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Resumen

La Electrogravimetria AC emplea una microbalanza de cuarzo
electroquimica (EQCM) en régimen dinamico. En la EQCM uno de los
electrodos de oro depositados sobre el cristal es recubierto con una fina
pelicula de un polimero electroactivo y es empleado como electrodo de
trabajo (WE) dentro de una celda electroquimica. Las variaciones de la
frecuencia de resonancia de la microbalanza de cuarzo (QCM) permiten
obtener la respuesta masa asociada con la transferencia de carga que se da
en la interfaz polimero-electrolito. La Electrogravimetria AC fue propuesta
con el fin de caracterizar y separadamente identificar el movimiento de los
iones y el solvente en la interfaz polimero-electrolito. En esta técnica se
analiza en el domino de la frecuencia la respuesta de masa ante pequenas
perturbaciones de voltaje gracias al empleo de la microbalanza de cuarzo
en régimen dindmico. Para este proposito se aplica una pequeia
perturbacion sinusoidal superpuesta a una tensidon continua, entre el
electrodo de referencia y el electrodo de trabajo de la celda.
Posteriormente, se puede graficar la funciéon de transferencia
electrogravimétrica (EGTF), definida ésta como la razéon (Am/AE) entre la
amplitud de los cambios de masa inducidos (Am) y la amplitud de la
perturbacion sinusoidal aplicada (AE). Esta funcion de transferencia se
grafica en un plano complejo para cada una de las frecuencias de la sefial
de perturbacion. Las distintas especies i6nicas involucradas son
identificadas en el plano complejo por medio de bucles caracteristicos
siempre y cuando dichos bucles no se superpongan.

Por medio de esta tesis doctoral se propone un novedoso sistema de
conversion de frecuencia-tension basado en un doble ajuste frecuencia
implementado pon medio de un PLL mezclando elementos analogicos y
digitales (A-D PLL). Los resultados encontrados tanto en la
caracterizacion electronica del dispositivo como en la fase experimental
prueban la fiabilidad del sistema para las mediciones realizadas en la
técnica de Electrogravimetria AC.

PALABRAS CLAVE: Electrogravimetria AC; microbalanza de cristal de
cuarzo; bucles de enganche de fase; compromiso ancho de banda-
resolucion; ajuste grueso y fino.






Resum

L'Electrogravimetria AC empra una microbalanca de quars electroquimica
(EQCM) en régim dinamic. En 'EQCM un dels eléctrodes d'or depositats
sobre el cristall és recobert amb una fina pellicula d'un polimer
electroactiv i és emprat com a eléctrode de treball (WE) dins d'una cel-la
electroquimica. Les variacions de la freqiiéncia de ressonancia de la
microbalanga de quars (QCM) permeten obtindre la resposta massa
associada amb la transferéncia de carrega que es dona en la interficie
polimer-electrolit. L'Electrogravimetria AC va ser proposta a fi de
caracteritzar i separadament identificar el moviment dels ions i el solvent
en la interficie polimer-electrolit. En esta técnica s'analitza en el domine de
la freqiiéncia la resposta de massa davant de xicotetes pertorbacions de
voltatge gracies a l'ocupacid6 de la microbalanca de quars en régim
dinamic. Per a este proposit s'aplica una xicoteta pertorbacié sinusoidal
superposada a una tensid continua, entre l'eléctrode de referéncia i
l'eléctrode de treball de la cel-la. Posteriorment, es pot dibuixar la funcio
de transferéncia electrogravimétrica (EGTF), definida esta com la rad
(Am/AE) entre I'amplitud dels canvis de massa induits (Am) i I'amplitud de
la pertorbacié sinusoidal aplicada (AE). Esta funcié de transferéncia se
dibuixa en un pla complex per a cada una de les freqiiéncies de la senyal
de pertorbacio. Les distintes espécies ionicas involucrades son
identificades en el pla complex per mitja de bucles caracteristics sempre
que els bucles no se superposen.

Per mitja d'esta tesi doctoral es proposa un nou sistema de conversid de
freqiiéncia-tensié basat en un doble ajust de freqiiéncia implementat amb
un PLL mesclant elements analogics i digitals (AD PLL). Els resultats
trobats tant en la caracteritzacid electronica del dispositiu com en la fase
experimental proven la fiabilitat del sistema per als mesuraments realitzats
en la técnica d'Electrogravimetria AC.

PARAULES CLAU: Electrogravimetria AC; microbalanca de cristall de
quars; bucles d'enganxall de fase; compromis ample de banda-resolucio;
ajuste gros i fi.






Abstract

AC Electrogravimetry is based on an electrochemical quartz crystal
microbalance (EQCM) used in dynamic regime. In EQCM one of the
deposited gold electrodes of the quartz crystal resonator can be coated with
an electroactive polymer film and be used as the working electrode (WE)
following a classical electrochemical configuration. The frequency shift of
the quartz crystal microbalance (QCM) allows obtaining the mass response
associated with the charge transfer, which occurs at polymer/electrolyte
interface. AC Electrogravimetry was proposed to characterise and
separately identify ions and solvent motion at the film/electrolyte interface.
In this technique the mass response to a small potential perturbation is
analysed in the frequency domain thanks to a fast QCM used in dynamic
regime; for that, a continuous voltage with a superimposed small potential
sinusoidal perturbation is applied between the reference electrode and the
WE of the electrochemical cell. Thus, the so-called Electrogravimetric
Transfer Function (EGTF) defined as the ratio (Am/AE) between the
amplitude of induced mass change (Am) and the perturbation amplitude
(AE) can be plotted in a complex plane for the entire range of perturbation
frequencies. The various species involved are characterised by a loop in
the complex plane and can be separately identified when the loops do not
overlap.

A new frequency-voltage conversion system based on a double tuning
analogue-digital phase locked loop (A-D PLL) is proposed. The reported
electronic characterisation and experimental results prove its reliability for
AC Electrogravimetry measurements.

Key words: AC Electrogravimetry; quartz crystal microbalance; phase
locked loops; bandwidth-resolution trade-off; coarse and fine tuning,
Nyquist response; polymer characterisation.
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1 Introduction

1.1 Quartz Crystal as a Sensor

1.1.1Brief Historical Review

The quartz crystal resonator was firstly used as a frequency reference
element in oscillator applications, for stabilising the radio broadcasting’s
carriers. For an accurate control of the oscillator frequency, a very small
mass was deposited on the crystal by means of a marker paintbrush until
the frequency reached the desired one. This frequency tuning was based on
the result obtained by Lord Rayleigh in 1945 [Rayleigh45], who
demonstrated that a perturbation in the resonance frequency occurred
when a small change in the inertia of a mechanical vibrating system is
provoked. This was the first use of the quartz crystals as microbalance
Sensors.

The use of the quartz crystal as a microbalance sensor is one of its most
antique applications. This use was consolidated by the Sauerbrey’s works
who demonstrated by experimental means that for thin films uniformly
deposited on the quartz crystal the resonance frequency shift of the
compound resonator was proportional to the added mass [Sauerbrey59].
Sauerbrey established a mathematical relationship between the frequency
and surface mass changes, which is only valid when the layer deposited on
the crystal surface is very thin and rigid. Under these conditions, the
material deposited is coupled in a rigid way to the quartz’ surface,
suffering a negligible strain when the acoustic wave propagates through it;
the consequence for this is the elastic material’s properties do not affect
the resonance frequency of the sensor and the variation in the resonant
frequency of the compound resonator is due to a pure inertial effect
[Martin91].

Subsequent studies demonstrated that the quartz’s sensitivity allowed to
measured mass from 50 to /00 pg on a surface of /0mm’ [Stockbridge62].
This great sensitivity, one million higher than conventional microbalances
systems, is due to the tremendous acceleration suffered by the particles
rigidity joined to the quartz crystal’s surface [Jimenez04, Mecea89].

In the quartz crystal resonator, the maximum displacement of the
particles occurs on the crystal surfaces. The vibrating amplitude of the
resonator’s particles depends on the applied potential and its quality factor.
This amplitude can be in the order of angstroms for applied potential in the
range of volts. Despite the low vibrating amplitude, the acceleration at
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which the film deposited on the quartz surface is submitted is very big;
concretely, this acceleration increases with the square of the frequency
[Arnau99, Mecea96] and is around /0’g, for a 10MHz AT-cut quartz
crystal, where g is the gravity. It means that a particle subjected to this
acceleration would weigh 10’ times more in a quartz microbalance than in
a conventional balance [Jimenez04].

Thanks to the great sensitivity and good accuracy of mass-monitoring in
the case of thin films deposited on the AT-cut quartz resonator, its use has
been extended as thin-film thickness monitoring in vacuum metal
deposition systems. The resonator’s frequency shifts can be related to the
added mass through the Sauerbrey equation.

In 1964, King created a selective gas detector; for this application he
covered the crystal with some substrates sensitive to certain gasses. The
gas’ absorption in the substrate increases the surface mass density of the
coating and produces a decrease of the quartz resonance frequency which
can be calculated through the Sauerbrey’s equation [King64]. This idea
was used to detect organophosphate compounds and pesticides in the
environment [Guilbault81, Guilbault83, Guilbault85]; explosives
[Tomita79] and contaminant agents [Edmonds80].

