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X-ray Structural Studiesof Electroactive Films

Magdaena A. Skopek

This thesis describes X-ray studies (XANES, EXAFS and XAS) of the structures of
electroactive film modified electrodes and their response to potential. To provide insight
into the composition, structure and dynamics of the studied systems EXAFS was
combined with other techniques: XPS, electrochemical methods and infrared
spectroscopy. The electroactive materials studied were Prussian Blue (PB) and its cobalt
and nickel derivatives, iridium oxide and polypyrrole/[P(M03O10)s]* composite films.
Selected electroactive materials were diverse, since the study was undertaken with the
aim of providing the foundations for future experiments in the area of the dynamic in
situ EXAFSresearch.

For cobat hexacyanoferrate films, cobalt was identified as the active redox site, based
on clear evidence of changing bond lengths with potential. This suggests it will be an
interesting candidate for future dynamic EXAFS study. The behaviour of PB films was
found to be complicated to interpret because both redox sites are Fe-based and there
exist additional interstitial iron species. In contrast to cobat hexacyanoferrate, no
significant changes could be observed in the Ni XAS data for the nickel derivative with
Fe active redox sites. Polypyrrole/[P(Mo3Oi0)4]* composite films showed changes in
oxidation state of multiple Mo sites in XPS experiments. Nevertheless, they are not a
promising material for a dynamic EXAFS because of the interpretationa problems,
similar to PB films. Iridium oxide films are another promising candidate. They were
successfully characterized in in stu EXAFS configuration and changing bond lengths
were observed as the potential (and thus Ir oxidation state) was changed.

Additionally the thesis includes nanogravimetric observation of ion exchange
characterigtics of polypyrrole film p-doping in an ionic liquid. It is shown that
polypyrrole film redox switching in the deep eutectic ionic liquid (Ethaline) involves a
very different pattern of ion transfers to agueous media. lonic liquid in the reduced film
provides areservoir of choline cations whose transfer (in the opposite direction to anion
doping) partly satisfies electroneutrality.

Overall, the sites of redox activity were identified in a range of multi-site redox systems
and structura changes were related to the injected charge. This static study is the first
step in identifying systems suitable for X-ray synchrotron-based dynamic studies of
electroactive film structure.
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CHAPTER |

INTRODUCTION

Aims and Scope

The aim of the work described in this thess was to understand performance and
structural changes in electroactive film modified electrodes. A high degree of control at
the molecular level is crucial in realization of the intentions of interfacial design of a
modified electrode surface. As a consequence how the interface is designed is of
paramount importance in determining the functioning of the fina device. Most
published work focuses on a single aspect - structure or dynamics — of an electrode
modified with an electroactive film. Frequently, a material is extensively explored using
several techniques, but the study is undertaken by different laboratories. Therefore, as
even minor differences in preparation and handling can be crucid, such abody of work
does not always provide a complete or consistent set of information. Here, an attempt
was made to combine several techniques in such a manner asto provide insight into the
composition, structure and dynamics of the target systems. The important feature is that
great care was taken to prepare and handle all the samples identically. The primary

experimental methods employed were:



a) X-ray techniques. X-ray photoelectron spectroscopy (XPS), X-ray absorption
near edge structure (XANES), extended X-ray absorption fine structure
(EXAFS);

b) Electrochemical techniques: cyclic voltammetry (CV), electrochemical quartz
crystal microbalance (EQCM);

c) Other spectroscopic techniques: infrared spectroscopy (IR).

It should be emphasized that, in the field of eectrochemistry, EXAFS is a relatively
under-explored technique. To be suitable for study with EXAFS samples and/or
electrochemical cells must fulfil fairly restrictive requirements. Metals, metal
complexes or metal-containing composites (for example metal species in polymer films)
are frequently suitable for EXAFS study because of the ease of the detection of higher
atomic number species by X-ray methods. The extended X-ray absorption fine structure
technique can provide metal-ligand bond lengths, bond length changes introduced by

diverse external stimuli, atomic identities and the level of (dis)order in the sample.

In the study presented in this thesis, potential control was used to introduce structural
changes in electroactive films containing different types of metal redox centre. EXAFS,
in combination with the techniques listed above, was used to explore the structure and
changes in the structure of electrochemically deposited films of Prussian Blue and its
cobalt and nickel derivatives, iridium oxide films and molybdenum Keggin-type

heteropolyanions incorporated into apolymer matrix.

The thesis is structured as follows. The fundamentals of the techniques are described in
Chapter 1. The general experimental procedures and data analysis procedures are
contained in Chapter 11. In Chapters i1, 1V and V experimental results are presented for
electrochemically-deposited Prussian Blue films and its cobalt and nickel derivatives,
iridium oxide films and molybdenum Keggin type heteropolyanions incorporated into
polymer matrix, respectively. In Chapter VI nanogravimetric observation of ion
exchange characteristics for polypyrrole film p-doping in the ionic liquid, Ethaine, is
described. The results are discussed and conclusons are drawn at the end of each
chapter. The thesis ends with some generic remarks on the progress achieved and on

future prospects for EXAFS studies of electroactive films.



1.1 X-ray Techniques

1.1.1 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS), or electron spectroscopy for chemical analysis
(ESCA) has its origins in the investigations of the photo-electric effect discovered by
Hertz in 1887.' The term ESCA was introduced by K. Siegbahn, a pioneer in the use of
XPS, because it provides not only information about atomic composition of a sample
but aso information about the structure and oxidation state of the compounds of
interest.?

In XPS a beam of X-rays hits the sample’s surface and interacts with core level
electrons (1s, 2p, 2s orbitals etc.). For the exciting radiation of energy E=hv, equa or
exceeding the binding energy Eg of an electron in a core initial state, absorption results
in its gection with kinetic energy Ex. This phenomenon, known as the photoelectric
effect, leaves the atom in an excited state with a core hole. The kinetic energy of the
emitted electron Ex is measured in an electron spectrometer. The binding energy of the

electrons in the solid Eg can then be calculated according to:
Eg=hn- E-f (1.1

where f is the work function, whose precise value depends on both sample and

spectrometer. Equation 1.1 assumes that the photoemission processis elastic. Therefore
each characteristic X-ray (e.g. Mg Kas2) will giverise to a series of photoelectron peaks

reflecting the discrete binding energies of the electrons present in a sample.
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Figure1.1. Wide scan X-ray photoelectron spectrum of cobalt hexacyanoferrate (CoHCF)
electrodeposited film with Co, Fe N, K, C photoel ectron lines. Arrows show decreasing binding
and kinetic energies.

Figure 1.1 shows a wide scan spectrum of a CoHCF film obtained at Daresbury
Laboratory. A series of peaks is observed on a background. The background increases
to high binding energy (low kinetic energy). It also shows characteristic rapid step-like
increases on the low kinetic energy side of each peak due to energy loss of the photo-
electron within the solid. It is a case of an inelastic photoemission process which occurs
if the photoelectron suffers an energy change (usually loss) between photoemission and
detection. Background shapes are dependant on the analysed materials and significant
variation occurs in practice, and most often background shapes other than simple linear

interpolation are necessary.®

Not all peaks in XPS spectra are due to smple photoelectric transitions. Secondary
peaks may appear in a spectrum due to Auger transitions, plasmon structures, shake-up
and shake-off energy loss processes. Peaks resulting from the excitation of the electrons
which are not from the s subshell will appear in doublets. Electrons gected from the

core level can leave excited ion in one of two (XPS observable) states, characterized by

11



thej = | £ % quantum number, which define the multiplicity of the state, namely 2j+1.
Hence, the relative intensities of the peaks in doublets are: (2(1-1/2)+1):(2(1+1/2)+1),
and for p electrons the spin-orbit splitting is: 1:2, for d electrons 2:3, and for f electrons
3:4. The energy separation of the doublet pairs depends on angular momentum and
principal quantum numbers of the core level electrons. Doublets can be (widely)

separated or can overlap.

XPS is a surface sensitive technique. X-rays are penetrating (microns range), but ejected
photoelectrons are incapable of passing through more than a few atomic layers of a
solid. Although XPS is generaly regarded as non-destructive technique it is not always
true. Exposure of the material to the ultra-high vacuum of the spectrometer or exposure

to incident X-rays can result in damage of the sample.

1.1.2 X-ray Absorption Spectroscopy

There are many X-ray techniques based on the scattering of radiation which are used for
determination of the structure of the wide range of materials*® Commonly used
example is X-ray diffraction.* ® * A significantly restricting disadvantage of these
methods is the fact that they require samples with a high degree of structural order, and
are of no use in studying structures of disordered or amorphous materials such as
electrochemically deposited films. On the contrary, X-ray absorption spectroscopy
(XAS) involves the measurement of the absorption or fluorescence of a specific element
within an investigated sample or molecule, giving the possibility to analyze crystalline,
amorphous, liquid, or even gaseous state samples. The two regions of the X-ray
spectrum of specific interest in XAS are shown in Figure 1.2. The first region, which
appears near the absorption edge and includes the edge itself and pre-edge features, is
most often referred to as X-ray absorption near-edge structure (XANES). The XANES
region displays the gructure originating from the absorption of X-ray radiation of
energies just exceeding the binding energy of a core state. It results in promotion of core
electrons to unoccupied atomic or molecular orbitals. XANES and the position of the
edge can yield the information about the oxidation state of the absorbing element and

identity of the surrounding atoms. The second region, extended X-ray absorption fine

12



structure (EXAFS), gtarts from the absorption edge and extends to approximately 1000
eV aboveit.
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Figure1.2. XAS u(E) for FeO. Top picture shows XAFS spectrum with identified regions
of X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS). On the bottom, u(E) is shown with smooth background function uo(E) and the edge

Step AIU()(E()) .8

From EXAFS part of spectrum information such as number, identities and distances of
the neighbouring atoms can be derived based on the magnitude of oscillations, energy
dependence of the amplitude and frequencies of the oscillations, respectively.

Absorbance is described in terms of alinear absorption coefficient z (cm™), or the mass
absorption coefficient x'=ulp (cm?g™), the latter one being independent of the physical
state of the sample. When an incident beam of X-rays of intensity lo passes through a
sample of uniform thickness x, they interact resulting in a transmitted reduced intensity

It as shown in Figure 1.3. According to the Beer-Lambert law:

| (w)=1o(w)e ™ (1.1)

or:

13



Absorbance= |n§|°$: mx=mrx (1.2

t g

And the absorption coefficient is given by:

Ns N

TA (1.3
where I, is the transmitted intensity, « (cm™) is the linear absorption coefficient, u'=ulp
(cm’g™) is the mass absorption coefficient independent of the physical state of the
sample, Na (mol™) is the Avogadro constant, A is the atomic mass, p is the density of
the sample, & (cm’mol™) is the absorption cross-section, w (s™) is the angular frequency
of the X-rays, and N is the number of atoms per cm?.

r

Figure 1.3. Interaction of X-rays with matter.’

There is a number of coexisting attenuation processes influencing the intensity of
transmitted beam I;. The absorption coefficient is the sum of these contributions as
shown in Equation 1.4, and the predominant effect is strongly dependent on the energy
(Figure 1.4)."° Within the X-ray energy range of 1-30 keV (therefore of the main
influence on XANES and EXAFS) photoelectric absorption uph is the major component
to the absorption coefficient ;'

m= rnph+rn:s+ms+rnpa (14)

Other contributions to Equation 1.4 involve coherent (elastic, Rayleigh) scattering tics,

incoherent (inelastic, Compton) scattering uis, and pair production (electron + hole, ion

14



or positron) upa. All these contributions calculated for cobalt are shown in the plot in

Figure1.4.
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Figure 1.4. Total mass absorption coefficient with contributions: coherent (eéastic,
Rayleight) scattering ucs, incoherent (ineastic, Compton) scattering uis, and pair production
(electron + hole, ion or positron) u,, ca culated for cobalt as afunction of photon energy.™

As the energy of the incident X-rays gradually increases, the absorption coefficient u
slowly decreases in a manner depending on the sample density p and elements present
in the sample. For the X-ray of energy equal to or just exceeding that of the binding
energy of a core-level electron there is an abrupt rise in absorption coefficient. This
discontinuity corresponds to the gjection of the core state electron to the continuum, and
is called the absorption edge. In this process the electron is excited from a core level at
E, to the first fully unoccupied final state at Er allowed by electric-dipole selection
rules. It therefore follows that 4 is linked to the energy-dependent transition probability

11, 12

P for photoelectric absorption. In the dipole approximation the probability of X-ray

absorption is given by:
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P=LC it lex|ifr(E,) (15)

we’m
and:
e’w 2
m:4pc<fe><r|> r (Eq) (1.6)
Here, i> is the initial state wavefunction for a bound e ectron before photoionisation,

< f \ is the final unoccupied state wavefunction for the gjected photoelectron, and r (EF)
is the density of final allowed states of the photoelectron at the final state energy E.,
and 2zw is the frequency of X-ray. Term \e ><r\ is the eectric-dipole matrix element,

which contains the electric field polarisation vector ¢ for the X-ray in the incident beam,
and r, the position vector for the location of the electron in the wavefunction; mis the
rest mass of an electron and € isits charge; c isthe velocity of the light, and w is the
angular frequency of the X-rays. P is proportiona to u, therefore the edge transition,
known as photoionisation, is characterised by a large and abrupt increase in u, to give

rise to the absorption edges asillustrated in Figure 1.2 and Figure 1.4.*%

1.1.3 X-ray Absorption Near Edge Structure

The X-ray absorption near edge structure (XANES) includes the absorption edge
together with the features appearing in the range from 10 eV below to 50 eV above it
(Figure 1.2). XANES is amuch larger signal than EXAFS and therefore can be done at
lower concentrations, but the interpretation of XANES is more complicated as there is
not a smple analytic description of XANES.? Low probability small amplitude
transition peaks in the pre-edge region are the effect of the promotion of the bound,
ground state electrons to the outer, partly occupied hybridised states, if such are present.
Changes of shapes, positions and intensities of these features are a source of
information about the existence and occupancy of discrete hybridised states just below
the conduction band.

