage controlled
oscillator or synthesizer, as it was mentioned. This
system executes a down-conversion of the sensor
controlled oscillator output signal by mixing with
the signal coming from a synthesizer and provides a
low frequency modulating signal (a few kHz carrier
signal) at the input of the phase-detector; therefore,
in order to extract the modulating signal, a low pass
and slow response filter must be implemented. This
low pass filter is not an inconvenient to the modula-
tion deviation (50 Hz as a maximum), but it is a real
inconvenient for the speed of the modulation (1 kHz
maximum), and then the conflict between resolution
and bandwidth appears again.

Nevertheless, although the experimental
set-ups provide good results regarding the polymer
characterization, it can be noted that these systems
present problems both for obtaining an appropriate
resolution in the frequency-voltage conversion and
for a proper continuous frequency-voltage tracking.
These problems are associated with their inherent
performance and produce certain inaccuracy incon-
veniences which are transferred as a distortion in the
transfer function [17, 21].

In order to solve the inconveniences in the
measurement of the frequency shift of the modulating
signal in the AC electrogravimetry experimental set-
ups is necessary to design a system which has to be
able to establish an optimum trade-off between both
resolution and bandwidth, and in addition an accu-
rately and continuous frequency-voltage tracking.

The PLL framework is ideal for tracking the
frequency of the modulating signal, because this is its
inherent behaviour. The problem of slow responses
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in case of using a low frequency PLL described be-
fore could be improved by using a high-frequency
PLL. In this case we have to deal with the problem
of low resolution or low level of sensitivity in the
frequency-voltage conversion. This problem could
be avoided by using a voltage controlled crystal
oscillator (VCCO) instead a simple VCO in the loop.
This configuration will improve the sensitivity while
reducing the dynamic range and the PLL lock range;
this implies a new problem since it is not known “a
priori” the central frequency of the sensor control-
led oscillator and then the PLL could not track this
signal.

All these problems must be solved in a new
system which will be proposed and explained with
detail in the second part of the article.

A detailed study regarding to AC electro-
gravimetry technique was performed in order to
establish the main characteristics and specifications
to improve the accuracy, resolution, and bandwidth
requirements of the actual AC electrogravimetry set-
ups at LISE (Laboratory of electrochemical systems
and interfaces) in the CNRS (National Centre for
Scientific Research) in Paris.

These requirements will be covered in a new
electronic system, in which a good trade-off between
resolution, accuracy, and bandwidth is established to
solve the paradox existing in the actual set-ups. This
system will be proposed in an incoming paper.

The electronic system mainly needs to deal
with the method to improve the system’s perform-
ance in two ways: obtaining good resolution, until
almost 0.1 Hz in the measurement of the frequency
deviation of the carrier frequency signal, i.e., the
amplitude for the modulating signal related to mass
transfer, and enlarge the bandwidth to be able to
follow fast changes in this modulating signal (until 1
KHz). In addition, an improving in the accuracy of
these measurements is mandatory.
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