When the mass of the deposited film is significant the presumption that
the acoustic wave does not deform the material is less and less acceptable
and Sauerbrey’s equation becomes invalid. Actually, quartz crystal
resonator is sensitive to the viscoelastic properties of the material under
study and then its application as microbalance is very useful but limited.
The limitation of making a purely inertial interpretation is evident when
the viscoelastic effect is transferred into a resonance frequency shift that
overcomes the mass effect. In these cases the physical model established
by Sauerbrey is not appropriate for monitoring the mass changes and then
it is essential to study in depth the sensor response and to extract the
physical properties of the coating from the sensor electrical
characterisation.

The limitation of the Sauerbrey lineal relationship, associated with the
elastic behaviour of the coating, was established by Miller and Bolef
[Miller68]. A useful formulation for this behaviour was presented by Lu
and Lewis in 1972, which developed a compact expression for the
frequency change including the film’s elasticity, but not its losses [Lu72].
The difficulty of using this expression lies on the requirement to know the
acoustic impedance of the media deposited on the sensor. Additionally, the
contributions to the frequency shift caused by a mass change or a change
in the viscoelastic properties can not be separated in a simple way by only
measuring the frequency shifts. From now on it was clear that the term
microbalance applied to quartz sensor is probably imprecise due to the fact
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that the resonance frequency of the compound resonator is affected by
different effects.

Several researchers considered the use of the resonator in liquid media;

however, this idea was discarded on the basis that the addition of a liquid
on one of sensor’s surface would cause an excessive load which would
produce the stop of crystal oscillation. Nevertheless, the amplitude of the
shear wave transmitted into de liquid is exponentially reduced with the
distance; therefore the finite penetration depth of this wave limits the effect
of the load.
Konash and Bastiaans demonstrated in 1980 that it was possible to
maintain the oscillator stability controlled by a quartz crystal when it was
in contact with a liquid medium [Konash80]. This study would open the
possibility to use the quartz crystal as a sensor in liguid medium. However
it would be necessary a more detailed study of the physical phenomena
which determined the resonant characteristics for AT-cut quartz crystal in
contact with a liquid. It allowed to obtain a more precisely model that
quantified the effect of the physical properties of the medium on the
vibrating characteristics of the compound resonator. Kanazawa and
Gordon obtained in 1985, starting from a physical model, the relationship
between the resonance frequency shift and the physical properties of a
Newtonian fluid (viscosity and density) in contact with the resonator
[Kanazawa85-1, Kanazawa85-2].

The availability of electronic systems based on quartz resonators to
operate in liquid media and the mathematical models developed for liquid
environment in contact with the resonator, like the one introduced by
Kanazawa and Gordon, opened the possibility of using the quartz crystal in
detection process which had to take place in liquid media instead of in gas.
One of the most interesting applications of the quartz crystal in liquid
media is a Biosensor for the great expectative it has created.

A quartz crystal covered by a polymer or a biochemical modified
surface constitutes a biological interface able to immobilise a biomolecular
complex in aqueous solution (aq). The biosensors based on quartz systems
are becoming an adequate tool for measuring biofluids in situ, particularly
for detecting online immunological reactions [Hengerer99, Sakti00], and
bioelectrochemical enzymes redox reactions [Buttry91].

The great and innovative amount of ideas about the use of this type of
sensor made the necessity to develop more advanced electronic
instrumentation equipment and at the same time new mathematical models
capable of establishing appropriate relationships between electrical
parameters given by the monitoring systems and the physical properties of
the materials deposited on the sensor.
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In that sense, Reed, Kanazawa and Kaufmann in 1990 [Reed90] made an
important contribution with a mathematical model for electrical admittance
of a resonant compound consisted of an AT-cut quartz crystal and a finite
thickness viscoelastic layer deposited uniformly over the surface of one of
the sensor’s electrodes. From this work it becomes evident the fact of
every event which modifies the properties of sensitive interfaces, i.e. the
layer thickness affected by the acoustic wave generated in the quartz’s
surface, which is susceptible to be measured by the quartz sensor. In this
sense, the only monitoring of the resonance frequency does not allow to
discriminate between different effects which are involved. Researches
increased the efforts in developing electronic circuits for monitoring other
parameters additional to the resonance frequency in quartz crystal sensors,
e.g. the motional resistance [Frubose93, Auge94, Auge95, Arnau00-1,
Arnau01-1, Aranu02].

Martin and Granstaff in 1991obtained an equivalent electrical model for
the resonant quartz crystal based on the admittance equation of Reed and
Kanazawa [Martin91]. These researches studied the resonant compound
consisted of a quartz crystal in contact with a thin rigid layer contacting a
semi-infinite Newtonian liquid'. As it will be shown the model obtained by
Martin et al is an extension of the Butterworth-van-Dyke (BVD) model.

Starting from the physical model established by Reed and Kanazawa,
the general theory for a compound consisted of different layers of several
thicknesses and different characteristic impedances can be developed
[Granstaff94]. It has been demonstrated that the contribution of load on the
quartz crystal response can be modelled with a Lumped Element Model,
LEM, in which a complex impedance is added to the motional branch in
the BVD. This lumped element model can be used to characterise
microbalance applications in which the relationship between the acoustic
impedance of the coating and that of the quartz is smaller than 0.2 without
meaningful error [Cernosek98]. After that, it has been demonstrated that
this added complex impedance can be decomposed in an equivalent series
RLC circuit of frequency independent parameters which constitute the
Extended Butterworth-Van Dyke model, EBVM [Arnau01-2].

As mentioned it can be inferred that the a precise knowledge of
interfacial phenomena is of paramount importance; in that sense studies on
secondary effects, no considered before, were developed, e.g. vibrating
amplitude distribution on the quartz surface [Mecea89], roughness
[Daikhin96, Daikhin97, Daikhin02, Etchenique0O] or slip of the layer
deposited on the electrode [Ferrante94].

! This infinite consideration is regarding the very thin sensitive layer on the quartz
surface and due the profundity of penetration of the acoustic wave is very low.
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Nowadays, many of the materials studied by acoustic wave devices are not
rigidly coupled to the electrode surface; instead they express viscoelastic
behaviours that follow the admittance model proposed by Reed and
Kanazawa or its variants. This is the case of polymers which are typically
used in quartz crystal applications and where its physical and chemical
properties are monitored. There are two reasons for the great use of this
sensor for the study of polymers behaviour: a) for conducting their
characterisation it is necessary a few quantity of material; this allows the
study of the dynamic behaviour in thin layers for high frequencies; b) due
to the low quantity of material a good control over temperature for all the
sample can be established, which is an advantage, because temperature is
one of the factors that most affects parameters like viscosity.

More recent applications of the quartz crystal which employ polymers
use sensor arrays as electronics noses [DiNatale00]. Other extended
applications use the quartz sensor for detecting viscoelastic properties in
samples; this is the case of polymeric coatings which protect the coated
objects. In these cases it is more important to know the rigidity of the layer
instead of its thickness [Wolff00]. Other rising application for the quartz
crystal as a sensor is the electrochemical microbalance, EQCM, in which
one of the resonator’s electrodes is employed as reference electrode into a
three electrodes electrochemical cell [Kanazawa93, Oyama95, Hillman0O1,
Calvo97, Varela00]. A particular application of the electrochemical
microbalance is that one constituted by the AC Electrogravimetry which
was proposed by Gabrielli et al. in 1988 [Bourkane88, Bourkane89]. In
this application, as it will be shown below, the purpose is to study the
different species which take part in an electrochemical redox process in an
electrochemical cell. Since this technique was proposed, many different
applications has been conducted [AlSana03, AlSana04, Benito02,
Gabrielli99-1, Gabrielli99-2, GabrielliO0-1, Gabrielli00-2, GabrielliOl,
Gabreilli02-1, Gabrielli02-2, Garcia-Jarefio00-1, Garcia-Jarefio00-2,
Garcia-Jarefio03]. This quartz crystal sensor application will be treated in a
separated section because it constitutes the bases of the whole realisation
of the thesis work exposed here.

Other quartz sensor application has appeared recently which is related to
particle gels. In this application the quartz sensor is introduced as an
alternative method to study those gels [BuckinO1]. Particle gels have a
small strain region in which their viscoelastic parameters are constant;
these materials can be easily broken with strong external strain. For this
the measurements of their viscoelastic properties must be conducted
whereas the material is subjected to small strains which are usually lower
than the range covered by conventional meters. Displacements of the shear
strains generated by this technique are extremely small, about Angstroms,
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which correspond to the lowest limits for classical instruments that
measure such properties [BuckinO1]. For instance, for a 5 MHz quartz
crystal the average displacement amplitudes on the crystal surface are on
the order of 0.5 nm and the maximum amplitude is located in the crystal
midpoint where the displacements produced are about 1nm. Technically,
the excitation amplitude that can be obtained is on the order of 0.1nm,
which corresponds to the atom size and the atomic groups of molecules
and it is lower than the characteristic size of the molecular aggregates
[BuckinO1].