The most important feature of XANES is the absorption edge. An important application
of XANES is to use the shift of the edge position to determine the valence state. Figure

16



1.5 shows the comparison of the XANES spectra for different iron compounds. The
position of the edge depends on the binding energy Eg of the core electron. The binding
energy of the electron is dependent on the structure of the material, and subsequently a

shift in edge position is an indication of avalency change of the absorbing element.
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Figure 1.5. Comparison of Fe K-edge XANES of Fe metal and severd Fe oxides. A clear
relationship is visible between edge position and formal vdence state. Shapes, positions and
intensities of pre-edge peaks can be often correlated to oxidation state.®

Another source of information about conduction band structure and symmetry is the
white line intensity. The white line is a continuation of the edge rise and is caused by
the excitation of core electrons beyond the original edge transition to alowed levelsin
successively higher shells, if a high density of these states exists in the conduction
band.™® The white line may cause ambiguities in the identification of the precise edge
position, which is often defined as half way up the normaised main edge height
(excluding the white line). For a small white line (e.g. in metals) the edge position can
be measured at the top of the white line or a haf way up the full edge jump. This
method is used when the relative position of the edge is more important than its absolute
value (e.g. for the same samples changing redox states), providing that the size of the

white line does not change with changing valency.

Precise and accurate modelling of all spectral features of XANES is ill difficult, but
for alot of samples XANES analysis can be successfully based on linear combinations
of spectra of known model compounds. Furthermore, athough ab initio quantitative

analyses of XANES are very rare, it isatool providing qualitative information about the

17



density of unoccupied states, which are related to valence band structure and symmetry,
and this is a source of quantitative information about the redox state of absorbing

elements.®

1.1.4 Extended X-ray Absorption Fine Structure

Fine structure above X-ray absorption edges had been reported for the first time in 1920
by Fricke™ and Hertz™> ** who worked with the K-edges of magnesium, iron and
chromium and with L-edges of caesium to neodymium. The term EXAFS was made up
by Lytle'", and until 1970 the progress was slow as there was no theory explaining the
observed spectra and because the experiments were difficult to perform before the
availability of synchrotron radiation. Revival of interest in EXAFS returned with the
publication of Sayers et a'® where they suggested a model for understanding of
observed fine structure. Another factor accelerating the development of EXAFS was
availability of synchrotron radiation, which enabled the acquisition of spectra with
excellent signal-to-noise ratio characteristics in minutes while in conventional X-ray
tube data acquisition time varied from a few days to a few weeks and yielded very poor

signal-to-noise ratios.*?

The Extended X-ray Absorption Fine Structure model described here is based on the
plane wave approximation.’®?® Although simplistic, it illustrates the nature of the
EXAFS phenomena in intelligible way. At low wave vector k values the plane wave
approximation breaks down, hence the more advanced and complex spherical or curved

wave theory”> #* isused for EXAFS computational simulations.™

EXAFS refers to oscillations in the slowly declining absorption coefficient. It spans
from ca. 50 eV to severa hundred eV beyond the absorption edge. These oscillationsin
absorption coefficient are explained by treating the ejected photoelectron as a spherical
wave of wave vector k originating from an absorbing atom. For the photoelectron
leaving the absorbing atom, a small fraction of its outgoing photoelectron wave is
backscattered by surrounding atoms, giving rise to constructive and destructive
interference between both waves. Figure 1.6 shows maxima and minima corresponding

to interfering photoelectron waves.
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Figure 1.6. Schematic representation of EXAFS. The excited eectronic state is centred at
the centra aom. The full circles represent the crests of the outgoing part of the photoe ectric
wave. The surrounding atoms backscatter the outgoing part as shown by the dashed lines.
Constructive interference is represented on theleft hand side picture and destructive interference
on theright hand side picture.*?

For lower energies, the wavelength A of the photoelectron is large compared to the
distance between the absorbing atom and the backscattering atoms. The mean free path
of the photoelectron is long enough to experience multiple scattering (if the atoms are in
collinear or triangular configuration) by the first and higher coordination shells giving
rise to the post-edge XANES region. In the region of EXAFS photoelectrons have high
kinetic energy and single scattering by the nearest neighbouring atoms dominates. If the
absorbing element is a isolated free atom, there is no backscattering from the
neighbouring atoms, and no oscillations are present as the absorption coefficient decays
smoothly with energy. This smooth decrease for the isolated atom case is denoted as 1o
and defines the background absorption level in XAS spectra. According to the plane
wave approximation, for reasonably high energy (>50eV), and therefore higher
photoelectron k values, and moderate thermal or static disorder, EXAFS fine structure

function y(E) is defined as:

c(E)= n(E)- m(E) (1.7)

19



where u(E) is the measured absorption coefficient and uo(E) is a smoothly varying
background function representing the absorption of a free atom. In order to relate y(E)
to structural parameters it is necessary to convert the energy E into the photoelectron
wave vector k. For the photoelectron with kinetic energy Ex:
p2 h2k2

E =P
“ 2m 2m

(18)

where p and m are, respectively, momentum and mass of an electron, # = h/2z and k =
2x/1 is the wave vector, we can relate the electron wave vector k to the incident photon

energy hv and binding energy Eq of aparticular electronic shell of the atom as:

k= ﬁ?@n—EJ (1.9)
Thistransformation of y(E) in E space givesrise to the EXAFS function y(k) in k space.
The excitation of one electron may be treated semi-classically, with the photon being
represented by an electromagnetic field, and the electron being treated quantum
mechanically. Providing only back scattering at the angle = and single scattering events
are considered, and distances are distributed harmonically, then in the plane wave
approximation the EXAFS function for i shells of identical scattering atoms will be
given by:%®

c(k)=a Ak)sin[2kR +2d, +j , (k)] (1.10)

i=1

—~
phase function

where A;(K) is the amplitude function:

damping
r—’? disorder
Sze_ R 2,2
N, xf, (k)le =™ (1.11)
kR
| S —
backscattering

AK) =

In the above EXAFS equation R; is the distance from the central atom to a scattering
atom i and N; is the number of scattering atoms of type i. The factor fi(k) is the

20



scattering amplitude of atom i, d,is the phase shift undergone by the photoelectron at

the central atom, and ¢ is the phase shift that the photoelectron undergoes when it
bounces off the scattering atom, and returns to the central atom (hence 2d, ). Ai(k) isan

amplitude reduction factor due to processes caused by multiple excitations at the central
atom. (When the core electron is ejected it leaves a hole. The valence electrons
rearrange because of this. These multielectron processes contribute to the edge jump,
but not to EXAFS). The term exp(—Zajzkz) is another damping factor which accounts for
amplitude loss due to disorder in the system. It contains the Debye-Waller factor o}
which is the root mean sguare fluctuation about R, (therefore the factor of 2). It accounts
for the smearing out the EXAFS coming from a static disorder (high in the amorphous
materials) and thermal vibration of the atoms. It is assumed that the fluctuation is
harmonic and hence Gaussian pair digtribution function, with the maximum at the mean

interatomic distance R;, a half width 2¢; and a standard deviétion ;.

Although described in the simplistic way, the above EXAFS mode shows that
structural parameters such as interatomic distances, coordination numbers and (dis)order
along with elemental identities of atoms present in the sample are contained in the
EXAFS function. All these information can be extracted using the theoretical modelling
of the EXAFS data. For the purpose of the computational EXAFS data fitting more
complex rapid curved wave theory”> #* is used instead of the plane wave approximation
presented here.

1.1.5 Experimental Configurations for X-ray Absorption Spectroscopy

Depending on the sample characteristics X-ray absorption spectra can be acquired using
several different instrumental configurations sharing many common features. XAS can
be measured either in transmission or decay (fluorescence, Auger emission) mode
geometries. For a standard experiment, where discrete energy measurements are made,

the following elements are needed:

* A method of monochromating the input beam;
» A method of measuring the intensity of the X-ray beam before and after hitting
the sample;
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* A dataacquisition system;

* Optional elements (focusing optics, detector systems).

The choice of configuration depends on factors such as acquiring the best signal-to-
noise ratio (this is associated with the concentration of absorbing atoms in the
experimental material) or region of interest (e.g. interface). Two configurations
described below, transmission and fluorescence mode, were used for the data

acquisition presented in thisthesis.

i) Transmission Mode

Transmission mode, illustrated in Figure 1.7, is the smplest and most straightforward
method to measure EXAFS data

Monochromator
Ion Chamber Sample Ion Chamber
ml — A  ——
| | I | IR R
Io It
White beam from
Synchrotron Pre-slits Post-slits

Fluorescence detector
Figure 1.7. Schematic experimenta set-up for an EXAFS experiment for a transmission
measurement (signal = In(ly/l,)), and for fluorescence measurement (signal = Ii/lg).>

A monochromatic and collimated beam transmitted through the sample is detected by
noble gas filled ion chambers. These ion chambers consist of two parallel plates, one at
high potential, in an inert gas atmosphere. Current is collected off the other plate and
fed to an amplifier before measurement to record the beam intensity. The gas mixtureis
adjusted to absorb about 20% of the beam in the first chamber and 80% in the second.
Internal simultaneous calibration of the edge energy can be achieved by placing a
calibrant (afoil of pure absorber atoms of known thickness) in the beam path after the
second ionisation chamber. The beam transmitted through the calibrant is than detected

in a third ionisation chamber (not shown in the scheme). In this way the absorption
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spectrum of the sample and of the calibrant are acquired simultaneously, and any errors

in the energy scale can be corrected.

The angle of the monochromator crystalsis changed to scan through the required energy

range according to the modified Bragg equation:

é d uo

Bsin’q Hy

nl = 2dsinq‘§[- (1.12)
where ¢ is the decrement of refractive index resulting from refraction within the crystal.
The energy can be scanned by changing the monochromator angle gradualy (standard
transmission XAS) or continuously (quick XAS). The sample has to be of the proper
thickness, uniform and free of pinholes. X-ray absorption cross-sections are available
from the databases. The thickness of the sample is estimated on this basis, depending on
the elements accounting for the sample. In the ideal situation, the amount of the material
in the sample should yield 60 to 80% transmittance below the absorption edge and 15 to
30 % transmittance at the top of the edge rise.?®

i) Fluorescence Mode

There are two main secondary mechanisms for the decay of the excited atomic state
following the X-ray absorption event: fluorescence and Auger emission. In fluorescence
a higher energy electron fills the deeper core hole resulting in an X-ray of well defined
energy. The second, non-radiative competing process for de-excitation is the Auger
effect, in which an electron from a higher electron level fills the core hole and other
electron is emitted into the continuum. With the atomic number Z or energy decrease
the probability of Auger transitions rises. Fluorescence is emitted isotropically and
hence the need for wide solid angle to collect as much of the signal as possible. The
scattering of the incident beam is not emitted isotropically because X-rays from the
synchrotron are polarised in the plane of the synchrotron ring. This greatly suppresses
elastic scattering at 90° of the incident beam in the horizontal plane. Therefore solid-
state detectors are placed at aright angle to the incident beam, and the sample is usually

positioned at 45 % with respect to the incident beam. Fluorescent radiation is measured
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in the arrangement shown in Figure 1.7., and both, It and |; can be collected

simultaneoudy.

Another important factor is energy discrimination. This can suppress to great extent
background intensity, and increase signal-to-noise level. Energy discrimination can be
accomplished electronically after detection, or physically, by filtering out unwanted
signal before it gets to the detector.

Fluorescence is proportiona to the absorption probability, and for XAFS measured in

fluorescence mode;

|
Fluorescence= Tf @m(E) (1.13)

0

Equation 1.13 is over simplistic, because the probability of fluorescence is proportional
to the absorption probability, but the fluorescence intensity measured in the experiment
has to travel back through the sample before reaching the detector. Due to attenuation of
X-rays, the fluorescence intensity (and consequently XAFS oscillations signal) can be
damped because of self-absorption. This can be a serious problem in a case of

concentrated samples, when XAFS can be even completel y wiped out.

The low energy fluorescent photons are the most prone to the re-absorption by the
sample itself, substrate and the cell. This disruption is recompensated by the consequent
near-surface sensitivity of the signal. As fluorescent detection is much more sensitive, it
can be used for surface studies (materials of a few nanometers of the surface layer) or
diluted samples, such as impurities or additives, porous or electrochemically deposited
films. Auger electrons can be also used for the XAFS measurement. The short escape
depth for electrons makes this type of measurement very surface sensitive, and the
method is called SEXAFS (surface EXAFS).
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1.1.6 Electrochemical Cells in EXAFS Spectroelectrochemistry

Performance of the spectroel ectrochemical cell is acritical factor influencing the quality
of the acquired data. Parameters such as cell orientation with respect to optical source
and detector, type of electrode, cell geometry or amount of electrolyte are designed to
meet several, often conflicting electrochemical, spectroscopic and practical demands. In
situ spectroelectrochemical cells have been used successfully for many years for XAS
data acquisition®®® Some more complicated designs alow data acquisition
simultaneously in both transmission and fluorescence modes.® All components of the
cell must have a minimum contribution to scattering and to the background level of
absorption. Conventional three-electrode geometry with reference, counter and working
electrodes is generally used, with the last one placed in the optical path. A common
feature of such cells is the requirement for small solution volumes to minimize
background interference from the solvent or eectrolyte. When designing an in situ cell

for EXAFS studies one has to keep in mind following points:

* The complete electrochemical conversion of the sample must be attained;

» Diffusiona distances and cell resistance should be minimised, so the
conversion is obtained in reasonable lengths of time;

» Enough material is necessary to obtain a good signal-to-noise ratio;

* Cell windows and other cell components in the X-ray beam path have to be

transparent to X-rays.?

