Chapter 1.

I ntroduction to Electrochemical, Quartz
Crystal Microbalance and Structural
Techniques Used to Characterise Redox
Reactions



1.1. Introduction

The focus of much of thisthesisis on the investigation of a variety of solid-
state reactions by electrochemical and quartz crystal microbalance measurements.
Electrochemistry provides a powerful means of studying solid state reactions, in
particular solid state phase transformations. However, there is a strong need for
ancillary techniques which can also aquire datain real time and which can provide
corroborative or other evidence of the underlying reaction schemes. Consequently,
the possibility of adapting the Quartz Crystal Microbalance (which measures mass
attached to the electrode) to probe kinetics of electrochemically-driven solid state
phase transformations has been explored in a number of complexes of technological

interest.

An example of a solid state redox reaction is given below:

M(solid) + CI(ag) —— [MCI] (solid) + & (1.1)

What distinguishes this reaction from a solution phase reaction istheion
transfer process (intercalation). Standard el ectrochemistry will give no direct
information on thision transfer process as only “the electrons’ are being measured.
However, the quartz crystal microbalance which measures attached surface mass
will be able to measure thision transfer process and provide important additional
information. The first part of thisintroduction chapter will therefore provide an
overview of electrochemical techniques used in thisthesis. Thisisfollowed by the

principles of solid state studies, the use of the electrochemical quartz crystal



microbal ance and techniques to characterise structures prior to and after

el ectrochemical oxidation and reduction.

The need to characterise the morphology of the attached crystals can be
important in studying these systems. In particular morphology changes may occur
upon oxidation or reduction or even upon addition of reagents to the solution phase
(Chapter 6). This morphology can be characterised using microscopy. Crystal
structures of these solid materials are also of interest in elucidating these solid state
mechanisms. For this purpose, powder X-ray diffraction and single crystal X-ray
diffraction are used through these studies. The introductory chapter therefore also
contains brief details of the structural tools used to characterise the nature of the

solid state changes that occur during the course of the electrochemical experiments.

1.2. Cyclic Voltammetry.

The determination of the mechanisms underlying an oxidation or reduction
process can be achieved through a variety of electrochemical methods. The most
common and perhaps most straightforward technique used is cyclic voltammetry [1].
Thisinvolves applying an external triangular voltage to the electrochemical cell,
sweeping through a potential range and reversing the direction of the sweepin a
cyclic fashion (see Figure 1.1). The resulting current (1) is monitored as a function of
applied potential (E) to give the I-E curve which in thiskind of experiment is called

acyclic voltammogram.
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Figure 1.1. Waveform Excitation Signal for Cyclic Voltammetry.

Typically athree electrode potentiostated system is used: aworking
electrode, reference electrode and a counter electrode. The current flows between the
working electrode and the counter electrode (ideally the electronic circuitry ensures
that no current will flow through the reference). The potential is controlled relative
the reference el ectrode which is placed as close to the working electrode as possible

to reduce ohmic (IR) potential drop.

1.3. Solution Phase Voltammetry. Figure 1.2 shows a solution phase
voltammogram simulated using Digisim [2]. This process could be for example the
oxidation of ferrocene [Fe(CsHs)2] in an organic solvent. In this case, both the

oxidised and reduced forms of the [Fe(CsHs);]%* redox couple are soluble in the



solvent. The value of theinitial potential is0.2 V and chosen such that there is no

electrochemical process occurring and hence no initial current flow.
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Figure 1.2. Simulated cyclic voltammogram of 0.5mM [Fe(CsH5s),] in organic

solvent. Electrode, area = 2.54 mm?. Scan rate of 100 mVs™.



The potential isthen initially swept in a positive direction in order to oxidise

the starting compound:

Fe”(CSHS)Z — [Fe'”(CSHS) J e 1.2

Note, in Figure 1.2, the positive direction on the current scale is oxidation
current. The oxidation current increases rapidly (b to d) until the concentration of
Fe''(CsHs), at the electrode surface is significantly diminished. This causes the
current to peak at amaximum value E,”™ and then decay (d to g) as controlled by the
rate diffusion of Fe''(CsHs), from the bulk. The scan direction is switched at about
0.8 V and then the potential is swept in a negative direction in order to reduce the

newly formed [Fe'"

(CsHs)2]". Oxidation current is still flowing even though the
potential is now being swept in anegative direction. It is not until the potential is

negative enough to reduce the [Fe'"'(CsHs),]* that reduction currents are observed:

[Fe"(CH))" +& — Fe'(CH), (1.3)

Again the current rapidly increases (i to k) to give a maximum value of E,>
as the concentration of [Fe'"'(CsHs),]* is depleted at the electrode surface and

diffusion control givesriseto current decay after a maximum value (j to k).