The new range of applications that is opened needs the optimisation of
the sensor design in terms of sensitivity, reproducibility and accuracy in
the measurements. In the same way, the development of new measurement
principles requires a better understanding of the quartz crystal-based
resonator’s transduction mechanisms.

In this section has been shown that resonators based on quartz sensors
are becoming into good alternative analysis method in numerous
applications. In order to conduct an adequate interpretation for the results
given by these methods is important to know their constitutive steps and
take into account the possible error sources to avoid its propagation. The
three most important steps included in the sensor analysis are the
following:

1. Measurement of the adequate resonator’s electrical parameters. This
step includes the development of electronic instrumentation systems
just as properly cells which support the sensor and deform as little as
possible its vibrating behaviour.

2. Resonant compound modelling and extraction of the effective physical
parameters of the materials deposited on the sensor, using the model of
the selected resonator according to a specific application. Appropriate
monitoring of the changes of the compound resonator impedance
which is contributed by the physical properties of the contacting
media; the relationship between impedance changes and the changes in
the properties of the contacting media established by using adequate
models. Extraction of the effective physical parameters is one of the
most complicated tasks and includes the elaboration of mathematical
algorithms which receive as inputs the results given by the electronic
systems of the previous step.

3. Quantitative and qualitative interpretation of physical, chemical or
biological phenomena which are responsible of the change in the
equivalent effective parameters of the selected model. For this it is
essential to systematically carry out experimental works and design
tools which help to do such interpretation. In that sense it is important
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the development of simulation environments which allow analysing
the effect of certain phenomena like roughness or slip of the material
deposited on the sensor on the effective physical parameters.
Although final interpretation depends on the application it must be
coherent with the changes in the effective physical properties of the
coating which were used to define the sensor’s physical model. Then it
is required a previous interpretation of the changes in the physical
properties associated with the changes in the measured experimental
parameters. It is not possible to do a coherent realisation of physical,
chemical or biological phenomena responsible of the changes in
experimental data without correct interpretation of the changes in the
properties which define the model.

In this analytical model, the error is a consequence of the error
propagation which begins with uncertainty introduced in the measurement
by the electronic system, follows with the accuracy of the mathematical
model used to describe the physical behaviour of the resonant compound
employed and ends with the real physical behaviour of the deposited layer.

This thesis work presents a contribution to first and third steps of the
analytical model described, because it proposes a novel electronic
instrumentation system for a specific quartz crystal microbalance
application which will be described later on. In addition, the results given
by the system proposed allow conducting an effective quantitative and
qualitative interpretation that enhances the characterisation of the polymers
studied by this application.

In order to design an electronic instrumentation system that uses an
EQCM for polymers characterisation, it is of paramount importance a
depth knowledge of the physical models used to explain the sensor’s
behaviour as a continuous electromechanical system. This model allows
establishing properly electrical analogies which at the same time allow the
introduction of the sensor in the electronic instrumentation system
designed.

1.1.2Quartz Crystal Sensor Fundamentals: Models

Fig. 1.1 shows a section of an AT-cut quartz crystal of thickness A, in
contact with a finite viscoelastic layer of thickness 4, contacting a semi-
infinite viscoelastic medium. This configuration can be considered quite
general in sensor applications.
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Fig. 1.1. Cross section of a Thickness Shear Mode (TSM) quartz-resonator
loaded with a first finite viscoelastic layer and a second semi-infinite viscoelastic
layer.

The quartz crystal piezoelectric properties are included in cg constant
and crystal losses in #,. For both media on the quartz their viscous and
elastic properties are considered and represented by G,, shear storage
modulus, and Gl , shear loss modulus, where i=1 and 2 are, respectively,
for the first and the second layer.

A shear strain is induced in the quartz when an alternating-current (AC)
voltage is applied across the crystal through opposite electrodes deposited
on its surfaces. It generates a transversal acoustic wave propagating
through the quartz to the contacting media. The mechanical interaction
between the resonator and the contacting media influences the electrical
response of the device. This makes possible the use of the resonator as
sensor device to detect changes in the physical properties of the contacting
media.

In order to treat the sensor as a component included in electronic circuits
and to be able of analysing its performance in relation to the external
circuitry, an electrical model appropriately representing its impedance
would be very useful.

The most comprehensive, one dimensional model derived, either from
the Transmission Line Representation, [Cernosek98, Lucklum97-2,
Rosenbaum88] or from a continuous electromechanical model [Arnau99]
describes the complex electrical input impedance, Z, between the terminals
of a loaded QCR as:

=2 % _
1 % 2tan 2 JA

1_=_

JjaC, ayq l—jAcotzq

4 (1.1)
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where? is the complex electromechanical coupling factor for lossy quartz,

Eq is the complex acoustic wave phase across the lossy quartz, w is the
angular oscillating frequency, C, is the static capacitance, and
A=2Z, /Z ,» Where Z; is the surface load mechanical impedance and

) is the quartz characteristic impedance with pq the quartz

Z4=(cg5 Py
density and s = C66 +(e§6 / &3 )+ jon,, the complex effective shear

modulus of quartz, cg is the shear stiffness constant, e;s is the
piezoelectric constant, ¢,, is the permittivity, and #, the effective viscosity
of quartz (see Tablel.1 for quartz parameters).

Table 1.1. Properties of typical 10MHz AT-cut quartz

Quartz Value Description

Parameter

€22 3.982x10"" A*s*Kg' m™®  Permittivity

P 9.27x107 Pas Effective viscosity

T 2.947x10' N m? Piezoelectrically stiffened
shear modulus

e 9.657x102 A s m? Piezoelectric constant

Py 2651 Kgm™ Density

Ag 2.92x10° m? Effective electrode surface area

h, 166.18x10° m Thickness

The electrical impedance, Z, can be transformed into a parallel circuit
consisting of a static capacitance, C,, and the so-called motional
impedance, Z,,, arising from mechanical resonance:

z2=—L_//z,=—In (1.2)
JoC, I+ joCyZn
Where:
. 1 1—jAcotzq
Z =R +jX = -1
= Ztan—q—j/\
Aq

Equation (1.3) can be split into two parts, the first one representing the
motional impedance of the unperturbed quartz, 7%, which only depends on
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the sensor’s parameters and the second one representing the contribution to
the global motional impedance created by the surface load, 7% .

= -
1.4
Z’”:'wlc K__ 1]+ lc Ya AA =79+ 7k (1.4)
=
S 200 %1 N

Usually the input electrical admittance, Y, of a quartz sensor rather than
its impedance is computed and analysed. From Eqgs.(1.2) and (1.3), the
admittance is given by:

L Gy (1.5)

where C,=C,+C » with C, an added external capacitance parallel to

C, accounting for packaging, connection, etc., G is the conductance and B
the susceptance.

The additive character of the motional quartz impedance and the
motional contribution created by the surface load is exact within one-
dimensional models and Eq.(1.4) can be applied without restrictions to the
load on the quartz crystal [Lucklum97-2].

Equations presented correspond to a generic case where certain extreme
cases corresponding to different kinds of load can be studied. Actually,
even in these cases the equation that represents the impedance of the
resonant compound is still Eq. (1.1); and then Z; is the only changing
parameter in accordance with the load. A complete deduction of the
relationship between Z; and mechanical and geometrical parameters for
several kinds of loads are shown elsewhere [Jimenez04].

Both the general model and the simple cases according to load are valid
for any frequency and this is the reason why these models are named
Broadband Models being the so-called Transmission Line Model, TLM, the
most general case deduced; its name comes from the analogy with
transmission line impedance equations used in electromagnetic waves
propagation.

The motional impedance associated to an unperturbed resonator, Z¢

can be simplified, at frequencies near the mechanical resonance into a
series of lumped elements (Lumped Element Model, LEM,) [Martin91,
Cady64, Bottom82, Nwankwo98, Arnau01-1, Arnau01-2, Sogorb03] as it
is shown in Fig. 1.2 ¢).
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Fig. 1.2 Equivalent circuit models for load QCR vibrating in TSM: a) LEM
Model, b) Extended BVD Model and ¢c) BVD Model.

—

Z1 1is given from Eq. (1.4) by:

1

——1|=R! + jol? + ]
JjoC, ay m SO %wCZ,

2tan —
2

NMS [

(1.6)

q
Zm

Last member in the former expression describes the motional impedance
for the Butterworth-Van Dyke (BVD) equivalent circuit of an unperturbed
resonator (Fig. 1.2 a). The circuit elements for the BVD model are
[Martin91, Cernosek98]:

_ &2 4s
hq

_ (nﬂ')ZT]q
8K* Cyeps

Co

(1.7)
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where (., =cs5+e35/ €22 15 the quartz effective shear modulus, 4; is the
effective area of the electrodes on the crystal, K is the lossless effective
electromechanical coupling factor, n (n = 1, 3, 5,..) is the harmonic
resonance of quartz, and w,=2xzf; is the series resonant angular frequency
for the Iumped-element approximation given by [Cernosek98,
Rossebaum88]:

wszi o6 (nﬂ)2-8K2 (1.8)
hq pq
In terms of electrical elements in Fig. 1.2 ¢), the resonance frequency of
the series branch, i.e. the motional series resonance frequency is given by:

1 (1.9)

J= it

From Eq.(1.4) the impedance element associated to the loading
interaction, zZ% , is given by:

ZL_ 1 Qg A

m j—
@Co 4x 1

(1.10)

Ztana—q
2

Under small surface load conditions Z, <<Z,,(A<<1) and when
frequency is near the motional series resonance frequency, MSRF, the
phase shift experienced by wave crossing the quartz, a,, is approximately
7, then tan (e, /2)—)00 and the term A/2tan(e,/2)in Eq.(1.10) is very
lower than one. Under these conditions and assuming #,~ 0, the load
motional impedance can be reduced to: [Granstaff94, Cernosek98]

L nr Z, (1.11)
" 4K’w,C, Z,

which corresponds to the expression of zZ in the lumped element

model (LEM) in Fig. 1.2 a).