A common problem is water, which iswidely used in electrochemical experiments, but
in the same time is a large attenuator. To eliminate this difficulty thin layer cells are
often used. For XAS experiments presented in this thesis a purpose-build cell was
successfully used. Details of the cell are described in detail in the experimental chapter.
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1.2 Electrochemical Techniques

In al experimental electrochemical techniques some electrical perturbation is applied to
the working electrode (WE), and its response is recorded. Various techniques provide
different, but complementary information about the studied system, such as kinetic
parameters (e.g. rate congtants and diffusion coefficients) or mechanistic information.
Electrochemical techniques are widely used for the synthesis of electroactive films, with
the possibility of monitoring the growth and degradation mechanisms during deposition

and their response and behaviour in arange of contrasting environments.

A dandard eectrochemical cell used for electrochemical experiments (Figure 1.8)
consists of the circuit of three electrodes immersed in a conducting supporting

electrolyte solution.

inert gas nlet r
wortling electrode

reference electrode

counter electrode

Figure1.8.  Scheme of astandard dectrochemical cell.*
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These three electrodes are: working electrode, a reference electrode (RE) and counter
electrode or auxiliary electrode (CE). The processes under study occur at the WE, where
the material of interest is attached in the case of modified eectrodes. The WE is
controlled via the potentiostat with respect to the RE. At the open circuit potential the
current oscillates close to zero, because the equilibrium is reached as the electrons are
exchanged at the electrode/electrolyte interfaces. No current passes through the RE
electrode. It remains at equilibrium, and voltage is expressed with reference to it. To
achieve this, the counter electrode is used to supply the WE with the current and avoid
perturbation of the RE. In this thesis three types of reference electrodes were used:
saturated mercury/mercurous chloride (saturated calomel electrode, SCE) or
silver/silver chloride saturated KCI electrode (Ag/AQCI sat’d KCl) (agueous systems),
and silver wire pseudo-reference electrode (ionic liquid systems). To prevent the
contamination of the bulk electrolyte, the RE contents are separated from the rest of the
cell by a porous frit. In some cases the counter electrode is also separated by a frit or
semi-permeable membrane to restrain the products of its reaction (if there any) from
interfering with the process of interest. Constant temperature of the cell during
electrochemical experiment can be maintained through the use of the water jacket and
thermostat. A gas inlet is introduced if the ambient atmosphere of argon or nitrogen is

required.

The supporting electrolyte is an electricaly conductive medium containing free ions,
and enabling the flow of current between the electrodes. It was introduced to
electrochemistry for the first time in 1924 by the Czech chemist Heyrovsky.*
Supporting electrolyte generally consists of ions dissolved in a liquid solvent, but solid
and molten salt electrolytes are also possible. The last one will be described in detail in
the chapter about ionic liquids. The mobile species in the solution, apart from their

conductive role, preserve the neutraity of the working electrode.

Modified electrodes consisting of films of cobalt and nickel hexacyanoferrate, iridium
oxide, molybdenum Keggin ions incorporated into a conducting polymer matrix
(polypyrrole) and conducting polymer (polypyrrole) in ionic liquids are the subject of
thisthesis.
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1.2.1 Cyclic Voltammetry

Cyclic voltammetry (CV) falls into the class of potentiodynamic experimental methods
and is an extension of linear sweep voltammetry (LSV). CV consists of cycling the
potential E of the working electrode (immersed in an unstirred solution), and measuring
the resulting current i. The potential excitation signa is swept linearly a scan rate

V=

(jjltE (V s so that the potential at any timeis:

E(t)=E - vt (1.14)

The potential of the electrode is swept between two values called switching potentials.
In Figure 1.9a the excitation signal is first scanned negatively from +AV to -BV versus
RE. At -BV the scan direction is reversed, and a positive scan is performed back to the
original potential of +AV. The scan rate is reflected by a slope, and a second scan is
indicated by the dashed line.

A plot obtained by measuring the current at the working electrode during the potential
scan is called a cyclic voltammogram. The current can be considered the response signal
to the potential excitation signal. A typical cyclic voltammogram for a system
characterized by areaction:

Ox+ne = Red (1.15)

the response signal corresponding to the potential excitation signal is shown in Figure
1.9b. The initial potential +A V is applied — point (a) at the right hand side figure. It is
then scanned negatively and, when a sufficiently negative value to reduce the oxidized
(Ox) species is reached, faradaic current starts to flow (b). The current increases
exponentialy (b—d), until the concentration of Ox at the electrode surface is depleted,
causing the current to peak (d), E,. Than the mass transfer from the bulk to the
electrode surface is slower than the rate of consumption and the voltammetric response
is governed by diffusion (d—g).
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An example of typical signd in cyclic voltammetry experiment: the case of a

species diffusing in solution. A triangular potential waveform with switching potentialsat +A V
and B V (left). Response signa corresponding to the excitation signal on the left (right).®

The scan direction is switched to positive at —B V for the reverse scan. The potential is

still sufficiently negative to reduce Ox, so cathodic current continues even though the

potential is now scanning in the positive direction. When the electrode becomes a

sufficiently strong oxidant, reduced species (Red), which have been accumulating

adjacent to the electrode, can now be oxidized. This causes anodic current (i—k). The

first cycle is completed when the potential reaches +A V.

There are several factors which may affect the electrode reaction rate and the current,

such as:

» Mass transfer of the species between the bulk and electrode surface;

» Rate of electron transfer at the electrode surface;

* Chemical reactions following or preceding the electron transfer;

» Other surface phenomena such as electrodeposition or adsorption/desorption

Processes.

30, 32

Potential provides the driving force for the electrochemical reactions to occur:

DG =-nFE
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The activation parameters show an Arrhenius-like dependence on potential. Their
relative timescales, thermodynamic or kinetic features can control the shape of i—E
polarisation curve. On this basis different types of electrochemical responses can be

characterized.

i) Nernstian (Reversible) Systems

If a redox system remains in equilibrium throughout the potential scan the
electrochemical reaction is said to be reversible. The electrode potential and surface
concentrations of Ox and Red, regardless of the current flow, are linked by an equation

of the Nernst form:

E=Eoer N p Coc (117)

nF  Cqq

where E°(isthe formal reduction potential. The interfacial redox kinetics are so fast that
activation effects cannot be seen, and no kinetic parameters are present in the above
equation. The potential and the surface concentrations are always kept in equilibrium
with each other by the fast charge transfer processes, and the thermodynamic Equation
1.17 always holds.*

For areversible wave, E; is independent of scan rate, and peak current iy, (as well as the

current at any other point of the wave) is proportional to v2. At 25°C, for electrode area
A (cm?), diffusion coefficient D, (cm? s™), concentration C, (mol cm™), and v (V s, ip

(A)is
i, = (269" 10° )02 ADY2VVC; (1.18)

Furthermore, a convenient diagnostic for a Nernstian wave is the relation:

_ 0.059
DE, = E,q - E, @ = (1.19)
i
=g (1.20)
e
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i) Totally Irreversible Systems

For a totally irreversible reaction (Ox + ne — Red) the Nernst equation no longer
applies. Peak current i, (Equation 1.21) is till proportional to C;and v’2, but Ey,isa

function of the scan rate v.

i = (299" 10°)n(an, ) AC;DYAY? (1.21)

_' e
T M b

Figure1.10. Cyclic voltammogram for (&) an irreversible (b) a reversible, and (¢) a quasi-
reversible dectron transfer reaction.®

Another type of the behaviour of electrochemical systems has been described for the
first time by Matsuda and Ayabe.*® They used the term quasi-reversible for reactions
that show electron transfer kinetic limitations where the reverse reaction is considered.®
These systems switch between reversible for dow scan rates, and irreversible behaviour
for high scan rates. Figure 1.10 shows the examples of all three types of behaviour
described above.
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1.2.2 Surface Adsorbed Species

If species are uniformly adsorbed on to an electrode surface, and it is capable of
undergoing a reversible one-electron transfer, it will give a cyclic voltammogram as

shownin Figure1.11.

Figure1.11.  Cyclic voltammogram of the surface-adsorbed species.®

The symmetry of the voltammetric peaks occurs since the electrode reaction is now
controlled only by electron transfer kinetics, and not by a coupled problem of diffusion
and electron transfer. The differences in potentials of cathodic and anodic pesaks are
negligible. The areas of the two peaks are equal and provide direct measure (Equation
1.22) of the amount of charge Q required to perform the electrochemical reaction and
therefore, the quantity of material adsorbed on the surface.®

Q= (idt = nFAG=nFN (1.22)

wherei isthe current, n isthe number of €ectrons transferred for each electroactive site,
tistime, A isthe electrode area, N (mol) is the amount of electroactive species present,
I" (mol cm™) is the coverage of the electrode by this electroactive material, and F is
Faraday’ s constant.

The values of i,, E, and the peak width depend on the type of adsorption and on the
relative strength of adsorption of reduced and oxidized species. For a system described
by the Langmuir isotherm both pesks are equal and the peak current is given by:*

_N’F*AG
P ART

u (12.23)
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where I is the surface coverage:

G:& (1.24)

nFA
Deviation from the idea behaviour will occur if the surface adsorbed species is not
stable in either its charged or uncharged forms, or is desorbed during the potential

cycling.

1.2.3 Residual Currents

Apart from the Faradaic current |t associated with the system under the study one
intends to measure there are also resdual currents: Faradaic residual current and
nonfaradaic charging (capacitive) current |.. Both are intrinsic to the system and can
limit the sensitivity of the measurement. Faradaic residual current is due to oxidation
and reduction of traces of impurities (e.g. heavy metal ions or oxygen from the solvent
or supporting electrolyte. Even in highly purified solutions, the non-Faradaic
component can make the residual current large. The total current measured is given by:

|:|f+IC:If+CdO(;|tE:If+qu (1.25)

where Cy is capacitance associated with the double layer charging, and v is the scan rate.

It is easily seen that the contribution of double layer charging increases with increasing

Scan rate.
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1.2.4 Mass Transport at Planar Electrodes

The supply of reactant and the removal of product from the electrode surface are
essential to a continuing chemical change. In general, it is possible to have contributions

from three forms of mass transport:

» Diffuson - movement of a species under the influence of a gradient of
chemica potential (i.e., a concentration gradient);

 Convection - stirring or hydrodynamic transport. Fluid flow occurs because of
natural convection (caused by density gradients) or forced convection;

» Migration - movement of charged species under the influence of an electric
field (agradient of electric potential).®

Mass transfer to an electrode is governed by the Nernst-Planck equation. For one-

dimension along x-axis it is given as:

p TCxt) 2F o (o W0t o lixt)  (1.26)

Axt)=-
3, (1) x RT x

where J, (x,t) is the flux of speciesi (mol s* cm™) at distance x from the surface, D; is
the diffusion coefficient (cm? s), 1C, (x,t)/ Tx is the concentration gradient at distance

x, f (x,t)/ Ixis the potential gradient, z and Ci(x,t) are the charge and concentration of

speciesi, respectively, and o(x,t) is the velocity (cm s™) with which a volume dement in
solution moves along the axis. The three terms on the right side of the Equation 1.26

represent the contributions of diffusion, migration and convection to the flux.*

1.2.5 Fick’s Laws of Diffusion

For an experiment carried out with unstirred solution containing a large excess of base
electrolyte diffusion is the predominant mode of mass transport, and processes of
migration and convection may be neglected. In such conditions the system is described
by Fick’s laws of diffusion, which are differentia equations describing the flux of a
substance and its concentration as functions of time and position. Fick’s first law states

that the flux is proportional to the concentration gradient:
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- 3,(xt)=D, ﬂCL”(::’t)

(1.27)

Ji(x,t) represents the number of moles of i that pass a given location per second per

cm? of areanormd to the axis of diffusion.

Fick’s second law (Equation 1.28) describes the change in concentration i with time.
For the one-dimensional case (e.g. large planar electrode with diffusion perpendicular to

electrode surface):

G (xt) _ p @°C,(x)

1.28
it e 5 (1.28)

1.3 The Crystal Impedance Technique

Piezoelectric properties and the low cost of quartz have made it an important component
of many devices such as various types of gravimetric sensors, time-keeping instruments
or material properties probes. The piezoelectricity is the ability to generate an electric
potential in response to applied mechanical stress. This is derived from the Greek word
piezein, meaning to press, squeeze. The piezoelectric effect is reversible, and materials
exhibiting the direct piezoelectric effect (i.e. production of electricity as a reaction to
stress) also exhibit the reverse piezoelectric effect (i.e. production of stresg/strain when
an electric field is applied). Many common materials, natural and man-made, exhibit
piezoelectricity: cane sugar, topaz, bone, silk, polyvinylidene fluoride, some ceramics or
quartz. In this section use of a quartz crystal as an electrochemical microbalance along

with the basic principles of the technique will be described.

1.3.1 The Quartz Crystal Microbalance

Quartz possesses different types of piezoelectric modes of vibration. Specific modes can
be enhanced depending on the crystallographic orientation in which the quartz is cut.
The most common, resistant to changes in temperature, and particularly sensitive to

mass changes is the thickness-shear mode (TSM). Such crystals are obtained by cutting
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the quartz crystal in wafers at 35°15’ with the respect to the z crystallographic axis and
are caled AT-cut crystals (Figure 1.12).%

The quartz crystal microbalance (QCM) is an acoustic wave device consisting of a thin
disc of quartz with an electrode coated on each side of it (Figure 1.13). Owing to the
piezoelectric properties and crystalline orientation of the quartz, the application of the
voltage between these electrodes results in a shear deformation of the crystal (Figure
1.14).