For areversible process (equilibrium established within the timescale of the
experiment) the formal reduction potential E° is approximately half way between

the peaks' potentials[1]:



ox red
_ E)+E, (1.4)
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The separation between peak potentials (E,” and E,®) is determined by the

number of electrons transferred in the electrode reaction (n) [1]:

o red — 0.056
AE, =EJ -E/ O—= @ 25°C) (1.5)
Slow electron transfer (irreversibility) or uncompensated resistance (IR drop)

will cause the separation (AEy) to increase.

The values of i,™ and i,"™ should be identical for areversible couple.
Chemical irreversibility, in which a chemical reaction is coupled to the electrode

process causes departures from unity for the ratio i,™ /i,

Finally, the peak current for areversible system is given by the Randles-

Sevcik equation [1]:

i, =(2.69x10°)n*?ADY?Cv"?  (at 25°C) (1.6)

whereipisthe peak current (A), nisthe electron stoichiometry, A is electrode area
(cm?), D isthe diffusion coefficient (cm?s™), C is the concentration (mol cm™) and v

isthe scan rate (V s7).



1.4. Solid State Voltammetry.

The typical form of solid state voltammetry of interest in this thesisinvolves
crushing aredox active compound into afine powder and abrasively rubbing this
compound onto the electrode. The voltammetry of the surface immobilised
(imbedded) compound is carried out when the electrode is placed in a solvent (eg
water) in which the compound is not soluble. When the redox reaction occurs within
the solid the electrol yte ion provides charge neutralisation. A range of responses can
be observed which usually are quite different to that described above for solution

phase voltammetry.

1.4.1. Nucleation and Growth Controlled Processes.

One form of solid state responseisillustrated in Figure 1.3 [3-4]. Thisisthe
solid state voltammetry for the reduction of TCNQ(solid) to TCNQ" (solid) [3-7] on

aRAM™ electrode [8] in contact with 1M KCl(aq).
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Figure 1.3. Solid state voltammetric response of nanocrystals of TCNQ trapped
beneath a freshly-prepared layer of Nafion on a RAM ™ electrodeimmersed in

1M K Cl(aq) [scan rate of 100 mV s?, solution flow rateof 1 ml min™] [3-4]



In the [TCNQ]”" reaction, the solid state voltammetry is governed by
nucleation and growth kinetics. Figure 1.4, shows the work associated with the

formation of a spherical crystal as calculated using the formula:

4T3

AG =G, +y4m? (1.7)

where G, isthe Gibbs free energy per unit volume, r isthe radius of the sphere, and

y is surface free energy per unit area.
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Figure 1.4. Thework associated with the formation of a crystal. Theresulting

curve passes through a maximum at thecritical radiusr . [8]
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Thefirst term in equation 1.7 is an energy term for the work of formation of
the volume of the crystal. This energy is negative and consequently favours
formation. However, the second term in the equation is positive and relates to the
energy cost of forming a new surface. The first term is proportional to r* (volume),
whereas the second term is proportional to r? (area). Initialy the r* term dominates
which means a crystal of critical radius hasto be formed before growth of the crystal
isfavourable. Thisisthe origin of the large inert zone seen in Figure 1.3. An
overpotential must be applied in order to supply the system with enough energy

(AG") to nucleate acrystal.

A diagnostic tool can be used to determine whether nucleation and growth
kinetics prevail. Thisinvolves prematurely switching the potential at the foot of the
reduction or oxidation wave (see Figure 1.5). It is seen in both cases even though the
driving force (the potential) is being reduced the current continues to increase
forming what is known as a nucleation or inductive loop [10]. The current continues
to increase because the surface area of the crystal isincreasing at afaster rate than
the driving force is being reduced. Consequently observation of thisloop provides a

test for control by nucleation and growth kinetics.