In the LEM Model an electrical impedance is added to the motional
branch which represents the loading effects and is expressed by
Eq. (1.11). This new model constitutes a simplification of the
Transmission Line Model, TLM and is used in many cases when
viscoelastic layers are employed [Bandey97, Cernosek98]. However,
under certain conditions, e.g., near coating resonance, Z; suffers a
meaningful increment so A <<1is not true anymore; at the same time, the
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compound resonance frequency moves further away from unperturbed
crystal frequency, and  then tan(a, /2) > becomes invalid.
Consequently, it can not be assumed A/2tan(e, /2) much smaller than one
and the LEM is not longer valid [Cernosek98]. This LEM Model is the
starting point for determining the extended Butterworth Van-Dyke Model,
Extended-BVD.

It can be proved that the impedance z% can be split into three elements
associated to a resistance R,., an inductance L,,” and a capacitance C,k .1t
is not necessary to know, for this thesis purposes, the expressions relating
R,', L," and C," to the physical and geometrical properties of the quartz
and load and they can be found elsewhere [Arnau0l1-2]. The most
important fact is that the loaded quartz can be appropriately described by
an extended BVD equivalent circuit Fig. 1.2 b) which is composed by
parallel capacitor C," and the motional branch (R, L4, C,4, R,", L, and
C,.") [Martin91]. The response of the unperturbed crystal is determined by
Cy', R, L,? and C,; whereas load contributions are associated to R, L,
and C,;".

When the sensor works in direct contact with a thin rigid layer
contacting a semi-infinite fluid, an especial case appears in which the
resonance frequency shift due to the global contribution of the media can
be expressed 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 extended BVD model includes an
inductance representing the contribution of the thin rigid layer as a pure
inertial mass contribution on the impedance response of the sensor
[Martin91]. Under these circumstances the MSRF is given by:

_ ! (1.12)
2L, +15)-C8

m

/s

When a thin rigid layer is assume to be deposited on the quartz sensor,
i.e., when the Sauerbrey behaviour of the coat has been validated, a
decrease or increase in resonant frequency shift regarding MSRF, from the
unperturbed state, are associated respectively with an increase or a
decrease in the surface mass density [Arnau04]. The Sauerbrey’s equation
expresses this relationship and is given by [Sauerbrey59]:

_2f2 1.13
AfS:A-Am:—KSAm' ( )
A\ Hq Py

Where Af; is the resonance frequency shift, 4m’ is the surface mass density
variation in the deposited layer, 4; is the effective piezoelectric area, u, is
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the quartz shear modulus, p, is the quartz crystal density and f; is the
fundamental or resonance frequency of the crystal.

As indicated above Eq. (1.13) is valid assuming rigid film behaviour or
negligible phase shift of the acoustic wave across the deposited layer. In
these conditions the contribution of the viscoelastic properties of the
medium in the sensor response is negligible and only inertial contribution
is expected [Edwards94]. In a following section it will be shown that the
Sauerbrey’s equation represents the fundamental relationship for the
simplest QCM and EQCM techniques. The mass sensitivity given by the
linear relationship between the resonance frequency shift of the quartz
sensor and the mass change given by Eq. (1.13) is approximately 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
[Arnau04]; 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 making 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
conductance peaks, respectively. In general, a complete monitoring of the
admittance spectrum of the sensor around resonance by means of an
impedance analyser gives more precise information. However the specific
characteristics of the AC Electrogravimetry (this is the application directly
related to this thesis work), make impossible the use of the impedance
analyser for an appropriate monitoring of the interesting parameters as it
will be explained next. For more information about the impedance analyser
and other techniques for monitoring the parameters of a QCM see the
appendix L.
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1.2 AC Electrogravimetry Technique Fundamentals

When Quartz Crystal Microbalances began to be used in situ, in
electrochemical systems, they became to be known as Electrochemical
Quartz Crystal Microbalances, EQCM [Varela00], in these systems one of
the quartz crystal electrodes is used as the working electrode in an
electrochemical cell. This fact has allowed getting relevant information for
understanding charge transport processes at molecular level. This schema
provides important information related to electron, ion and solvent
activities and mass transfer associated with different electrochemical
studies [Bourkane89, Varela00, Bruckenstein85, Melroy86, Lu84]. EQCM
systems could be catalogued as potentiostatic or galvanostatic. 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 Fig. 1.3 shows a typical experimental set-up for a potentiostatic
EQCM system [Varela00]. The system is composed by an electrochemical
cell with three electrodes: working electrode WE, reference electrode RE,
and counter electrode CE; additionally, according to the structure of a
potentiostatic system [Skoog94, Skoog97]), a potentiostat, a frequency
meter, a power source, a controlled quartz sensor oscillator, and a
computer are present.

Power Frequency meter
Source » Computer
A 4
Oscillator T t
Circuit RE
v
CE Potentiostat
Quartz |WE
Crystal — Electro-Chemical
Sensor Cell
A4

Fig. 1.3. Typical experimental distribution with EQCM, adapted from
[Varela00].
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It can be noticed that one of the sensor electrodes in the QCM is in contact
with the electrolyte inside the electrochemical cell, operating as a working
electrode which is interface to a conducting solution containing
electroactive species. For instance, metal cations may be dissolved in an
acidic solution. By applying a negative potential to the working electrode,
the cations can be deposited onto the electrode as metal atoms. The
deposited mass is sensed using the QCM. Moreover, the current during the
deposition is also monitored and by integration, the charge per unit area
can be measured. If it is known from the chemistry that all of the charge is
used for the deposition, the charge-to-mass ratio can then be determined.
Or if some of the current goes into other reactions (for example the
creation of hydrogen molecules), then the fraction of the current used to
deposit the metal atoms (the Faradaic efficiency) can be measured
[Arnau04]. In electrical terms, the working electrode is normally 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 electrodes, will produce a
mass variation in the material layer (conducting polymer for instance) in
contact with one face of the QCM. This mass variation, according to Eq.
(1.13), will produce a resonance frequency shift of the sensor and then in
the oscillating frequency of the QCM 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. (1.13)
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, to
measure the potential difference between working and reference
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 important in several electrochemical studies
[Bourkane88, Gabrielli99, Gabrielli00, Garcia-Jarefio00, Gabrielli02,
Benito02, AlSana03, AlSana04].

1.2.1General Electrogravimetry

In general, Electrogravimetry is a measurement or experimentation in
analytical chemistry in which electrolysis in a electrochemical cell is
conducted for long periods of time in order to assure that a measured or
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analysed substance, called analyte, immerse in a solution or electrolyte,
becomes completely oxidised or reduced to a known composition product.
This product of the electrolysis process is deposited on one of the
electrodes of the electrochemical cell, the working electrode, and then
subsequently is weighted [Skoog97]. The process by means a material is
deposited, generally a metal, is known as electrolytic precipitation.

Some electrogravimetry measurement techniques are based on
electrochemical cell working principle [Skoog94], which are composed by
two electrodes immerse each one in an adequate electrolyte solution and
connected by a dissolution called salt bridge which allows the ions flow
between the two dissolutions where electrodes are immerse.

When an electric voltage is applied between the two electrodes in this
electrochemical cell, current flows between them whose value depends on
both the cell specific characteristics and the deposited material properties
on the working electrode after electrolysis has been achieved.

Electrogravimetry is a moderately sensitive and quick technique and is
ones of the most precise and accurate techniques in chemistry nowadays
[Skoog97].

There are traditionally two types of electrogravimetric methods. In the
first one the voltage on the working electrode is not controlled and the
voltage applied to the electrochemical cell is maintained in an
approximately constant value to produce the flow of a current large enough
to fulfil the electrolysis in a reasonable time. This method is used when it
is desired a separation of an easily reducible cation, i.e., to separate
substances which different separation voltages easily discernible
[Skoog97]. This is the galvanostatic method introduced above.

When substances or metals with near separation voltages are required to
be separated, the second method called potentiostatic method or cathode or
anode controlled method, is used. In this method there are three electrodes:
a working electrode, WE, a reference electrode, RE (for instance, standard
SCE calomel electrode [Skoog97] with 0.244 V reference voltage at 25°C)
and a counter electrode, CE, or additional electrode. Al three electrodes are
organised in such a way they build two independent circuits.