_y
z
AT cut
/" (35°15") \
R f\"- \'
z/ \\\ \'.
.

quartz disc plug

eectrodes

Figure1.13.  Thickness-shear mode resonator. Gold eectrodes are attached to the both sides
of the quartz crystal.
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The crystal can be electrically excited to a number of resonant modes (harmonics), each
corresponding to a unique standing shear wave across the crystal. If the resonator
oscillating surface(s) are in contact with the medium they will interact and, as a result,
mechanical properties of the contacting medium are reflected in the electrical properties

of the resonator.®

Figure1.14.  Schematic illustration of the fundamental thickness-shear deformation mode of
an AT-cut quartz crystal.*

Monitoring the frequency response of a quartz crystal oscillator is a well established
technique for the characterization of thin films. The first quantitative description was
given by Sauerbrey in 1959.”° The QCM technique is based on the principle that the
resonant frequency change Af of a quartz crystal oscillator in response to a change in the
film areal density AM (g cm™) is given by:

_ L 2 2f; Q
Df = f,, - f é DM (1.29)

o -
rqnqﬂ

where pq is the density of the crystal (2.65 g cm™®), vq is the wave velocity within it, and
fo is the initial frequency. For the above parameters and for a 10 MHz quartz crystal
Equation 1.29 becomes:

Dm= - 1.1>Df (1.30)

where Am is the mass change in nanograms and Af is the frequency change in Hz. The
Sauerbrey model describes only thin and rigid films. In such cases, the film moves

synchronoudly with the crystal, and is called an ideal mass layer, which is treated as a
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rigidly coupled extension of the quartz. There is no amplitude loss or phase shift in the
shear wave penetrating through the film. In the case of higher mass loads damping and
deformation of the shear wave occurs. The relation between Af and AM fails to be linear
hence the Sauerbrey equation can no longer be applied and more complex interpretation
of the quartz response is required. The behaviour of the shear wave and its decay length
o depends on the density p. and viscosity 7, of the layer. The total frequency response
has to be analysed with respect to appropriate contributing effect. Viscoeastic
behaviour becomes apparent when the change of the frequency exceeds 2% of the value
of the initial fundamental resonant frequency.®’ In the case of the 10 MHz quartz crystal
it will be an equivalent of ca. 200 kHz frequency change (1 mg cm™ mass load).

quartz disc with Au dectrodes

bottom of the

electrochemica cdl plugs

Figure1.15. Electrochemica quartz crysta microbalance attached to the bottom of the
electrochemical cell.

The electrochemical quartz crystal microbalance (EQCM) is a further development of
the QCM technique. In the EQCM the exciting electrode of the QCM is under potential
control in an electrochemical cell. It allows the study of electrochemically driven
processes, for example electrodeposition or exchange of ions and solvent in the system,
during electrochemical manipulation.®® In atypical experimental configuration the QCM
is attached to the bottom of the electrochemical cell as shown in Figure 1.15.
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1.4 Infrared Spectroscopy

Infrared spectroscopy (IR) is one of the most common spectroscopic methods used in
chemistry. It relies on absorption measurement at different IR frequencies by a material
situated in the path of the IR beam. Infrared spectroscopy is used for identification of
unknown substances (chemical functional groups) or characterization of their chemical
structure, as different functional groups absorb characteristic frequencies of radiation.
The IR region spans from the wavenumbers m range of ca. 13,000 to 10 cm™ (or
wavelengths A from 0.78 to 1000 pm).** Wavenumbers, commonly used in IR analysis,

are converted to the wavelengths by the following equation:

1 x0*

o (1.31)

n(cm?) =
The plot of infrared spectra is usualy presented in a form of spectrum with absorption
intensity or percent transmittance as a function of wavenumber (wavelength). The
infrared region is conventionally divided into three sections: near-, mid- and far-
infrared. The near IR (13.000 — 4.000 cm™) has low energy and may be used for
rotational spectroscopy. The mid IR (4.000 — 200 cm™) is used to study vibrational and
rotational spectroscopy, and far IR (200 — 10 cm™) can excite overtone or harmonic
vibrations. Most modern instruments are based on Fourier transform spectrometers
(Fourier transform infrared spectroscopy, FTIR), where, insead of analysing each
frequency sequentially, all frequencies are examined simultaneoudly.

A non-linear molecule with N atoms has 3N—6 distinct vibration modes. Simple
molecules composed of two atoms have one bond, which may only stretch (3N-5
modes). In more complex molecules with many bonds, vibrations such as symmetrical
and antisymmetrical stretching, scissoring, rocking, wagging or twisting can appear in
the same time. A simple example is formadehyde, with its six modes of vibration
shown in Figure 1.16. Such combination of the fundamental vibrations and/or rotations
of different kinds of functional groups, together with interactions with other atoms in
their proximity yields a unique and usually complex IR spectrum. Nevertheless, because
of the complexity of the interactions, IR spectrum of the specific functional group may

vary over awide range of frequencies revealing even more structural information. Not
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all vibrations of the molecule result in an absorption band in the infrared region. To
possess infrared activity, the vibration must result in a change of dipole moment
(therefore no IR absorption is observed in molecules such as Hz, Np, or Oy), but it is not
necessary for a compound to have a permanent dipole moment (e.g. in linear and
centrosymmetric carbon dioxide molecule in the case of asymmetric stretch a dipole

moment is periodically produced and CO; revealsinfrared activity).
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Figure1.16.  Six modes of vibration of forma dehyde (methanal). Out-of-plane bend + and -
signify directions of motions (not atomi ¢ charges).

Although there are a variety of methods of sample preparation, the infrared spectrum of
a thin film (such an electrodeposited sample) may be obtained without any further

preparation by placing a sample in a holder with a dot cut for the data acquisition.

1.5 Chemically Modified Electrodes

According to the definition chemically modified electrode (CME) is * an electrode made
of conducting or semiconducting material that is coated with a selected monomolecular,
multimolecular, ionic, or polymeric film (adlayer) of a chemical modifier and that by

means of Faradaic (charge-transfer) reactions or interfacial potential differences (no net
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charge transfer) exhibits chemical, electrochemical, and/or optica properties of the
film”.*** This still rapidly expanding area of research encompasses a relatively modern
approach of electrochemical investigations since the first report on CMEs appeared in
1975 by Murray et al.*>>" Chemically modified electrodes find use in a wide range of
important electrochemical studies, such as the relationship of heterogeneous electron

transfer and chemical reactivity to electrode surface chemistry, electron and ionic

52, 53

transport in a variety of electroactive materials, or eectrostatic phenomena at

electrode surfaces.”” Another group of studies with the application of CMEs involves

54-59

design of electrochemical devices and systems for chemical sensing, molecular

59-61

electronics,**® corrosion protection,®*%* electro-organic syntheses, energy storage and

65, 66

energy conversion,® ® or electrochromic devices.* ©’
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Figure1.17. Polymer modified dectrode. At the polymer/dectrode interface, there is an
electron exchange due to potential perturbation and at the film/solution interface, ion and
solvent transfers occur due to eectroneutrality and activity constraints. Y and Z represent
€l ectroactive speci es getting oxidized/reduced and the subscript “p” denotes species diffusing in
the bulk of the polymer.*’

Modified electrodes can be classified by the attachment method of the adlayer to the

electrode substrate:
« chemisorption;®® "

« physisorption;*"

« covalent attachment’"®
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The other classification is based upon the adlayer composition. In this scheme three

main categories may be recognized:’’

« inorganic films as zeolites, clays or other microcrystalline materials; "#%°

« self-assembled monolayers such as thiols, sulfides and disulfides;®" ®
* various types of multilayer polymer films such as polypyrrole, polyaniline or

polythiopene.*

A schematic representation of a polymer modified electrode is shown in the Figure 1.17.
Another interesting modification practices are application of nanoporous films, often
produced through templates of spherical particles (e.g. polystyrene latex microspheres™
8 slica particles™ %) or incorporation of various types on (nano)particles into the

polymer matrix.

1.5.1 Polymer Modified Electrodes

The first information about e ectroactive polymers (EP) was reported by Shirakawa in
1974, when he noticed that polyphenylene and polythiophene had electrical
conductivity up to 0.1 @' cm™.® Soon after increase of conductivity of 12 orders of
magnitude by doping the polymer was reported.®®® Practical applications of these so-
caled synthetic metals exhibiting properties comparable to metals, and in addition
mechanical and physical properties of a polymer, depend on the characteristics of the

97-99

paticular EP. Some of the potential applications include batteries, sensors,'®

101-103

photovoltaic and electrochromic devices, supercapacitors,*® conducting textiles'®

and actuators.'® Their limitations are at the moment relatively fast degradation of the
main properties such as conductivity and electrochemical stability. For now two classes
of EPs can be identified: redox polymers (RP) and conducting polymers (CP).*

Example structures of commonly used CPs are presented in Figure 1.18.

Conducting polymers have important structural properties, like highly conjugated 7-
bonds, enabling movement of electrons through delocalized electronic bands
(overlapping and unoccupied electronic energy states). Although there are a variety of
available methods, a significant advantage of electronically conducting polymers is the

facility of preparation of modified electrode by electropolymerisation.
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Figure1.18. Examples of conducting polymer structures.

The main advantage is the fact that the reaction takes place directly on the electrode
surface, which results in increased reproducibility and control over the film thickness,
the possibility of use of various geometries, and the ease of the subsequent manipulation
with the film (e.g. reduction and oxidation). For example, Figure 1.19 shows the cyclic
voltammogram plot for electropolymerisation of 30 layers of polypyrrole in pure and
nitrogen purged 1-Bu—3-Me-Imidazolium PFs (BMI PFe) ionic liquid. The growth of
current magnitude in each subsequent curve is an indication of electrodeposition of the

additional layers of polymer.
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Figure1.19. Cyclic voltammogram showing 30 cycles of Polypyrrole growth in pure N,
purged 1-Bu-3-Me-Imidazolium PFs (BMI PF) ionic liquid.*®

The conductivity of many CPs typically is in the semiconducting range (10*-10? Q™
cm™), but doping (a term adopted from semiconductor terminology) can increase
conductivity to the values characteristic for metals (1-10° Q* cm™).*® In the case of
conducting polymers so-called p-doping (oxidation) is removal of electrons from the
polymer backbone, producing a positive charge (hole). The opposite process, n-doping
or reduction is an injection of excess electrons, which become charge carriers in this
case. Incorporation and expulsion of ions from the bathing solution takes place
simultaneoudy with doping to maintain overall electroneutrality of the film. The size
and character of the dopant counter- or co- ion incorporated in the synthesis process, as
well as of the one present at the potentiodynamic cycling can have a remarkable effect
on the ion movement and film behaviour taking place upon redox processes. It may also
influence characterigtics of the polymer such as structure, conductivity, etc. lonic liquids
(IL) are an extreme example of such an influence on conducting polymer films and they

are apromising novelty, among others, aso in electrochemical research.

1.6 lonic Liquids

Classicad solutions are obtained by dissolution of sdts in molecular solvents. Such
solutions consist of solvated ions and solvent molecules. The other way the salt can be
melted is thermally. Such systems, consisting only of ions and their combinations
without any molecular solvents, are called molten salts or ionic liquids (IL). Relatively
high melting points can be lowered by addition of other sdts, thereby forming an



eutectic. Salts with low melting points and maintaining liquid structure a room
temperature form a comparatively new class of ionic liquids and are caled room
temperature ionic liquids (RTIL). The physical and chemical properties of RTILS are
the same as high temperature ionic liquids, but have a wide range of distinct practical
applications.™” The main processes that use ILs on a industriadl scale are BASF's
Biphasic Acid Scavenging utilizing lonic Liquids process (BASIL), the Dimersol
process™® and electrodeposition/electroplating of metals. In BASIL process a 1-
alkylimidazole is used to scavenge the acid from an existing reaction. This then results
in the formation of an IL which can easily be removed from the reaction mixture. By
using an IL it was possible to increase the space/time yield of the reaction by afactor of
80,000. The Dimersol process is a traditional way to dimerise short chain alkenes into
branched alkenes of higher molecular weight. Y. Chauvin and H. Olivier-Bourbigou
have developed an ionic liquid-based add-on to this process called the Difasol process.
In the case of electrodeposition/electroplating because of amost zero vapour pressure

ionic liquids are well suited to perform electrodeposition at arange of temperatures.
The main advantages of the use of IL in electrochemistry include:

* wide potential windows,
* high solubility of meta sdlts,
* low vapour pressure;

« high conductivity compared to non-aqueous solvents.™*®

Unfortunately, the vast majority (although not al) of the studies on CP'sin IL's are
performed under anaerobic conditions, because of the hygroscopic properties or
sensitivity of some IL to the presence of water.”'® One of the exceptions includes
Ethaline, which belongs to class of IL based on eutectic mixtures of choline chloride

with a hydrogen bond donor species.****

One of the promising areas of research in ionic liquids is their utilization in the
synthesis and use of conducting polymers. Although conducting polymers are
widespread, one of the limitations is the relatively rapid degradation of their properties
such as conductivity or electrochemical performance. Thisis very often an influence of

electrolyte, which is a source of dopants, used for fabrication and/or further processing
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of the polymer. The dopants have an impact on al the properties of the polymer,
including mechanical characteristics, electrochemical efficiency, stability, morphology
and structure or conductivity. Examples of polypyrrole electrodeposited from ionic
liquids with different properties are shown in Figure 1.20. The gtability of a CP is often
limited by degradation of solvent or electrolyte at extreme potentials. Use of an ionic

liquid with awide eectrochemical window of stability can be a solution to this problem.

Because a lot of the anions that are successfully used in application with conducting
polymers are also commonly used in ionic liquid compounds, the appropriate ionic
liquids provide an excellent source of the dopant ions. The possible advantages of the
use of ILs as electrolytes in combination with conducting polymers have been widely
investigated in recent years, with significant improvements in lifetimes and

performances. Some of these reports include applications such as solar cells,?®

126, 127

actuators®* 2* or supercapacitors.