11
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Figure 1.5. Cyclic Voltammograms for nanocrystals of TCNQ immobilized on a
Nafion-coated RAM electrodein 0.01M NaCl(aq) [scan rate of 100 mV s?]. Two
cycles are shown in which the scan directionsarereversed at potentials

corresponding to the foot of a) thereduction and b) the re-oxidation. [4]
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1.4.2. Non-nucleating systems. The TCNQ system described above typically
involves 100% conversion of compound (as long as the counter ion is small enough
to penetrate the structure). However, many systems are not governed by nucleation
and growth kinetics and only are fractionally oxidised or reduced. It is assumed for
these systems that the reaction begins at the surface exposed to both solution and
electrode and spreads over the surface. The reaction then proceeds to a limited depth
of the crystal. Such asystemisillustrated in Figure 1.6. The peak to peak separation

of these systems can vary widely from around 0 mV to 300 mV.
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Figure 1.6. Cyclic Voltammogram (scan rate of 10 mV/s) for solid trans-
Re(CO)(dppe).Br attached to a graphite electrode immersed in water (0.1M

NaClO,). Scan rate of 100 mV s™. [11]
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1.5. Double Step Chronoamper ometry or Chronocoulometry. Thistechnique
involves firstly setting the potential to arest potential, E.es, Where no Faradaic
reaction takes places and consequently no significant current flows. The potential is
then switched to a potential Esorward, Which isforward of the redox potential of the
compound of interest. The potential is held for afixed time and then typically

switched back to the rest potential and held for a preset time (see Figure 1.7).
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Figure 1.7. Potential Waveform for Double Step Chronoamper ometry or

Chronocoulometry.
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When solution phase reactions are considered, the decay of faradaic current,

when the potential is stepped to Eroward 1S described by the Cottrell equation [12]:

_ nFAD"?c,

l (t) = P (1.8)

Where n is the number of electrons, F is the Faraday’s constant (C mol™), Aisthe
area of the electrode (cm?), D is the diffusion coefficient (cm?s?) ¢, isthe bulk

concentration of the analyte (mol cm™®), and t isthe time (s)
Thistechnique is called chronoamperometry and in integrate form
chronocoloumetry. When the potential is stepped back to the initial value the terms

double step chronoamperometry and chronocoloumetry apply.

There is a'so a capacitive component of the current which decays

exponentially in time according to the following equation [12]:

-t

(0= e (19)

Here R = resistance (ohms), C = capacitance (F).

This capacitive current decays rapidly and therefore is only significant when

looking at short times.
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A chronocoulometric plot used in this thesis, the Anson plot [12], is useful to
determine if the processis diffusion controlled. The plot is of charge versus the
square root of time and should result in a straight line for adiffusion controlled
process. The equation governing this process, assuming no capacitive charge and no

adsorbed speciesis[12]:

12
=2n cB— .
Q = 2nFAc, DtH (1.10)

armr

The effect of adsorption can easily be detected using the Anson plot, as
significant deviations from equation 10 occur. If crystal growth reactions occur, then
again a characteristic response will be detected. These cases will be explained in

Chapter 7.

1.6. The Electrohemical Quartz Crystal Microbalance. In solid state
voltammetry, mass changes occur at the electrode surface as oxidation and reduction
occur. The quartz crystal microbalance utilises the piezoelectric [13-16] qualities of
quartz crystals to measure changes in the attached surface mass. Figure 1.8, shows a
schematic representation of the electrochemical quartz crystal microbalance
(EQCM) instrumentation. In the electrochemical application, the quartz crystal is
coated with a gold disc on both sides. One side is exposed to the solution in the
electrochemical cell, while the other is exposed to air. Voltammetry is carried out
using the gold disc exposed to solution as the working electrode. This EQCM setup

allows simultaneous measurement of mass and current in avoltammetric

16
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Figure 1.8. Schematic diagram of Quartz Crystal Microbalance

instrumentation. (crystal is held between two o-rings)

experiment. Thefirst in situ application of the QCM to electrochemistry was by

Nomura and co-workers[17,18] for Cu[ll] and Ag[l] electrodeposition.

The inverse piezoelectric effect is key to the operation of the quartz crysta
microbalance. The application of an electric field to the quartz crystal causes a shear
deformation (strain). Figure 1.9a, illustrates the shear deformation (parallel to the
gold surface). This deformation arises from the realigning of dipolesin the crystal
structure with the applied electric field. This deformation is typically 10-100 nm, for
AT-cut crystals operating in the frequency range of 1-10 MHz, [19-22]. Figure 1.9Db,

illustrates a side 2D view of the shear deformation.
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Figure 1.9. a) lllustration of shear deformation. b) Side view of crystal

oscillating in an alternating electric field.
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The application of an aternating electric field at a characteristic frequency

fo(m) to aquartz crystal of mass m causes it to resonate:

_ K
fo(m) = ﬁ (1.12)
q

where 4 is the shear modulus of the quartz crystal (2.947 x 10" dyne cm™® for AT-

cut quartz), pq isthe density of quartz (2.648 g cm™) and Xq IS the thickness of the

quartz.