The first circuit is a reference or control circuit and it is composed by
the reference electrode, a voltage meter and the working electrode.
Another circuit is the electrolysis circuit, which is composed by the
working electrode, the counter electrode, a voltage power supply, a current
meter and a voltage divider. Voltage divider circuit allows a continuous
variation in the voltage applied between the working electrode and the
counter electrode to avoid co-deposition of metals with similar separation
voltage.
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The purpose of the reference circuit is a continuous measurement of the
voltage applied between the working electrode and the reference electrode.

When this voltage reaches certain level in which the substances or
metals co-deposition is close to be produced, an order is sent to the voltage
divider circuit, by mean of the feedback signal, to decrease the voltage
applied between working electrode and counter electrode avoiding this
way co-depositions. This task is constantly performed during whole
electrolysis process.

The system involved for both measuring currents and voltages and
controlling the voltage difference between counter electrode and working
electrode is called potentiostat.

Methods shown above specifically look for extracting a material,
generally a metal, present into a solution, which is separated from the
solution and is deposited by precipitation over the working electrode; then
the mass quantity of this material, is required to be measured. It is
important to note the material deposited over the working electrode
generally has very low weight

In addition it is pretended to study the behaviour of certain conductive
polymers deposited over the working electrode by electrogravimetry, in
order to kwon their performance and provided interesting data for many
industrial applications [Varela00].

Electrogravimetry is classified as an interface dynamic method
[Skoog97] in the electroanalytical chemistry because it studies about
phenomena that take part in electode-electolyte interface or electrode-
polymer deposited interface or polymer deposited-electrolyte interface; in
addition, it is a dynamic method due to the presence of electrical current.

The work developed in this thesis project is mainly concerned to AC
Electrogravimetry which is a special variation of the most general
electrogravimetry subject just explained above. Next section is involved in
the explanation of the fundamentals of AC Electrogravimetry in order to
show the basis of this technique for better understanding of the specific
problem this thesis work deals with and then to establish the objectives to
solve that problem.

1.2.2AC Electrogravimetry

1.2.2.1 Overview

The mechanism by which the charge transfer is produced in a conductive
sensitive layer in contact with an electrode or an electrolyte has been a
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topic of study by several authors, due to its important applications in
industrial, environmental and biological process such as: metal
electrodepositing  [Bruckenstein85], corrosion sensors [Hager86],
electrochemical process characterisation which govern alkaline batteries
[Varela00], study of polymers behaviour in presence of antibodies
[AlSana03] or for making devices that emulate certain corporal senses
function like smell [Beeley(04], among others.

The redox mechanism has been studied using several techniques, but
these do not give all the information needed in order to discriminate with
certainty the activity or kinetic of each particle involved in the process
over the conductive polymer, i.e., anions, cations and solvent or electrolyte
[Gabrielli99-1].

A technique called “AC Electrogravimetry”, firstly proposed by
Gabrielli et al [Bourkane88], at LISE (Laboratory of electrochemical
systems and interfaces), can be used to discriminate the activity of the
different 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 Electrochemical
Impedance Spectroscopy, EIS [Gabrielli99] (which is used to monitor the
impedance of the electrochemical cell during electrolysis) to obtain
additional useful information in different applications.

The AC Electrogravimetry’s operation principle can be explained by
means of Fig. 1.4 and Fig. 1.5.

M: anion, cation or solvent
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Fig. 1.4. AC Electrogravimetry operation principle. Voltage difference applied
to EQCM.
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Fig. 1.4 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 electrochemical cell, i.e., it is acting
as an EQCM. A low voltage sinusoidal wave is superimposed to a
continuous voltage (E-+AE) and applied between the reference electrode
and the working electrode. This sinusoidal wave will produce a charge
transfer (mass variation) in the polymer due to redox processes in the
presence of both ions and solvent (M) in the solution.

Fig. 1.5 shows how this mass transfer, produced 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. This
resonance frequency shift of the crystal is related to the mass change in the
working electrode under dynamic regime, i.e., following constrains
imposed by Sauerbrey equation and explained above, Eq. (1.13).

Finally, the so-called Electrogravimetric Transfer Function, EGTF, is
obtained by combining the voltage change provided by the potentiostat to
the QCM in the electrochemical cell 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. EGTF and Electrochemical Impedance, AE/AI, data
are registered in a computer which provides the graphic analysis for all
electrochemical study that is conducted. For the purposes of this thesis is
only required the information regarding EGTF, so the most information
related here will be about it.

It is important to make clear that the AC Electrogravimetry 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 [Bourkane88, Bourkane89,
Gabrielli99, Gabrielli00, Garcia-Jareno00, Garcia-JarefioO1, GabrielliO1-
Gabrielli02, Benito02, Garcia-Jarefio03, AlSana03, AlSana04]. This is
possible thanks to the different reacting response of the different species
involved in the electrochemical process as a function of the frequency of
the superimposed modulating signal.
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Fig. 1.5. AC Electrogravimetry operation principle. Process to obtain the
Electrogravimetry Transfer Function, EGTF.

Before showing the typical responses obtained from the AC
Electrogravimetry technique it is important to introduce a theoretical
modelling [Gabrielli02] for the electrode-film and film-electrolyte
interfaces and mass transport associated to an EQCM in the AC
Electrogravimetry.

1.2.2.2 Charge Transfer and Mass Transfer Modelling

Fig. 1.6 shows a schematic representation of an electrode modified by a
conductive polymer (EQCM) of thickness d. This modified electrode,
immerse in an electrolyte, defines two interfaces: metal-polymer at x=0
and polymer-electrolyte at x=d. The first interface is an ion blocking
interface and second is an electron blocking interface. For this
one-dimensional model the metal-polymer interface is located at x=0 and
the polymer-electrolyte interface is located at x=d.
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Fig. 1.6. Schematic representation for the interfaces of a EQCM in contact with
solution.

The hypotheses of the simplified model presented are the following:
Anions (a), cations (c) and solvent (s) are supposed to be transported

through the polymer only by diffusion; so the diffusion equations are
defined as [Gabrielli00-3]:

ye S
ox
and (1.14)
o __d;
ot ox

where C; is the concentration of a, ¢ or s, D; and J; are the diffusion
coefficient and flux of species i respectively.

The solution considered is an electrolytic medium where cations, anions
and solvent can move through the solution-polymer interface to neutralise
the charges created by the redox reaction of the electroactive polymer. By
definition fluxes of species i (i= c, a or s), J;, are positive for outgoing
ions, i.e.:

J; >0 for x>0 i=a,c,s (1.15)

The following boundary conditions are applied:
At metal-polymer interface:
x=0 J,(0)=J,(0)=J,(0)=0 (1.16)

Electroneutrality imposes the condition that charges, which cross the
polymer-electrolyte interface balance the electrons which enter or leave the
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electrode at electrode-polymer interface and leads to the Faraday current
density, Ig:

x=d —Ja(d)+Jc(d):I?F (117

where F is the Faraday constant and / is the Faraday current density.

When cations (c), anions (a) and solvent (s) are involved in the reaction,
the associated mass change and the electric charge passed through the
electrode-polymer interface, per surface unit, are given by:

Ag=—FAE, + FAE, (1.18)

Am=m.AE, +m,AE, +m AL, (1.19)

where m,, m,, and m, are the molar masses of cation, anion an solvent
respectively, and A¢,, A, and A are the number of moles exchanged for
cationic species, anionic species and solvent per surface unit respectively.

In a simple way, the doping mechanism of an electroactive polymer can
be described by

kL‘
<P>+e‘+M+<:><P,M>
=

c

and (1.20)

k(l
<P>+A‘<:><P,A‘ >+e
k(l

where <P>is the host electroactive polymer and <P,M> and <P,4™> are
the species (cations, ¢ and anions, a) inserted in the electroactive film
(polymer). Therefore, the net instantaneous molar flux of species i (c, a or
s) is J=d&/dt in mol cm™ s'; this can be expressed in terms of
concentrations as C;=¢/d, where d is the polymer thickness as it is shown
in Fig. 1.6.

According to a formalism introduce elsewhere [Gabrielli00-3] and by
applying the classical kinetic law for heterogeneous reactions, the time
derivative of the concentration for each species C; is given by

dc,

dé&. ,
Ji(d)= —% =0 (€, Co) < (C ~C)Co

(1.21)

where dCy/dt>0 for species inserted in the polymer, Ci,. is the
maximum concentration of sites available for insertion, Cj,; is the
minimum concentration of sited occupied the species in the host film
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(polymer), Cj,, is the concentrations of the species i in the solution, and k;
and k;’ are the kinetics rate constants of transfer, which are potential
dependent, k; = k;, exp(b,(E — E{)) and k, =k, exp(b,(E — E)), where E is
the voltage and £/ is the normal potential and b, = a;nF / RT are the Tafel
coefficients whose values depends on the particles involved in reaction
[Gabrielli99-1, Arnau04].

This formulation for the modified electrode can be analysed under two
circumstances: steady state and dynamic behaviour.

At steady state the global flux of species is zero, J; (x)=0; therefore,
concentrations C; and voltage E are constants throughout the polymer.