Figure1.20. Examples of conducting polymer morphology eectrodeposited on the Pt
eectrode from different room temperature ionic liquids. Polypyrrole films grown in
[Campyr][NTT,] (Ieft), [Comim][NTf,] (middlie) and PC/BuNPFs (right). Significantly smoother
films were grown from the ionic liquid [Comim][NTf;] and [Casmpyr][NTf;] compared to grown
under the same experimenta conditions from PC/BusNPFs.'

The application of ionic liquids is very often stimulated by so-called “green” safety and
environmental considerations. Their negligible volatility and nonflammability makes
them good potential candidates for the replacement of more toxic molecular solvents,
and eliminates the problem of solvent evaporation. On the other hand issues such as
ionic liquid cog, large scale availability and toxicity are also matters of concern in this

rapidly developing field of electrochemistry.'?®
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CHAPTER I

GENERAL EXPERIMENTAL AND DATA
ANALYSIS PROCEDURES

In this chapter equipment and general procedures of sample preparation, handling and
data acquisition are described. As the systems studied in this thesis are diverse, the
information included here applies to al the samples, but more specific details, like
electrochemical deposition of different types of films or crysta impedance analysis of

polymer samples will be covered in the relevant sections of the following chapters.

2.1 Experimental

2.1.1 Electrochemical and EQCM Experimental Set-up

Electrochemical studies were performed using a potentiostat/galvanostat (Autolab
PGSTAT 20) controlled by the computer. A standard three-electrode cell was used with
a Pt disc (15mm diameter) or indium tin oxide (ITO) coated glass as the working
electrode, Pt mesh as counter electrode and saturated calomel electrode (SCE) or

Ag/AQCI sat’d KCI as reference electrodes. In the case of ionic liquids, a Ag wire was
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used as a reference electrode. Pt working electrodes were cleaned by polishing with an
aqueous 0.3p alumina suspension (Buehler) on polishing pad, then washed with diluted
1:1 nitric acid (70%, Fisher chemicals) and deionised water. ITO coated glass electrodes
were only rinsed with electrolyte. Auxiliary electrodes were washed by elongated
storage in diluted 1:1 nitric acid and rinsing with hot deionised water.

Crystal impedance spectra were recorded usng a Hewlett-Packard ES061A network
analyser operating in reflectance mode. The data acquisition and review software were
developed using the Agilent Virtua Engineering Environment (VEE v7.52) software
and the acoustic impedance spectrum was acquired approximately once every second.
Analysis, modelling and fitting of the measured data was performed with Visua Basic
for Applications inside Microsoft Excel (Microsoft Office Pro. 2003).*

Quartz crystal/WE electrode mounting

Figure2.1. Scheme of a water jacket cel for a temperature controlled EQCM data
acquisition. Quartz crystal/WE e ectrode mounting is at the bottom of the cell. Arrows show the
direction of thewater flow. Top sealing is not shown it the picture.

In EQCM experiments the quartz resonators were 10 MHz AT-cut unpolished crystals
coated with Au or polished crystals coated with Pt (ICM, Oklahoma City, USA), with
piezoelectric and electrochemically active areas 0.21 and 0.23 cm?, respectively. The
quartz crystal was mounted with Dow Corning 3145 RTV silicon rubber adhesive onto
a in-house built cell. The crystal was mounted in such a way that one face of it was
exposed to the solution and forming working electrode. A three electrode water jacket
cell was used (as shown in Figure 2.1) with an Ag wire (for experiments with use of
ionic liquids) or Ag/AgCI sat’d KCI (for experiments in agueous electrolytes) reference

electrode and a Pt mesh as a counter electrode.
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2.1.2 EXAFS Data Acquisition

XAS experiments were carried out at stations 7.1 and 16.5 of the synchrotron radiation
source (SRS) at the CCLRC Daresbury Laboratory, UK, operating at electron energy of

ca 2 GeV and a synchrotron ring current of ca. 125 mA.

Station 7.1 is a medium energy XAS station using a harmonic rejecting sagittally
focusing double crystal Si(111) monochromator for EXAFS measurements in the range
4 keV to 10 keV. Spectrawere acquired for the Fe K—edge (7111 eV), Co K—edge (7709
eV) and Ni K-edge (8333 eV) for meta hexacyanoferrates, in fluorescence mode only,
because of the low intensity of the signal. The fluorescence detector is a nine-element
solid-state detector with high count rate electronics useable up to 125 kHz per channel.

Station 16.5 provides XAS measurements on ultra-dilute systems (relevant for the study
presented in this thesis, as atoms under study were at low concentrations) in the energy
range 7 keV to 40 keV. A pre-mirror provides collimation of the incident X-ray beam,
and a double crystal monochromator with sagittal focus up to 40 keV is used at the
station. The detector used was a thirty-element Ge solid-state detector with high count-
rate eectronics up to 200 kHz per channel.? Spectra were acquired for the Co K—edge
(7709 eV) in cobalt hexacyanoferrate in fluorescence mode, Ir L -edge (11,215 €V) in
iridium oxide films and Mo K-edge (20,002 €V) in polypyrrole matrix incorporated

Keggin ions in both fluorescence and transmission configurations.

For the transmission mode spectra acquisition the three ion chambers were filled with
absorbing Ar or an Ar/Kr mixture of total pressure 1 bar. The partial pressures of Ar and
Kr are different for different absorption edges (tabulated values), so that about 20 % of
the incoming radiation is absorbed in the first ion chamber, and 70 % of the initial beam

by the second chamber.

Fluorescence spectra were recorded on al electrochemical samples, using the
spectroelectrochemical cell when possible. Although the thin layer cell was designed
especially for this purpose, in case of metal hexacyanoferrate samples it was impossible
to carry out in situ measurements even in fluorescence mode. This was due to the very

small amount of the material incorporated onto the surface of a modified electrode, a
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fact recognized in other publications. For these reasons, data for Prussian Blue analogue
films were acquired ex situ, but in practice even this proved to be a difficult task. In
other cases the data was collected in situ in both fluorescence and transmission mode,
and the details are stated in the subsequent experimental sections. In the case of in situ
measurements, all the electrochemical manipulations (cyclic voltammetry, reduction or
oxidation) of the samples were performed without atering the setting of the optical
bench or the cell position. During the recording of XAS data the potentials were held
constant at selected points of interest on the cyclic voltammogram. The balance between
the signal and concurrent scattering was optimised by changing the detector distance

from the sample. Additional care was taken not to saturate the detector.

All experiments were carried out at room temperature. The samples were prepared in
the Materials Science Laboratory at CCLRC Daresbury Laboratory (Prussian Blue,
cobalt hexacyanoferrate, nickel hexacyanoferrate, iridium oxide), or directly at the
station hutch (Mo Keggin ions incorporated into polymer matrices). Reference samples
(standards) with well known characteristics, together with information from
crystalographic databases, are necessary to make possible the analysis and
interpretation of the structure and oxidation states of these initially unknown properties
of studied samples. Therefore reference materias with similar constituents to the
investigated materials were bought as a high purity reagent grade powders or ~ 10 um
metal foils. Crystalline powder standards were either dissolved in deionized water
(usualy 50 mM concentration) or, when insoluble in water, the powder was ground,

distributed evenly onto a strip of adhesive tape, and sealed with a clean strip of tape.
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2.1.3 Electrochemical Cells for EXAFS Spectroelectrochemistry

As mentioned before, there are a few, often conflicting criteria a spectroelectrochemical
cell has to meet. The most important points that have to be taken into account when
designing an in situ cell for EXAFS spectroelectrochemistry, apart from the fact that
complete electrochemical conversion of the investigated material has to be obtained in a
reasonable length of time, is that there has to be a possibility to contain enough of the
material to obtain good signal-to-noise characteristics, the cell windows and other
components are transparent, or not in the path of the X-ray beam. It is often a big
problem that water, used so often in electrochemical systems, is a strong attenuator. A
common practice to reduce to a minimum the effects of solvent absorption in both

fluorescence and transmission EXAFS modesis use of thin layer cells.

The cell shown in Figure 2.2 was designed to meet all of the above requirements with
minimal loss of performance, and has been successfully used for the in situ EXAFS data
acquisition of molybdenum heteropolyanion embedded in the polymer matrix and
iridium oxide electrodeposited films.

back plate

reference dectrode port [_*:*
\ 1 l = working el ectrode
o = -
Sl |/ T
T B i
/ * Pt mesh connection

front plate \ __\

hx“*x silicone sheet

E‘“xt_ window

Figure2.2. Exploded view of in situ spectrodectrochemical cell used for EXAFS data
acquisition.

Thick and rigid perspex front (5 x 5 x 0.5 cm®) and back (5 x 5 x 1 cm®) plates of the

cell in Figure 2.2 provided support for the middle flexible silicone layer. Both outer
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plates had X-ray transparent windows cut with their sides at an angle of 45° to facilitate
data acquisition in fluorescence and/or transmission modes. In the fluorescence mode
the cell was placed at 45° with respect to the incoming X-ray beam, and fluorescent
radiation was collected by a detector placed at 90° to the incoming beam, and at the
same side of the front window. For the transmission mode EXAFS data acquisition, the
spectroelectrochemical cell was placed perpendicular to the incoming beam. In such a
configuration the X-ray beam would pass through the cell towards the transmission
detector (i.e. ionisation chamber). To avoid loss of flux, the distance between both outer
plates was minimised to 0.5 mm (thickness of the silicone sheet serving as separating
layer and seal preventing leakage). The front and back plate were compressed with the
use of stainless steel screws holding the cell together. The back plate was thicker than
the front to accommodate the reference electrode port, with an opening at the top of the
window, and its full length contained a dit that opened into the cell cavity. The
reference electrode was Ag/AgCI/KCl(sat’d) as al the experiments were conducted in
an aqueous environment. The working electrode placed at a back window was 0.75 xm
Pt foil supported by permanent polyester (Goodfellow) or 175 um conductive 1TO
coating (sheet resistance 20 Q/o) on permanent polyester film (Sheldahl, MN, USA) to
ensure X-ray transmittance. The front window was a piece of plain X-ray transparent
nylon film. The windows were fixed to the inside surface of the plates usng epoxy
resin. The cell was reused after peeling away the used working electrode and attaching a
new one. The Pt mesh counter electrode was placed above the working electrode in such
away as not to interfere with the incoming beam or cover the WE area. Pt mesh was
attached to the working electrode with the use of self-adhesive tape in the way that the
whole WE surface was surrounded by it. Strip of Pt mesh was used as connection to the
potentiostat. A piece of silicone sheet was placed at a top in the gap between two plates
(not shown in Figure 2.2) to stop solvent evaporation during the prolonged data
acquisition times and maintain the concentration of electrolyte. The cell was mounted to
the optica bench clamp with the use of a simple rectangular perspex holder, connected

to two long stainless steel bottom screws.
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2.1.4 XPS Data Acquisition

XPS measurements were done using the Scienta ESCA 300 spectrometer at the National
Centre for Electron Spectroscopy and Surface Analysis (NCESS) in Daresbury
Laboratory. The ESCA300 photoelectron spectrometer employs a high power rotating
anode and monochromatic Al Ka/Cr K (hv = 1486.7/5946.7 €V) X-ray source — for the
data presented here Al Ko was used — with selectable aluminium or chromium targets.
The detection system consists of a 300 mm radius hemispherical analyser and a multi-
channel detector. For sample treatment prior to measurement, argon ion bombardment
(etching) and other facilities are available.® All the measurements were performed at
room temperature. The following settings were used in the data acquisition (unless
stated otherwise):

* Take off angle: 90°
* Slit: 0.8 mm.

The samples were always prepared (electrodeposited) prior to the experiment at
University of Leicester facilities and transported to NCESS. Samples were always
reduced/oxidized in solutions purged with nitrogen for at least 30 minutes, and during
redox reactions a steady stream of nitrogen was blown over the solution surface.
Samples were rinsed with deionised and deoxygenated water, dried with dust-off

containing mix of inert gases and transferred into the chamber asfast as possible.

Fractional concentrations of a particular element A (% A) were calculated using the

following equation:

" 100% (2.1)

where |, and s, are the integrated peak areas and sensitivity factors (tabulated valuesin
Analysis program designed for XPS data analysis and fitting), respectively.
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2.2 Data Analysis

After recording the XAS data — either in fluorescence or transmittance mode — standard
computational procedures are applied to obtain XANES and EXAFS spectra. From
these spectra, through the comparison and using fitting procedures, the valency and
structural parameters of electrochemical material are extracted. Spectra calibration,
background subtraction, normalisation and evaluation of structural parameter routines

are described in the following part of the chapter.

2.2.1 XAS Spectra Calibration, Background Subtraction and
Normalisation

The Daresbury progran EXCALIB* was used to calibrate al of the recorded
fluorescence and transmission data. The data file of each spectrum initially consists of
positions of monochromator (angles in millidegrees) and detector readings (depending
on the configuration these can be Iy, Iy, ¢, or If) as afunction of time. The positions of
the monochromator are converted into energy (in €V) using Bragg' s equation (Equation
1.12), taking into account the type of the crystal used (e.g. Si(111), Si(220)). The XAS
signa is calculated using lp and I; in combination with Equation 1.2 in case of
transmission mode, or I; in combination with Equation 1.13 for fluorescence mode.
Subsequently, a series of aligned spectra derived in this way, typicaly five to ten
depending on the quality of the signal (i.e. signal-to-noise ratio) is added up. The worse
the quality of the signal, for example in the case of very dilute or thin samples, the more
spectra have to be summed up to improve the quality of the data. The procedure
described above has to be repeated for each single recorded XAS spectrum before

summing them up background subtraction and normalisation are possible.