The quartz is cut to athickness of around 0.17mm in order for it to resonate
at afrequency of 10 + 0.05 MHz. Deposition of the gold (working el ectrode) layer
dampens the resonant frequency. When the gold quartz crystal electrodeis placed in
the agueous solution the resonant frequency is viscously damped via the following

equation [23]:

Af =- 2.26x10°8 f0(0)3/2(anL)l/2 (1.12)

where n. isthe conventional viscosity of the liquid and p. is the density of the

liquid.
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Also rigid attachment of mass to the gold surface will damp this frequency.
The Sauerbrey equation [19] relates the damping of frequency (Afo) to the changein

surface attached mass (Am), assuming athin, uniform, rigidly attached mass:

Afo = fo(m+Am) - fO(m)

=_MEM - —sm (113)
A %P

where Am isthe change in surface mass, A isthe piezoelectrically active areaand S
is the Sauerbrey constant.

1.7. In-lens Field Emission Scanning Electron Microscopy (IFESEM). Structural
information on solids attached to an electrode surface are required in solid state
voltammetric studies. The IFESEM method was used for this purpose in this thesis.
A scanning electron microscope uses el ectrons rather than light to observe the
microstructure of samples. The wavelength of electronsis much less than light

allowing greater resolution and magnification.
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Figure 1.10. Schematic Diagram of IFESEM setup [24].

In an In-lense Field Emission Scanning Electron Microscope the specimen is
placed inside the objective lens gap as shown in Figure 1.10 [24]. Conventional
SEM devices have the specimen outside of the objective lens. This setup provides
for significant improvement in spherical and chromatic aberrations, alows for the

finely focussing of the beam onto the specimen and produces 0.6 nm resol ution.

1.8. X-ray Diffraction. Another structural tool used in thisthesisis X-ray
diffraction. The technique was applied to both single crystals and powders. X-rays
are high energy / short wavelength forms of electromagnetic radiation. The
wavelengths are of the order of atomic spacings allowing them to be used to probe
crystal structures. X-ray diffraction [13-14] isillustrated in Figure 1.11. If the extra
distance the wave has to travel to strike the next row of atoms (A->B->C) in Figure
1.11) isan integer value of the wavelength of the x-rays then constructive

interference will occur. Thus the condition for diffractionis:

M =AB +BC (1.14)
nA = 2d sin(0) (1.15)
incident diffracted
beam ‘. / beam
\
\ 4
\\\ . L’ "/
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RS N\ e o’
X ,6 o Figure 1.11.
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—e—e%—e—e— diffraction.
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Equation 14 isknown as Bragg's Law. If Bragg's law is not obeyed then
non-constructive interference will occur resulting in avery low intensity diffracted
beam. Therefore d is measured from the peaks of intensity. Structures of asingle

crystal may be determined from X-ray diffraction data on the single crystal.

Powder Diffraction involves the use of a powdered specimen, which consists
of many fine and randomly oriented particles. Some of which will be correctly
oriented to satisfy the Bragg correlation (1.15) The instrumentation isillustrated in
Figure 1.12. The X-ray source fires x-rays at the specimen. The moveable detector
then counts X-rays at an angle 20. A diffraction pattern is produced for a range of 20

values and again structural information emerges from the interpretation of the data.
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Figure 1.12. Schematic diagram of an x-ray diffracotometer. T = x-ray source,
S = specimen, D = detector and O = axis about which specimen and detector
rotate.

1.9. Molecular Modelling.

Using atomic co-ordinates obtained from single crystal XRD measurements
molecular modelling can be carried out using a computer program. This program
allows athree dimensional visualisation of the crystal structure to be observed. This
structure can be rotated and manipulated at will. Also the crystal can be built up by

stacking unit cells side by side.

This molecular modelling can be very useful in studying changes upon
oxidation or reduction. These can give an idea of the mechanism or pathway by
which ionsintercalate. lon channels can be observed using molecular modelling.
Also, asisthe casein Chapter 6, the mechanism by which solvent inclusion occurs
can be studied using molecular modelling. Here hydrophobic channels were
observed in the starting compound, which are theorised to be the channels through

which the solvent enters the structure.
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