From Eq.(1.21) it can be obtained:

Ci~Cimin _ 1 ki _o l kio bi-b)E-E) _ (bi-b)E-E-E) (1.22)
Cimax _Ci e ki o kiO
. ' —(b.—b,)E.
where E; is such that C,k;, /k,, = e 25
Operating Eq. (1.22) it is obtained:
b ) E—E°~E, 1.23
C(E) — Cimaxe( ! : + Cimin ( )
! 1 4 ¢ bi-bE=E]-E;)

Thus, the derivative of the concentration of species i regarding to the
voltage, i.e., the derivative of the insertion-expulsion law is equal to:

dCi (E) _ bi _bl' Cimax _ Cimin (124)
dE 4 b YE-E°—E,
coShz{w, XE=E E»}

In the dynamic regime when a small sine wave potential change, A4F, is
superimposed onto the polarisation potential difference across electrode-
polymer-electrolyte interfaces, low-amplitude sine wave concentrations,
AC, and fluxes, 4J, are observed, from Eq. (1.14):

A, =, €
ox (1.25)
JOAC; =— 0AJ;
ox

where w=2zf is the angular frequency and f is the sine wave linear
frequency. At x=d, Eq. (1.17) becomes:

_Ma(d)+AJc(d):% (1.26)
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Applying the total differential> to Eq. (1.21) is obtained the following
expression:

olk; (C; _C'min _k; Cimax _Ci Cisa
A‘]l(d):|: [z( i i ) aE( ) l]:IAE
+ {a[kz(cl — Cimin)_a]g (Cimax — Ci)Cisul ]:|AC1 (127)

and using the expressions for k; and k introduced above and their
derivatives respect £:

Ok; | OE = bk, exp(b;(E — E))
ok, | OF = bk, exp(b, (E — E))

the previous expression leads to:

A‘]i (d) = [biki (Cz - Cimin) - b;k; (Cimax - Ci )Cisol ]AE

[k - kiC Irc (1.28)
Finally using Eq. (1.25) the previous expression can be written as:
AJ(d)=—jodAC; = K,AC;(d)+G,AE  withi=c,a,s (1.29)
where
G; = [bik;(C; = Cimin) =ik (Cimax = C)Cio] (1.30)
and
K, =k, +kC, (1.31)

i~isol

In Eq. (1.30) G;<0 for inserting species and G;>0 for expelling species.

The relationship between the species concentration in the polymer, AC;,
and voltage variation induced, 4E, according to Eq. (1.29) is given by:
AC; -G (1.32)

(o) =—
AE jod+K;

i

The previous expressions allows to the electrochemical impedance,
(AE/Al)(0) and the Electrogravimetry Transfer Function, EGTF,

2 Total differential for a variable z(x,y) is Az=(0z/0x)Ax+(0z/0y)Ay.
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(Am/AE)(®w) to be calculated as follows in the AC Electrogravimetry
experimental technique.

Faraday current density change, A4/ is related to the charge change, 4q,
by A4lr=jwdq and dividing Eq. (1.18) 4E and by using C,=¢&/d, the
electrochemical impedance becomes:

| (1.33)

AC, AC,
AL (w)+ AE (w)}

AE
= ()=
Al ar| -

and considering the polymer-solution interface as a capacitance
(electrolyte resistance has been neglected [Gabrielli02]) in series to this
impedance, previous expression leads to:

I (1.34)
ACe ()42 (w)}

o=

Jo Cim erface

+ jodF| -
AE AE

In the same way, using expression cited above the EGTF can be
established as:

Am, AC, AC, AC, (1.35)
E(w)—d{mc AL (@) +m, AL (@) +m AL (w)}

By using Eq.(1.32) it is obtained:

AE 1 1.36
2 (o= (130
Al . . Gc Ga
]a)CinterﬁJce +]a)dF R -
jod+K, jod+K,
and
1.37
A—m(a)):—d m, G +m, G +my G, (137)
AE jod+K, jod+K, S jod+K;

As it can be noticed in Eq. (1.36) only charged species, anions and
cations, are implied in the electrochemical impedance whereas the EGTF,
Eq.(1.37), depends on cations, anions and solvent all together.

Two other important expressions related to EGFT that can be obtained
to discriminate the influence of the various species: the electric charge-
potential transfer function, (Ag/AE)(®), and the mass-electric charge
transfer function, (Am/Aq)(o). First one can be calculated using A/p=jwAq
and from Eq.(1.36) as follows:
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2 ()= LA gy | —Te O
AE jo AE jod+K, jod+K, (1.38)
In a similar way for (4m/Aq)(®) becomes:
Am . AE Am _
A—q(w)—ﬂo AL (w)AE (w) =
- m Ge +m G +m G, 1.39
‘Cjod+K, ‘jod+K, ° jod+K, (1.39)

Gc _ Ga
jod+K, jod+K,

It can be noticed when only one species, a or ¢, is involved in the charge
exchange, (4m/Aq)(®) is independent about frequency and equals to m/F.

For the purposes of this project the most important quantities to be used
are the calculated based on EGTF.

In order to explain the basic concepts of this approach about the transfer
function obtained; for simple systems EGTF is calculated from Eq.(1.37)
for one interfering ion, which can be inserted in the polymer or expulses
from it. In this case EGTF response found for one species is given by:

Am(w) ——dl'm G,
AE(w) ' jod +K;

] withi=c,a or s (1.40)

1.2.2.3 Typical Graphical Responses

After the introduction of the model for the AC Electrogravimetry
Technique, some typical graphical responses are introduced.

According to Eq.(1.40), Fig. 1.7 shows a schematic diagram of a typical
EGTF response plotted in a complex plane. This kind of figure is well-
known as Nyquist plot and its purpose is to show the behaviour of a
magnitude or variable both in amplitude and phase as the frequency
changes.

It can be noticed that when only one species is involved in the
experiment the plot is characterised by one loop. The location of the loop
depends on the charge of the ion, so it 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.
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AC(w) N Am(w)  Am _ [m J
AE(w) 4E(w) AE jod+K
Cation exp. Anion inser.
£ £
Re(Am/AE) Re(Am/AE)

Fig. 1.7. Nyquist response of EGTF for one species analysed. Adapted from
[Gabrielli02-1].

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

For the electrochemical behaviour of the polymer there is an explanation
about the location of the loops according to Eq.(1.40) as follows: when the
polymer is oxidise (AE > 0), positive sites are created in the polymer and if
the cation expulsion is considered (4m < 0) during the charge
compensation the low-frequency limit of the EGTF becomes negative
(Um/AE)(w—0) < 0) and equals to -dm;G/K; (Considering the sign
provided by the constant G as it was mentioned) as it is illustrated in the
previous figure. If the charge compensation is due to an anion insertion, an
increase in mass of the polymer is induced (4m > 0) and, therefore,
(Am/AE)(w—0) tends to the positive value dm;G/K; In addition, the
diameter of the Nyquist response for the EGTF depends on the mass of the
involved ionic species, m;, since (Am/AE)(w—0) = -dm;G/K;.

The mass-electric charge transfer function in Eq.(1.39), multiplied by
the Faraday constant, F, gives directly the atomic mass of the ion with a
negative value for the cation and a positive value for the anion. Moreover,
the ratio mass-charge is independent of frequency, f, when only one ionic
species is involved in the redox process as it was mentioned above.
Summarising if EGTF and mass-charge transfer functions are obtained it
is possible to determinate some data regarding kinetics and mass of the ion
involved in the redox process.

When three species are involved in the process the model is a little bit
more complicated [Gabrielli02-2] due to the contribution of the different
species; in this case the expression which models the EGTF follows the
Eq.(1.37) and is expressed in a compact way as:
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(1.41)

Am(@) _ mi G,
AE(w) 'S jod + K,

where i can be a, ¢ or s. In this case a typical Nyquist response is
depicted in Fig. 1.8.

AC(@) _ Am(&)  Am 3G,
Electrode ,Polymer, Solution mzf(m) ap - 4| m .ajm‘dJrKA

Cation exp. Anion inser.

anion

)
solvant  cation|

solvant | anjon
f\\/’\\
S~

cation

-Im(Am/AE)

= AMARDE) - < -

Re(Am/AE) Re(Am/AE)

Fig. 1.8. Nyquist response of EGTF for three species analysed. Adapted from
[Gabrielli02-2].

Fig. 1.8 shows the schematic description for two typical situations: a)
cations and solvent expelled and anion inserted and b) cation expelled and
anion and solvent inserted. Again the arrows indicate the direction of
increasing frequency.

Electrogravimetry Transfer Function, EGTF, in this case takes into
account all of the species involved in the redox reaction, in Fig. 1.8 three
species: cations for highest frequencies and anions for the lowest
frequencies, Therefore, the kinetics of cations is faster than that of the
anions. For several species involved the low frequency limit for Eq.(1.41),
(Am/AE)(w—0), depends on all species that take part in the redox reaction.
Concerning the mass-electric charge transfer function, (Am/Aq)(®)F, it is
frequency dependent and produces some loops in its Nyquist response
[Gabrielli02-2].

Generally, loops found in responses in Fig. 1.8 are not prior identified for
each frequency range, so it is necessary to design a strategy to determine
which part of the found loops is concerning to each species that takes part
in the redox process. Because three quantities are unknown, the cation,
anion and solvent responses to AF and only two quantities, (4E/AI)(®) and
(4m/AE)(o) are measured in the experimental setup. It is not possible to
separately calculate the three unknown quantities [Gabrielli02-1].
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However it is possible to eliminate the contribution of one species from the
EGTF.