Background subtraction and normalisation procedures were carried out using yet
another Daresbury program called EXBACK.* According to the definition, the EXAFS

x(K) function in k-space is described as:

_m(K)- my(K)

k
)

(2.2)
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To extract y(k) from the calibrated data, the theoretical smoothly varying - without
white line and EXAFS oscillations - xo(k) of the isolated atom has to be simulated. It is
achieved by using polynomial fits (usually polynomials of second or third order are
fitted) to the pre-edge and post-edge spectra regions. Before the polynomia can be
fitted, the edge energy has to be chosen and defined as 0 eV, determining the beginning
of the EXAFS oscillations. Once the background is subtracted, the spectra flatten.

EXAFS spectra can now be plotted as a function of wave vector k aong with a Fourier
transform, and peaks corresponding to expected coordination shells can be seen. This
enables the estimation of correctness of the background subtraction. At this point the
datafitting procedure with use of EXCURV98 can be started.

For comparison of XAS spectra from different samples (or even the same sample but
the thickness and density even in the case of the sample can vary over the extended time
periods or if the position of the sample is changed) the spectra have to be normalised. It
is done by dividing the spectrum by a value of a specific feature present in the whole set
of spectra(e.g. in the midpoint of the first EXAFS oscillation).

2.2.2 Determination of Structural Parameters from EXAFS

After the calibration of the raw XAS data in EXCALIB and background subtraction
(optionally normalisation) in EXBACK, another Daresbury based program called
EXCURV98* was used for fitting procedure. EXCURV9S is based on rapid curved
wave theory.” EXCURV98 calculates electron scattering parameters for the atoms in the
sample using the Hedin-Lundquist potential. There is also an energy offset Eo
corresponding to the energy between the mean potential in the sample and the energy of
the lowest unoccupied molecular orbital — it is aways negative as defined in the
program. The following parameters are fitted with use of EXCURV98: eemental
identities of atoms, coordination numbers N, interatomic distances R, root mean square
variation in interatomic distance 26° (or Debye-Waller factor — a measure of internal
disorder of the sample) for the scattering atoms included in the fit. EXCURV98 also
provides estimates of the uncertainty in these fitted parameters and an overall goodness
of fit.
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The first step — to amplify the rapidly decaying signal at high k values of spectrum —is
multiplication of the k-space EXAFS spectrum by a weighting factor of k. Typically n
= 3, and if the lagt part of the spectrum became too noisy after amplification, it was
truncated. The following step includes defining al backscattering atoms and atomic
potentials and phaseshifts are calculated by the program. Introduction of a set of
approximate data (atom types and quarntities, distances) is a starting point for an
iterative refinement. This procedure is based on the least-squares method. The
difference between the experimental data set and theoretical model is minimised with
each iteration and is described as the fit factor R:

d
R:a (

k"c.# (k) - K"c,"(K))) 1.00% (2.3)

where N is the number of points in the data set and o; is the standard deviation between
experimental and theoretical data points. The satisfactory value of the fit factor for the
final parameters is fit index of = 20 %. The best results are obtained when the
coordination shells are added and refined one at a time. After the first shell is
acceptable, the second shell is defined and the whole fitting procedure is repeated for
the newly introduced parameters, until a predicted minimum of the fit factor is obtained
and iteration stopped. The whole procedure is repeated as long as the fit improves, but
the distance of the furthest shell can not exceed 5 A. At first the four main variables are
refined in pairs — distances and Fermi energy E; are refined together to adjust the phase
of the fit, and the coordination number and Debye-Waller factor are refined to adjust the
amplitude of the peaks) — and then the refinement is repeated for al of the parameters.
The resulting final parameters for defined shell atoms include distances, coordination

numbers, Debye-Waller factors and respective statistical errors of £2¢.

There is a relationship between the bond lengths and oxidation state of the absorbing
atom with the effect getting weaker with increasing distance (i.e. the first shell is the
most influenced by the oxidation state change). The effect of interatomic distance
changes is not as significant as absorption edge shifts or coulometric data, but is useful
as the additional and guideline data. To extract information from these relationships, the
graphs for reference samples or data from databases (therefore known parameters) were

plotted: valency (y-axis) against the bond length (x-axis). The important issue is that all

62



standards should possess the same number of atoms in the first coordination shell as an
investigated sample material, because the coordination number strongly affects the bond
length. On this basis and knowing the distance absorber — first shell atoms, the unknown

valency of analysed samples was evaluated.

In some cases (molybdenum and iridium samples) an amplitude reduction AFAC factor
was used. AFAC is a k-independent correction to the EXAFS amplitude related to the
proportion of eectrons which perform an EXAFS type scatter on absorption. In
EXCURV98 it should be normally be left at 1.0, unless one believes that spectra suffer
from an amplitude damping effect. AFAC value was determined from data fitting of
known (standard) samples, and then corresponding values of AFAC were used for

modelling of unknown materials.

2.2.3 Atomic Concentrations from Transition Edge Steps

The intensity of an X-ray beam after it has travelled a distance x through a material is

given by the Beer-Lambert law:
| =1, expl- x§ mn] (2.4)

where |y is the incident intensity, x4 an atomic cross section (m?) and n; an atomic
concentration (atoms m™). The sum is over al elements in the material. For the intensity

after transmission through a sample of thicknesst we replace x by t in Equation 2.4.

The experiment measures the counts in an ion chamber. This is proportional to | (or 1p)
but with an unknown, and slowly energy dependent, amplification factor. Thus the

counts obey:

C = A[E)C, exp|- t& mn] (2.5)

€l,u described as the absorption. Thisis given by:

gl

The usua output is In

éC, U o
a=Inz 2. =-InAE)+t n 2.6
go g™ MAE)*+ta mn (26)
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At the absorption edge of a given element all the factors in Equation 2.6 are smoothly
varying with energy except x, the absorption cross section of the given element. Thus

the step in absorption at the edge, Aa, isgiven by:

Da =tDnn (2.7)
which depends only on the concentration of the given element. The absorption cross-
section edge step, A, may be obtained from tables. Hence the product nt may be found.
2.2.4 Spectroelectrochemical Data Analysis

A combination of XAS and electrochemical data is a source of reciprocally supporting
information. Following XAS and electrochemical information can be used for

calculation of the film thickness by combining Equations 2.8 — 2.10:

= In(l,/1,) 28)
m
from gpectroelectrochemical data:
X = ﬂ (29)
DsC
from electrochemical data:
x=N -E-_Q (2.10)
AC C nFAC

where C is the concentration of the absorber, Au is the absorption edge step, and Ao
(cm?mol™) is the difference in absorption cross-section between the bottom and the top
of the edge.

Equation 2.9 can be used for calculating film thickness from the raw, unnormalised
edge steps Ax with the use of tabulated absorption cross sections for the absorbing
element at energies corresponding to the bottom and top of the absorption edge.
Because unknown functions of energy are present in data collected in fluorescence

mode, the above procedure could only be used for transmission mode spectra. The use
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of edge steps to calculate thickness was validated by carrying out the same calculation

on metal foil, where thickness and density (and therefore concentration) were known.

For the calculation of the thickness of the sample with the use of eectrochemical data,
the coverage of electroactive sites on the working electrode surface (C) and their
concentration (C) in the film was evaluated coulometrically. Current-time correlations
were derived from cyclic voltammograms and integrated to obtain the amount of charge
(Q) which passed during the electrochemical procedure using Equation 1.22. To make
sure that obtained film thicknesses are correct, for calculated value of absorber coverage
or concentration the thickness was calculated aso with the use of the edge step and
compared with the electrochemical calculations.
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CHAPTER Il

METAL HEXACYANOFERRATE
ELECTROACTIVE FILM MODIFIED
ELECTRODES

3.1 Introduction

Iron(l11) hexacyanoferrate(ll) (Prussan Blue, PB, ferric ferrocyanide, FeHCF) is one of
the most ancient synthetic coordination materials known. The first synthesis of PB
happened in Berlin, and the date is usualy given as 1704." It later became one of the
most popular blue pigments, and was used to dye uniforms for the Prussian army
soldiers. A colour maker Heinrich Diesbach was using cochineal, the crimson extract of
the New World beetles to make ared lake. Other ingredients included also iron sulphate
and potash (potassium carbonate). Diesbach got the latter component from the alchemist
Johann Konrad Dippel. (Un)fortunately the potash was of a bad qudity and
contaminated with oil extracted from animal blood. As a result the lake made by
Diesbach was very pale, and when he tried to concentrate it, it changed colour and
turned blue. Although Diesbach and Dieppel had no idea what had happened, they
suspected that the blood was important — potassium hexacyanoferrate, the substance

formed upon the reaction of potash with the oil, is ill known in German as
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Blutlaugensaltz, blood-alkali salt.? The discovery was reported anonymously in 1710,
and the recipe was described in 1724 by Woodward and Brown.® In 1978 there was the
first report of the electrochemistry of PB films by Neff.?

3.2 Characterization of PB and Related Metal
Hexacyanoferrates

PB and related metal hexacyanides (MHCN) are mixed-valence complexes of
composition [AMyR(CN)g] - zZH20, where A is a univalent alkali metal cation (Li*, Na’,
K*, Cs") occupying interstitial sites of the mHCN network.

20 —m—————m———————————————————

15—+
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Prussian Blue

05—+
0.0+
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Figure 3.1 Cyclic voltammogram for PB film modified eectrode (upper graph) and
Prussian Blue films at different oxidation states on indium tin oxide coated glass dlide
electrodes. Prussian White or Everitt’s salt: Fé'Fe" (a), Prussian Blue Fe''Fe" (b), and Prussian
Green: Fé"Fe" (o).

Both M and R are divdent or trivalent transition metals, with x such that it satisfies the

electroneutrality condition. For the case where R is Fe the term metal hexacyanoferrates
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(mHCF) will be used. The R and M sites are usually octahedral, with an amost linear
network of repeating [...—N=C—R—C=N—M—N=C—...] 3D units, Figure 3.2.
Interstitial sites are occupied by water and countercations to compensate for the charge
neutrality.> ® The possibility to vary all three metals and the redox states of the latter

two provides scope for manipulation of material properties such as electrochromism and

6, 7 8-10

thermochromism, ion-exchange, mixed-valence electrical conductivity, charge
storage capabilities,™ electrocata ytic,™ optical*® and magnetic.** ** Properties of metal
hexacyanides can be aso influenced by a range of external conditions such as

illumination** ' * or applied potential.® *® This makes mHCNs
8, 10, 29,

temperature,***°

attractive for applicationsin variety of (bio)sensors,'*?° batteries, %

30

separations,
optically switchable molecular compounds,*® 3 high temperature molecular

s 33 and eectrochromic devices.® * This group of materials has been

magnet
studied as powders and pellets®® guests in various types of matrices’ or films in
modified electrodes.®” Modification of an electrode surface with mHCNs can be
achieved in a range of ways such as entrapment in a polymer matrix,*® adsorption® or

electrodeposition.*

The PB electrodeposition method proposed by Neff is based on electroreduction of
solutions containing iron(l1l) and hexacyanoferrate(lll) ions as the adduct
Fe*'[Fe"(CN)g]*. A brown-yellow soluble one-to-one complex dominates in solutions
containing ferric (Fe**) and ferricyanide ([F€"(CN)¢]*) ions as a result of the

equilibrium in Equation 3.1:*
Fe®" + [Fe"'(CN)g]* == [Fe"'Fe"(CN)¢]° (31)

Electrochemically deposited PB films may be partially oxidized to Prussian Green (PG).
Reduction of PB yields Prussan White (PW), known also as Everitt's salt, which
appears as a colourless thin film (Figure 3.1).*" Since this discovery many studies on PB

and numerous anal ogues have been reported.

There are two general electrochemical routes for preparation of cobalt hexacyanoferrate
(CoHCF) and nickel hexacyanoferrate (NiHCF) modified electrodes.
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R—C=N—M

Figure3.2. Schematic representation of the structure of metal hexacyanides: detail of an
octahedron with an incorporated alkali countercation (left) and unit cel consisting of eght
octahedra (right). Vacant sites are coordinated with H,O molecules, M and R are divaent or
trivalent transition metals.®

Potentiodynamic cycling in a solution of Co®" or Ni%* containing [Fe(CN)¢]* is the first
preparation method. An alternative route is depositing Co or Ni and subsequent cycling
in a solution of [Fe(CN)6]3' and KCI. Electro-dissolution of Co or Ni and formation of
[Fe(CN)6]* leads to the precipitation of Co/NiHCF.** Stoichiometry and structure
diversity seen in mHCNS, because of their sensitivity to the procedure of preparation, is
well known,”® * therefore electrodeposited films may have different properties than
chemicdly obtained samples. Furthermore, the use of the electrochemical potential
enables one to drive charge state variations cyclically. Figure 3.3 shows
electrodeposited CoHCF and NiHCF films on Pt disc and ITO el ectrodes.

s

P B } .