If the response of the anion “a” is eliminated from the EGTF, the Partial
Electrogravimetric Transfer Function left is calculated as follows:

As it was shown above when only one species is involved in the charge
exchange, (4m/Aq)(®) equals to m;/F, in the case of anions it will be:

A_m(w) _m, (1.42)
Agq F

and from Eq. (1.39):

Al, (1.43)

A
a “ ()
JOAE

AE

Am
(@)= (@

by substituting Alr=jwdq and Eq.(1.42) the previous expression
becomes:
m, A 1.44
« A () (1.44)
F AE

Am,
)=
@

now if the anion response is eliminated from the EGTF, the Partial
Electrogravimetric Transfer Functions due to cations and solvent, PEGFT,
are given by:

Am,
AE

and substituting Eq.(1.44) the PEGFT, becomes [Gabrielli99-2]:

Amcs _ A_m _
E(a}) = () (@) (1.45)

Mg Am o my Ag
AL (w)—AE(w) 7 AE(w) (1.46)

by using Eq.(1.37) and (1.38) the previous expression leads to:

G

G
=—d c s
(o) {(mc-‘_ma)ja)d-t—l{c +m, ja)d+Kj (1.47)

Am
AE

Similarly if the cation contribution is eliminated in the Electrogravimetric
Transfer Function, the resulting PEGTF  is equal to [Gabrielli99-2]:

m. Agq

Amas _A_m e 29
E(w)—AE(wH 7 AE(a)) (1.48)

and substituting Eq.(1.37) and (1.38) previous expression leads to:
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|

From the plot of the Partial Electrogravimetric Transfer Functions the
discrimination and evaluation of the number of species taking part in the
redox process in the AC Electrogravimetry Technique, can be established
[Gabrielli02] as it is illustrated in Fig. 1.9.

Am

GS

G
m, +m ¢ m,
(a C) .Sja)d_‘rKS

+
jod+K,

(@)= —d{ (1.49)

Partial Electrogravimetric Transfer Functions Total EGTF

|

Am m, Aq Am Am m, Agq A 3 G,
F@)=—@-——(@ —F@=—@+ @ Ly gy L
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Cation-Solvent Anion-Solvent Cation-Solvent-Anion

Fig. 1.9. Partial Electrogravimetric Transfer Functions to discriminate the
presence of each species involved in the redox process [Gabrielli02].

In the previous figure it can be noticed how the response for partial
transfer function corresponding to Cation-Solvent present a decreasing
tendency in the third quadrant and has a minimum around -2 pgem™ V!
for the Real axis. This tendency is absent for the response of the partial
transfer function corresponding to Anion-Cation; therefore, in the
complete transfer function response this tendency is due to the Cation’s
behaviour as it is indicated in the figure.

In a similar way, the response for Anion-Solvent partial transfer
function has a loop in the second quadrant and it is absent in the Cation-
Solvent partial response; therefore, it can be concluded that this portion of
the curve in the complete EGTF corresponds to the Anion’s behaviour.
The remaining part in the complete EGTF is due to the Solvent’s
behaviour.

This is the way how different species involved in the redox process for a
polymer under study can be discriminated in the AC Electrogravimetric
Technique.

2
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Finally, according to the mass of the involved ionic species, the
diameter of the Nyquist response has different sizes as it was mentioned
above. Fig. 1.10 shows an experimental response [Gabrielli00-3] of the
EGTF measured on polyaniline polymer in three different electrolytes:
HCI10,4, HCI and HNOs.
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Fig. 1.10. Electrogravimetry Transfer Function measured on polyaniline
polymer immersed in various media [Gabrielli00-3].

As it can be noticed the radius of the response obtained depends on the
mass of the tested anion (CI', NO;™ and ClOy  in this case). These responses
have a loop in the first quadrant as it was indicated for anions insertion in
Fig. 1.7. Other experimental expression can be calculated from the EGTF
according to some parameters that are desired to find [Gabrielli0O0,
Gabrielli02].

All figures, expressions and data obtained from the AC
Electrogravimetric technique are based in part on the Electrogravimetric
Transfer function, (Am/4E)(w) and they are consequently based on the
variation of the mass in the polymer on the Crystal’s surface. This
measurement as it was indicated above is made by an indirect way using
the variation in the resonance frequency of the oscillator in which the
QCM is inserted and using the Sauerbrey expression (Eq.(1.13)). So it is
important to perform an accurate measurement of the frequency of the
oscillator in order to obtain a good measurement of the change in the mass
density of the polymer.

For this reason before explaining the experimental setups in the AC
Electrogravimetry Technique it is important to know about the methods of
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measuring frequency. Therefore, in the next section some classical
methods for frequency measurement are described.

1.3 Frequency Measurement Techniques

There are several techniques, modes or strategies to measure frequency in
electronic instrumentation application. These techniques go from simple
basic counter until more sophisticated tracking frequency, particularly in
QCM applications.

Next a brief review of some of these methods or techniques for
measuring frequency will be introduced.

1.3.1Frequency Counters

Electronic counter or universal counter is maybe the simplest way to
measure the frequency in any system, because in general terms this
instrument offers high precision and analysis for researching and
developing applications, low cost and portability [Coombs00].

Electronic counter can offer more than just a frequency measurement. It
can measure the period, time intervals, and delays among others
operational modes [Jones91, Agilent97]; under these conditions the
universal counter is called multifunction counter.

In the simplest mode of operation the basic universal counter counts
the input pulses during a certain pre-established time. The control of time
is achieved by applying a rectangular pulse of known duration using a very
stable clock reference. This technique is named as “gating the counter”.
Several gate times can be established from the clock source as it can be
shown in the block diagram of Fig. 1.11.

According to the signal to be measure the selector of the gate is
localised in one of the points shown in the figure; it determines the time in
which the gate is “open” to measure the frequency.

The frequency of the input signal is calculated as:

N (1.50)

where f'is the frequency of the input signal, N is the number of pulses
counted and ¢ is the duration of the gate.

One important point about this mode of operation is to calculate the
error made by the electronic counter when any frequency is desired to be
measured.
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When a measurement is made with a basic universal counter a +1 count
ambiguity can exists in the Least Significant Digit (LSD). The error caused
by this ambiguity is in absolute terms + 1 count for the total accumulated
count; therefore, as the total accumulated count increases, the percentage
of error attributable to +1 count error decreases.

Input signalo——— .
Counter [— Display

Gate
Signal

Stable Clock
Source
f= 1 MHz

+10 +10 +10 e +10

Frequency Dividers

Fig. 1.11. Block diagram of the frequency mode for a basic universal counter.
Adapted from [Jones91].

An example is illustrated in Fig. 1.12. In the figure an input signal of
10 MHz is desired to be measure and a time gate of 1ms is selected.

Time Gate

“—————————— 1ms >

1000 - 00 e

104t1cycles —» 10 MHz=107Hz

Fig. 1.12. Example of frequency measurement using Ims time gate.



1 Introduction 35

For these conditions exposed, from Eq.(1.50) there are 10* counts plus
+1 count in error is considered. As a result the possible error over total
count in the measurement is equal to:

ciclos (1.51)

+ 3
_Eleount 107 _ 13 — 1KHz

:_
104 107 Is

If the time gate is increased this error is minimised. A typical gate for
measuring signals in the mega hertz range is 1s so the error calculated
using Eq.(1.51) is around 1Hz which is accurately enough for a simple
mega hertz frequency measurement, but the accuracy is limited for low
frequencies.

When the basic electronic counter is working in its period measurement
mode a signal of unknown period is measured counting pulses of a
reference high frequency signal, i.e., the input signal works as a gate for
the high frequency signal. Then the period of the signal is the time taken
for the signal to complete one period. If the time is measured over several
input cycles, then the average period of the repetitive signal is determined.
This schema is referred as multiple period averaging.

Fig. 1.13 shows the basic block diagram for the universal counter is its
period mode. As it can be noticed the time in which the gate is opened
depends on the period of the input signal rather than on the time base
signal. The counter counts the pulses from the time base signal for a period
of the input signal; in this ways the unknown period of the input signal is
calculated according to the pulses of the known time base signal.

Input halling
p—> Flip-Flop :>—o Counter Display
T
Time base

Dividers
Stable
Clock
Source

Fig. 1.13. Block diagram of the period mode for a basic universal counter.
Adapted from [Agilent97].
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Period measurement allows an improvement in the implicit low
accuracy for determining low frequencies in the basic counter because of
increased resolution. For example, a frequency measurement of 60 Hz
signal on a basic counter with 10 MHz time base and a 1-second gate time
in the frequency mode will be displayed as 60.00000 Hz, but if the
frequency is 60.00001 Hz the answer of the basic counter is still 60 Hz
because the event counter would count only 60 events, but in the period
mode the time measured is 16.6666 ms then the frequency will be
60.00002 Hz which is more accurate regarding the basic counter.
Therefore, the resolution is notably improved by using the period mode.

As it can be inferred the error committed in the period mode depends on
the reference signal counts measured, then if the frequency of this signal is
increased the error will be minimised.

Some most modern architectures use a different structure for measuring
frequency in order to avoid the disadvantages of the universal basic
counter. This new schema is known as reciprocal counters [Coombs00,
Agilent97].

As it was shown above the basic universal counter is restricted to decade

gate times because using these decades the division in Eq.(1.50) was easily
performed for the incipient digital devices, but modern digital architectures
becomes common and effective to do some mathematical operation as
division, so in principle the limitation of decades becomes vanished. With
these modern structures the reciprocal counters becomes a good solution
for the limitations in the basic counters.
The reciprocal counters always make a period measurement on the input
signal. The frequency information is obtained taking the reciprocal of this
period measurement. The reciprocal technique has popularity due two
major features:

e The %1 count error is independent of the frequency of the input
signal frequency, then the resolution in the measurement is
independent of the input signal, i.e., it does not decrease when
the input frequency decrease as it happened with basic universal
counters.

e The period mode characteristic of the reciprocal technique
provides control capability of the main gate in real time.

In addition to these advantages, the time gate could be synchronised to
the input signal and then the resolution of the measurement can be tied to
the time base and not to the input frequency. This characteristic allows to a
faster measurement of low frequency signals. Because resolution is
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determined by the ability to measure time, it can be improved using a
higher frequency time base.

Nevertheless these improvements achieved with reciprocal counters or
even increasing the time base frequency fall when the frequency of the
signal is changing rapidly or abruptly and when a very accurate, fast and
continuous frequency tracking is required.

In applications where the frequency is continuously changing and has to
be accurately measured, some other strategies need to be planned in order
to accomplish this task. One of them is the use of a phase locked loop as it
will shown next.

1.3.2Phase Locked Loop, PLL

A Phase Locked Loop, PLL, is a feedback system which provides a signal
which is continuously tracking an input signal taken as reference. The
output signal is provided by a voltage control oscillator system which
thanks to the feedback maintains the same frequency as that of the input
signal and, in some cases, the same phase [Arnau00-3, Best05,
Wolaver91]. This way it is said that the feedback signal is locked with the
reference one.

In addition to this locking characteristic, if the input signal is a
frequency modulated signal, the PLL provides information regarding to the
modulating signal; in fact the inherent behaviour of the PLL is to perform
a continuous tracking of the input signal in order to extract the information
related to the modulating signal. Then if the reference signal is a frequency
modulated signal the PLL performs a continuous tracking of this voltage
and provides a signal which maintains the same frequency and phase as the
modulating signal in a specific frequency range.

A PLL can be built in an analogical way or mixing analogical and
digital subsystems [Best05, Wolaver91]. In the following figure a
summarised block diagram for a PLL is presented.

This basic schema of the PLL is composed by a Phase-Frequency
Detector, a Low Pass Filter and a Voltage Controlled Oscillator (VCO).

The voltage at the output of the low pass filter is involved in controlling
the oscillation of the VCO and it is the so-called demodulated signal which
continuously tracks the modulating signal, in other words, this control
voltage is a direct measurement of the frequency provided by the VCO.
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Demodulated

Signal
Reference ' Output
Signal Signal
= PFD |——» LPF » VCO >
>
Feedback Signal

Fig. 1.14. Summarised block diagram of a PLL adapted from [Arnau00-3]

As it will be shown later on, this PLL schema is ideal for performing the
fast and continuous frequency tracking in the AC Electrogravimetry
experimental technique and a more detailed explanation will be conducted
in the third chapter.

After this basic introduction to the methods for frequency measurement
the current experimental setups for obtaining the Electrogravimetric
Transfer Function in the AC Electrogravimetry technique will be presented
in order to clarify the facts to promote the development of the present
doctoral thesis project.

1.4 Current AC Electrogravimetry experimental setups

Once the principles involved in the AC Electrogravimetry and the
techniques for measuring frequency has been explained, some current
experimental setups used to obtain the Electrogravimetry Transfer
Function, EGTF, will be presented as an introduction to define the specific
problems and the subsequent goals which motivate the development of this
thesis project.

1.4.1Problem outline

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.
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As it was mentioned, the resonance frequency shift is, taking into
account some restrictions [Edwards94], proportionally 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
[Bourkane89]. 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 a
frequency modulation process, where the carrier signal is provided by the
sensor controlled local oscillator and the modulating signal is the
superimposed sine wave applied to the electrochemical cell. It is important
to notice that the carrier’s frequency is in the MHz range (6 MHz-10 MHz)
meanwhile the modulating one is in the Hz range (few mHz until 1000
Hz). The modulating signal induces mass variations in the conductive
polymer and then in the mass deposited on the working electrode as it was
shown in Fig. 1.4 and Fig. 1.5, i.e., on the QCM sensor, due to oxidation-
reduction (redox) process in the polymer.

Nowadays, at the Laboratory of electrochemical systems and interfaces,
LISE, some transfer function equipment 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 it can be understood an accurate frequency measurement and
then a high accurate frequency—voltage conversion is necessary to avoid
any distortion of the EGTF.

Two different approaches are currently used for the frequency

measurements which are based on two framework frequency-voltage
converters [Gabrielli07].
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 [Gabrielli99-1].

Another schema is formed by a Phase Locked Loop, PLL, 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 [Gabrielli01].

These systems present problems both for obtaining an appropriate
resolution in the frequency-voltage conversion and for a proper continuous
frequency-voltage tracking.
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1.4.2 Specific problems associated with the AC experimental
setups

Since the AC Electrogravimetry technique was proposed, the two
mentioned electronic systems have been used to get the data necessary for
the calculation of the EGTF. One of those experimental setups is depicted
in the following figure.
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Fig. 1.15. First experimental setup for obtaining the EGTF in the AC
Electrogravimetry technique. Adapted from [Gabrielli99-1, Torres06-1]

The experimental setup in Fig. 1.15 shows an electrochemical cell, in
which the WE is one of the electrodes of the quartz sensor and it is ground
connected; the QCM, in this case working as a EQCM as it was presented
above, is controlling an oscillator whose output frequency is named as fy,
and an analogical subsystem composed by several electronic devices to get
a voltage variation related to the frequency shift produce 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 difference voltage, AF, applied in stage number 1
between the reference electrode and the working electrode WE, is ranged
between a few mHz and 1KHz, i.e. its speed of variation goes from 1 KHz
when the experiment starts and progressively decreases until few mHz
when the experiments is almost finished. This voltage difference produces
a current variation, A4/, in the cell and then a mass variation, 4m, in the
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EQCM in stage 2. Subsequently this mass variation is transferred into
frequency variations of the QCM resonance frequency Afpcu in stage 3. It
is clear to understand the system like a frequency modulator system in
which the carrier signal is provided by the quartz sensor controlled
oscillator and the modulating signal is the superimposed sinusoidal voltage
applied to the electrochemical cell. It is important to emphasise that the
oscillators’ frequencies are in the megahertz range meanwhile the sine
wave applied has a maximum frequency of 1 KHz. Experimental
frequency shifts (from the frequency of the carrier signal, i.e. the
frequency deviation) 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 around a central frequency of
about 10MHz with high resolution, 0.1Hz, and very quickly, in less than
0.1ms (due to the fact that the maximum speed of the modulating signal is
1KHz). In other words it is necessary to follow frequency shifts of around
10-50Hz or less, over a carrier of 10MHz, very quickly and with high
resolution; 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.

As an example it can be supposed that a high frequency signal, for
instance 10MHz, is required to be measured. There are several methods for
performing this task as it was presented in the previous section. One of
these is an extension of the basic universal counter in which a very high
frequency signal is used as a reference, to count up pulses or cycles of this
signal during certain time and at the same time count up the pulses or
cycles of the signal whose frequency must be measured; then a simple
operation provides the frequency measured. The principle is illustrated in
Fig. 1.16.
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Fig. 1.16. Frequency measurement using a high frequency reference signal.
Adapted from [Torres05].



42  Robinson Alberto Torres Villa

The figure shows a 100 MHz reference signal used to measure the 10
MHz frequency signal. As it can be noticed, during 1ms n/+/ cycles are
counted, 7/ is the time analysed, f7 is the frequency and P/ is the period of
the reference signal, meanwhile n2 cycles are counted, 72 is the time
analysed, f2 is the frequency and P2 is the period of the signal whose
frequency must be measured.

The error in the measurement is given by:

2n2 2n2
Af = l~—f1 1.52
4 n12—1f n12f (1.52)

Replacing data from Fig. 1.16 (n/= 10° and n2 =10%) in Eq. (1.52) it is
obtained an error of 200 Hz.

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

Two solutions could be developed to improve both the system’s
accuracy and the 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
(1KHz, for instance in AC Electrogravimetry set-up) the system is unable
to measure the frequency evolution, 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 noisy of the high frequency
signal appear and the measurement becomes more complicated.

As it was mentioned above, at LISE, the transfer function equipment
used for obtaining the EGTF in the stage 5 of the Fig. 1.15 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 it can be noticed, in addition
to a good resolution frequency measurement 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.
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The first approach currently implemented for the frequency-voltage
co