Figure 3.3. Cobalt hexacyanoferrate film on the Pt disc dectrode (a) and ITO coated glass
eectrode (b); nicke hexacyanoferrate film on the ITO coated glass dectrode (c).
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Despite a wealth of information accumulated on mHCN systems, and more specifically
on the mHCF systems over past thirty years, several ambiguities remain. EXAFS and
XANES can provide valence states, coordination numbers, interatomic distances,
elemental identities of neighbouring atoms, local order (expressed via the Debye-Waller
factor) and oxidation state of the central atom. Both these methods have been used to
explore structural features of CoHCF and NiHCF systems, but mainly for chemically

prepared samplesin the form of powder or pellets.” 8 3¢ 44/

3.3 Iron Hexacyanoferrate Fe[Fe(CN)g]

The precise composition of any PB solid is extraordinarily preparation sensitive. Mgor
classification of extreme cases is dependent on the counter cation and involves
‘insoluble’ PB (i-PB) which is Fe*'[Fe*{ Fe''(CN)e} “15 and ‘soluble’ PB (s-PB) which
is K'Fe**{ Fe'(CN)e} *. All forms of PB are in fact highly insoluble in water (K¢, ~ 10°
%), The ‘solubility’ attributed to the latter form was caused by an illusion as easy
dispersion of colloidal particles forms a blue sol in water that looks like a true
solution.”® The identity of PB as s-PB or i-PB of the initially electrodeposited PB has
been discussed in the literature.”®>® Generally it is agreed that i-PB is formed, followed
by a gradual transformation and structura reorganisation to s-PB on subsequent
potential cycling, with major conversion and introduction of K* taking place in the first
cycle. Reduction of the counter cationic Fe** to Fe?* in the PB—PW transition has been
suggested. If Fe?* isthen retained Fe*'K* becomes a‘ dispersed’ counter-cation, slowing

down K™ incorporation.

Stilwell et al.>® have studied in detail factors influencing the cycle stability of PB films.
Films grown from chloride-containing solutions were found to be more stable compared
to those grown from chloride-free solutions, although there are also some contrary
conclusions.” Electrolyte pH is the main factor affecting film stability. Over 100 000
cycles were easily achieved in solutions of pH 2-3.

71



3.4 Complications in the Preparation of Metal
Hexacyanoferrates

Despite of the apparent simplicity of the synthesis of PB and PB analogues, many
complications can arise. Films may contain a variety of species in the interstitial sites.
There is a tendency to fill the interstitial sites with solvent molecules or with the
counterions used in the synthesis. The water content may vary from sample to sample,
and is extremely sensitive to the preparation and storage conditions.®” *® Solids may
contain severa phases with different chemical environments around the M sites, or
bridging cyanide ligands may undergo linkage isomerism. It means two possible ways
that cyanide can adopt: [...R—C=N—M...] or [...M—C=N—R...].® * The extent of
linkage isomerism depends strongly on the electronic structure of R and M, and does

not occur at all in some PB analogues, while it is very common in others.*®

3.5 Summary

There seem to be no doubts that Fe is the redox centre in nickel hexacyanoferrates and it
was confirmed in our research. However, there are some differences in the literature
whether or under which conditions it is Co or Fethat isoxidized for M = Coand N = Fe
in mMHCN PB analogue® " > 1 18 % Flectrochemical behaviour of Co
hexacyanoferrates appears to be dependant on the preparation route and on the nature of
the interstitial countercation.® ” Some authors suggest the presence of the Co** <= Co*"
redox process, and these exhibit performance that is opposite to other metal
hexacyanoferrates with electrochemical behaviour assigned exclusively to the
Fe?* ==Fe*" redox couple.® In more recent publications by Berrottoni et al.> © with
generation-4 poly(amidoamine) dendrimer (PAMAM) matrix entrapped CoHCEF it is
suggested that complex electrochemical processes involving more than one species are
possible. Metal-to-metal electronic transition takes place (i.e. Fe'"'—CN—Co" to
Fe' —CN—Co'"") and both metals can be oxidation centres. Further it is reasoned that
existence of Co®" is girictly associated with the presence of the “insoluble’ form of
hexacyanoferrates, as the lack of a Fe(CN)e unit gives more flexibility to the Co local
environment, and in consequence facilitates oxidation of the cobalt redox centre. Sauter
et al.™® conclude that it is Co changing oxidation state in COHCF and Fe in NiHCF, but
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this group uses XPS and their electrochemical preparation method of the films is
different to that used here. Photoinduced redox transformation of the form low spin
(LS) Co"" — high spin (HS) Co'" is also reported.’® On the other hand Kulesza and co-
workers suggest the Fe centre as the one changing oxidation state in CoHCF, but they
use samples prepared by a precipitation method and in the presence of different akali
metal countercations.” Sato et al. give a detailed description of CoHCF in the presence
of K" and Na’ cations, and with a range of methods used (Mossbauer, IR, UV-vis,
EXAFS). They conclude that the behaviour of the film depends on the cation present in

the electrolyte in the following way:*®

NaCl solution: Fe' —CN—Co'""S == Fe''—CN—C0o'" S

K Cl solution: Fe' —CN—Co'""S == Ed'—CN—Co'!"tS

Lezna et al.'® describe quite complex relationships between different CoHCFs samples
with use of combination of CV, IR and XPS experiments. They suggest that upon

irradiation of the sample with near IR radiation it changes to a Fe''Co""

compound.
Also Feisthought to be the active redox centre in the presence of K™ ions. Furthermore,

XPS data of this group clearly displays changing Fe electron site rather than the Co one.

EXAFS research by Yokoyama et a. on the properties of chemically and
electrochemically prepared Co hexacyanoferrate films as a function of temperature has
been reported. In these studies change of the oxidation state in cobalt was observed
from Co® a 30 K to Co®* at 296 K, with significant amounts of Co®" till existing at
296 K.

3.6 Objectives

A significant amount of work has been done over past thirty years in characterization of
electrodes modified with Prussian Blue and Prussian Blue analogues, and these
materials are gill of great interest. Although there is a significant amount of literature
investigating e ectrochemistry of this group of compounds there has not been a lot of
work done in the field of EXAFS on electrochemically deposited films, and the

accumulated body of knowledge was insufficient for our purposes in three key respects.
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First, some published EXAFS studies involve chemically prepared material,* which is
not the same compositionally or structuraly (i.e. the generic formula is over-smplistic)
as the electrochemically prepared materia. Second, signal requirements demand that we
will need relatively thick films for EXAFS. Thirdly, there are additional unresolved
differences in the literature, as to whether it is Co or Fe that is oxidized, and this process

seems to be more complex and extremely sensitive to the external conditions.” *

In generd, in the experiment presented in this thesis the aim was to determine the
equilibrium compositions and local structures that define initial and final states of
Prussian Blue type [AxMyFe(CN)g] - ZH-O electrodeposited materias with M=Fe, Co or
Ni, and A=K. More specifically, we looked for the bond lengths, coordination numbers
and Debye-Waller factors as functions of applied electrochemical potential
corresponding to both complete and partial redox conversion. After determination from
EXAFS pergpective of signal-to-noise ratio under specified potentiostatic conditions
(i.e. element, redox date, detection mode, film thickness and timescae) in order to
optimise sample preparation and manipulation, a subsequent future step could possibly
be potentiodynamic EXAFS experiment, and study of inter-conversion dynamics of
already determined initial and final sample states.

EXAFS in combination with XPS studies on FeHCF, NiHCF and CoHCF systems
allows the comparison of two sets of data XPS yields more detailled charge state
information than does the EXAFS, but only for the surface region of the films. These
complementary data help to address the issue of gpatial variaions of the
electrodeposited films. The man novelty is use of EXAFS on electrochemically

prepared CoHCF and NiHCF samples to determine structure as a function of potential.
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3.7 Experimental

3.7.1 X-ray Absorption Fine Structure
i) Preparation of Prussian Blue Modified Electrode

PB films were electrodeposited onto platinum disc dectrodes (Goodfellow, 177 mm?)

from a solution prepared as follows:
5ml of 0.05M HCI + 10 ml of 0.05 M K3Fe(CN)g + 10 ml of 0.05 M FeCl;

Deposition was carried out potentiogtically a +0.5 V vs. SCE. Following deposition
each PB film was cycled 10 times at scan rate 0.1 V s in 0.1 M KCl background
electrolyte. Subsequently, films were kept for 20 min. at a selected potential, removed
from the background electrolyte, rinsed with de-oxygenated deionised water and
transferred to the station hutch for the XA S data acquisition.

i) Preparation of CoOHCF and NiHCF Modified Electrodes

Electrochemical measurements were made in a conventiona three-electrode cell, using
an ECO CHEMIE pAutolab PGSTAT 20 potentiostat connected to a computer. CoHCF
and NiHCF films for EXAFS experiments were deposited onto platinum disc electrodes
by potentiodynamic cycling from 0.0 V to +0.9 V versus SCE at ascan rateof 0.1V s™.
Films were deposited from agueous solution prepared as follows: 25 ml of 0.5 M
potassium chloride (KCl, Fisher Scientific) and 50 pl of 0.5 M nickel(Il) chloride
hexahydrate (NiCl, - 6H,0, Fluka) or cobalt(ll) chloride hexahydrate (CoCl, - 6H,0,
Riedel-de Haén) respectively was de-oxygenated by purging by N, or Ar for 30 min.
Subsequently 50 pl of de-oxygenated 0.25 M potassum ferricyanide (KzFe(CN)e,
Sigma-Aldrich) solution was added. After each set of scans (usually 50) films were
removed from the solution, rinsed with deionised H,O and the next layer was deposited
in the same manner. This procedure was repeated three times for each film. During the
deposition a steady stream of N2 or Ar was blown across the surface of the solution.
Freshly deposited films were cycled 10 timesin 0.5 M KCl electrolyte a 0.1 V s* scan
rate, and afterwards kept for 20 min. a a selected potential. Prior to the XAS
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experiment each film was removed from the background eectrolyte, rinsed with de-
oxygenated deionised water and transferred to the station hutch for the data acquisition.

All experiments were carried out at room temperature.

iii)  XASData Collection: PB, CoHCF, NiHCF Modified Electrodes

X-ray measurements were made at the synchrotron radiation source (SRS, Daresbury
Laboratory, UK). EXAFS spectra were taken ex situ in fluorescence mode on beamline
16.5 (30 dement solid state Ge(l11) detector) or beamline 7.1 (9 eement Si(lll)
detector). Measurements were taken at the Fe K-edge at 7125 eV, Ni K-edge at 8333 eV
and Co K-edge at 7710 eV. All spectra were acquired up to the value of knmx = 14 A™.
Acquisition time of each single spectrum was about 30-40 minutes. Fluorescence
spectra were summed, calibrated and background subtracted using the Daresbury
programs EXCALIB® and EXBACK.® Fitting was achieved usng EXCURV98™
providing interatomic distances (R), coordination numbers (N), root mean sguare
deviation of bond length (i.e. r.m.s. disorder or Debye-Waller factors, 26°) and the
elemental identities of neighbouring atoms. An estimate of uncertainties in the fitted
parameters is also provided by the EXCURV98 fitting program. Spectra were measured

for samples and potentials summarized in Table 3.1.

method sample potential (V)
EXAFS FeK-edge FeHCF -0.2, +0.2, +0.6
CoHCF +0.0
NiHCF +0.0
EXAFS CoK-edge CoHCF +0.0, +0.3, +0.9
EXAFS Ni K-edge NiHCF +0.0,+0.9
XPS FeHCF -0.2, +0.2, +0.6
CoHCF +0.0, +0.4, +0.6, +0.9
NiHCF +0.0, +0.6, +0.9
IR NiHCF +0.0, +0.9, +1.1
CoHCF +0.0, +0.3, +0.4, +0.5, +0.7, +0.9, +1.1

Table3.1 Summary of methods and potentials a which data were collected for FEHCF,
NiHCF and CoHCF modified e ectrodes.
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3.7.2 X-ray Photoelectron Spectroscopy
i) Preparation of Prussian Blue Modified Electrode

Samples were prepared at the University of Leicester one day in advance. Sample
preparation was identical to the EXAFS experiment, but indium tin oxide (ITO) coated
glass slides were used as working electrodes. Modified electrodes were transported to
the experimental site in sealed containers and handled prior to XPS data acquisition in

the same way as described for EXAFS experiments.

XPS is surface sensitive method and samples may be influenced by the oxidative
environment such as oxygen in the air during transport from the electrochemical cell
into the XPS vacuum chamber. The most affected samples would be probably those
emersed from the solution at the most reductive potentials. The attempt was made to
overcome this issue by etching of the sample for extended periods of time (between 2
minutes to over 2 hours) without removing it from the vacuum chamber. As it did not
result in better quality results and the structure of the sample itself was probably

changed by etching process, this procedure was given up.

i) Preparation of CoOHCF and NiHCF Modified Electrodes

CoHCF and NiHCF films for XPS were deposited onto ITO glass electrodes in an
identical manner to the EXAFS experiments, but with only one layer of the film, as the
technique is surface sensitive. Prior to the measurements, films were cycled ten timesin
0.5 M KCl, stopped at the required potential, removed from the solution, rinsed with de-
oxygenated deionised H,O and dried.

iii) XPS Data Collection and Spectra Processing: PB, CoHCF and NiHCF Modified
Electrodes

XPS measurements were made using monochromatic Al Ko radiation (E=1486.7 €V) on
the Scienta ESCA300 spectrometer at the National Centre for Electron Spectroscopy and
Surface Analysis (NCESS) in Daresbury Laboratory. The following settings were used
in the data acquisition: take off angle 90°, dit 0.8 mm, and a flood gun at 2 eV to

prevent charging of samples. An insulating sample becomes charged when its electrons
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are photo-gjected. In such a case, the flood gun is used to neutralize the charging effect
with a beam of low energy electrons. The problem with charging may also arise for
insulating electrode substrate such as ITO coated glass slides - ITO itself is a
conducting material, but the supporting glass is insulating. All measurements were
performed at room temperature. The spectra were fitted without taking into account
shake-up satellites present at the low kinetic energy side of the peaks, as they comprise
only a negligible fraction of the whole peak (within the error for our estimate). A
Shirley background was used for the peak fitting. Spectra were measured at potentials
summarized in Table 3.1.

3.7.3 Infrared Spectroscopy

IR data was recorded at the University of Leicester. CoHCF and NiHCF modified
electrodes were prepared in the same manner as for XPS and EXAFS experiments.
Samples were held at the selected potential for 20 minutes, rinsed with deionised water,
dried and mounted in the sample holder for ex situ data acquisition. ITO coated glass
slides were used as working electrodes, an Ag/AgCl sat’d KCI electrode was used as the
reference electrode and a Pt mesh was the counter electrode. IR spectra were recorded
in transmission mode. Data was acquired at samples and potentials summarized in Table
3.1

3.8 Data Analysis

3.8.1 Prussian Blue Modified Electrode

The thickness of the films was calculated from the charge consumed during the

voltammetric scans, according to Equation 3.2:%% &

3
h= (F?A xdfl\l’* (3.2)
n

where: Q (C) is the charge, F (96484.56 C mol™) is Faraday constant, A (cm?) is the
electrode area, d (cm) is the length of the unit cell, Na (6.022 - 10° mol™) is the

Avogadro constant, n is the number of electrons involved in the redox process (here
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n=1), h (cm) is the thickness of the film. There are four effective iron atoms in the unit
cell, hence the number 4 in the equation. For PB the length of the unit cell d=10.17 A.%?

The EXAFS signal was good enough to allow the data fitting up to the limit of k=10
A™. The Fe—C and Fe—N distances are anticipated to be circa 1.92 A and 2.00 A
respectively for the oxidized PB film (both Fe centres 3+ oxidation state). These
distances were obtained from the crystallographic (X-ray diffraction, XRD) database™
for the PB crystal. The single nearest neighbour shell was fitted and the splitting was
ignored at first, as relatively small. The Fe—Fe coordination sphere at the distance of
about 5.1 A was dso included to keep the value of Fermi Energy (EF) constant, as it
could drift over a wide range when short distance shells are included. Subsequently the
Fe—N coordination shell was added at a distance of about 3.1 A. The in-line structure
yields a very high Debye-Waller factor for Fe—N. To improve the fitting results the N
atom was moved dightly out of line to the position at the angle of 200° (ANG 200°).
The coordination number N was kept at the fixed value 6.

Multiple scattering was not included in the data fitting as it did not give a significant

improvement.

3.8.2 CoHCF and NiHCF Modified Electrodes

Thicknesses of CoHCF and NiHCF films were calculated using the same Equation 3.2
asin the case of PB. The only difference was the length of the unit cell d=10.35 A for
Co and Ni HCF samples.®®

EXAFS data was aso analysed in the same way as for PB, with signal-to-noise ratio
alowing the data fitting up to the value of k=10 A™. For the CoHCF sample for Co
K-edge the first Co—N shell was fitted at first, and subsequent shells were added in the
next step, aways improving the fit index significantly. Although atoms
[...Co—N=C—Fe...] forming the CoHCF film lattice are ailmost in line including the
multiple scattering did not improve the fit. In the same time the bond angles were
iterating to the values where multiple scattering was very weak. Therefore multiple
scattering was not included in the fits.
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There was a 3 eV shift between the EXAFS data acquired at the experimental station 7.1
and 16.5 due to the monochromator calibration. For the data analysis all the results are
referred to the 7.1 calibration.

3.9 Results

3.9.1 Iron Hexacyanoferrate Modified Electrode

The thickness of the PB films can be easily controlled by the time of deposition, and can
be from a few nanometres to a few thousands of micrometres. In the case of this sudy
electrodeposited PB films were of a thickness h of few dozens of micrometres, as
calculated from the charge consumed during the voltammetric scans, according to the
Equation 3.2.
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Figure 3.4. EQCM monitored e ectrodeposition of Prussian Blue film at +0.5 V vs. SCE.
Depasition time: 90 s. Current (o), mass change (+).

EQCM monitored electrodeposition process of PB film is shown in the Figure 3.4 After
the initial few seconds the process stabilizes, the current reaches ailmost constant value
and the mass gain increases in a linear manner. The typical cyclic voltammogram for
freshly deposited PB film in 0.5 M KCl electrolyte is shown in Figure 3.5 In this
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potential range (i.e. from —0.2 V to +0.6 V) the film changes colour from transparent to
blue a +0.2 V vs. SCE. This is associated with the change of oxidation state of Fe
carbon bonded redox centre from Fe** to Fe™".
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Figure 3.5. Cyclic voltammogram of e ectrodeposited PB film, dectrode: ITO coated glass
slide, 1.5 cm?. Thickness of the film: 150 pm.

Figure 3.6 shows X-ray photoelectron spectra of Fe 2ps, and Fe 2py, lines for the PB
electrode emersed at three distinct potentials, i.e. fully reduced (-0.2 V), fully oxidized
(E=+0.6 V), and partially converted (E=+0.2 V). The value of potential referring to each
spectrum is shown in the picture. The plotted spectra are not energy calibrated. Each of
measured Fe 2p XPS spectra encompasses two lines belonging to Fe** and Fe®.
Theoretically the oxidation state of carbon bonded Fe centres present in the PB
electrode should be changing from the purely Fe** to the purely Fe** form. It is
impossible to see this change unambiguously for two reasons. In the first place it is
because of the presence of Fe** countercations incorporated into the film structure
during the electrodeposition process. Some Fe** is expeled from the film during the
redox cycling, and in the case of KCl background electrolyte exchanged for K™ cations.
Apart from being expelled from the film, there is a fraction of Fe** which gets reduced
to Fe**, and remainsin this form. The second issue is the problem of oxidative influence

of the air. Contact with the air takes place during the transfer process between
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electrochemical cell and XPS data acquisition vacuum chamber. Transfer was always
completed in the shortest possible time, but the most prone to oxidative environment is
the outermost part of the film, and XPS is sampling only up to afew microns deep into
the sample. Samples emersed when in the reduced state are the most vulnerable to
oxidation. Both of these factors, Fe countercation retention in two oxidation states and
influence of air, obscure the content of Fe** and Fe** redox centres in the film lattice.
Probably for this reason there is no observable change in the shape or position of Fe 2p
XPS electron lines shown in the Figure 3.6.

Intensity (a.u.)
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Figure 3.6. Fe 2ps, and Fe 2py, XPS dectron lines for the PB sample emerged at
potentids: —0.2 V, +0.2 V and +0.6 V vs. SCE as described in the picture. Background
eectrolyte 0.5 M KCI. No significant change in shape or line position can be observed.

sample binding energy (eV)

Fe 2p3, K 2pa» Cl1s N 1s O1s In 3dsg;,
+0.6 V 705.5 290.8 281.5 394.6 527.6 441.8
+0.2V 705.6 290.9 281.6 394.8 528.1 441.7
-0.2V 705.7 290.9 281.8 394.9 528.2 441.7

Table3.2. Binding energies (eV) of Fe 2py;, K 2ps,, C 1s, N 1s, O 1s, In 3ds, obtained
from XPS data for dectrodeposited PB film at three different potentias: —0.2 V, +0.2 V and
+0.6 V. Energies not corrected.
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Binding energies of Fe 2pz2, K 2ps2, C1s, N 1s, O 1s, In 3ds/, in PB modified electrode
for the different oxidation states are listed in Table 3.2.
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Figure 3.7. XANES of the Fe K-edge in PB film modified eectrode a three different
potentids: —0.2 V, +0.2 V and +0.6 V (——), K3Fe(CN)s powder (——) and K3Fe(CN)s 50
mM agueous solution (—o—). No visible change in XANES for three different oxidation states
of PB.

Figure 3.7 presents XANES of PB filmstogether with XANES of standards: K3Fe(CN)g
solid powder and KzFe(CN)s 50 mM agueous solution. Although it is XANES of the PB
films at three different oxidation states, corresponding to applied potentials of —0.2 V,
+0.2 V and +0.6 V, there is no noticeable difference between them.

Structura parameters derived from fits to EXAFS Fe K-edge for the PB films are
shown in Table 3.3. It shows data for the film emersed at three different potentials.
Parameters were fitted for the first (Fe—C), second (Fe—N) and third (Fe—Fe)
coordination shells. ANG values of circa 200° for nitrogen indicate the lack of linearity
of [...Fe—C=N—Fe...] units, with N atoms being slightly out of line. Table 3.3a with
fit indexes and AE, refersto fitsin Table 3.3.
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Sample element DistanceR (A) Coordination 6’ (10* A)

number N
K 3Fe(CN)s C 1.96+ 0.01 6 80+ 20
solid N 3.10+0.01 6 70+ 10
PB film
-0.2V C 1.93+ 0.03 6 150+ 50
N 3.09+0.03 6 60+ 30
Fe 5.05+0.03 6 40+ 30
+0.2V C 1.95+ 0.04 6 150+ 50
N 3.11+0.04 6 60 + 40
Fe 5.11+0.03 6 5+25
+0.6V C 1.94+0.04 6 150+ 50
N 3.16+0.04 6 60 + 40
Fe 5.14+0.03 6 15+ 40

Table3.3. Structural parameters for the first (Fe—C), second (Fe—N) and third (Fe—Fe)
coordination shdls in PB film modified e ectrode. Data for different redox states (—0.2 V, +0.2
V and +0.6 V vs. SCE) is derived from fits to Fe K-edge EXAFS spectra. Uncertainties to
coordination numbers are not shown if their values are less than 0.01. Bold coordination
numbers signify the number was a fixed value (not fitted).

Sample Fit index (%) AE, (5 eV)
K 3Fe(CN)g solid 17.0 -2.7
PB film
-0.2V 39.4 15.0
+0.2V 375 8.6
+0.6 V 38.9 10.0

Table3.3a. Fit indexes and AE, va ues referring to fits to EXAFS data for PB film modified
electrode presented in table 3.3.

Debye-Waller factors are significantly higher for the firs Fe—C coordination shell.
This disorder, higher than for the further shells, is probably introduced by the very small
difference between Fe—C and Fe—N distances. XRD indicates a difference of 0.08 A.
This is not resolvable over our data range, but introduces a significant amount of

disorder or splitting in the nearest neighbour distances.
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A significant amount of disorder is probably introduced by the interstitial Fe** and/or
Fe** atoms, distributed randomly in the PB film lattice. Debye-Waller factors are
relatively low for the Fe—Fe distance. It is because two (or even more if one counts
interstitial Fe) iron centres introduce disorder if they are in different environments, but
they yield consistent data for the coordination shell they both comprise.

3.9.2 Cobalt Hexacyanoferrate and Nickel Hexacyanoferrate Modified
Electrodes

Figure 3.8 shows electrodeposition of a cobalt hexacyanoferrate film for the EXAFS
experiment. The film was deposited by potentiodynamic cycling from E=0.0 V to
E=+0.9 V versus SCE a ascan rate of 0.1 Vs™. This is repested three times to improve
the signal-to-noise ratio in the EXAFS data.
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Figure 3.8. Potentiodynamic deposition of 3 layers of the CoHCF film onto Pt disc
dectrode. Scanrate 0.1V s™.

Typical cyclic voltanmograms at a range of scan rates (1, 2, 5 and 10 mV s%) for
CoHCF and NiHCF electrodeposited films are shown in Figure 3.9 and Figure 3.10
respectively. Deposited films were of a thickness of 10 nm to 70 nm as calculated from
the charge consumed during the voltammetric scans, according to the Equation 3.2. The
size of the unit cell used for calculations was 10.35 A.% The recorded redox potential
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for room temperature for COHCF sample was +0.56 V and for NiHCF +0.61 V vs. SCE.
It is consigent with the other results: the iron site is the electroactive centre in the
NiHCF film, but its redox potential is higher than the cobalt redox potential in CoHCF,

and cobdlt is the active centre in the latter one.
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Figure 3.9. Typical cyclic voltammograms of cobat hexacyanoferrate modified el ectrode at
arange of scan rates: 1, 2, 5 and 10 mV s*. Background dectrolyte: 0.5 M KCl. Calculated
coverage of the dectrode: I = 2.7x10® mol cm’?, yidding the thickness of the film of 45 nm.
The lower graph shows the data derived from the CV plots: anodic peak current as a function of
ascan rate.
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Figure3.10. Typical cyclic voltammogram of nickel hexacyanoferrate modified e ectrode at
arange of scan rates: 1, 2, 5 and 10 mV s*. Background dectrolyte 0.5 M KCl. Calculated
coverage of the dectrode: I' = 6.8x10° mol cm’?, yidding the thickness of the film of 12 nm.
The lower graph shows the data derived from the CV plots: anodic peak current as a function of
ascan rate.

For the both films plots of the peak currentsi, vs. scan rates » are shown below plots of
cyclic voltammograms. As can be seen peak currents are linearly proportional to scan

rate, in contrast to the "2 dependence observed for Nernstian waves of diffusing
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species. The area under the reduction/oxidation wave, corrected for residua currents,
represents the charge required for the full reduction of the layer. Hence the surface
coverage can be evaluated using the relation: Q=nFAT .

i) Extended X-ray Absorption Fine Structure

Co K-edge k® weighted EXAFS data with corresponding Fourier Transform (radial
structure function) for CoHCF modified eectrode are presented at Figure 3.11 Both
spectra are fitted and these theoretical data is represented by dotted line. The signal-to-
noise ratio is quite poor for the higher wave vector k values as can be seen at the
EXAFS (upper) plot.

There are three distinctive peaks visible in the FT plot at distances of circa2 A, 3 A and
5 A. These peaks correspond to the distances of N, C and Fe atoms from the Co atom in
the film lattice, respectively.

XANES of the Co K-edge in CoHCF film is shown at Figure 3.12. The data presented
are for three different redox states of the sample acquired at the potentials: E=0.0 V,
E=+0.3 V and E=+0.9 V. There is evident change in the position and shape of the white
line with the change of the redox state of the sample from reduced to oxidized. The
behaviour of the white line with the broad intermediate (potential E=+0.3 V) peak is

characterigtic for the molecular model described in the discussion part.

XANES of the Ni K-edge in NiHCF film is shown at Figure 3.13 These data are for two
extreme redox states of the sample: fully reduced (E=0.0 V) and fully oxidized (E=+0.9
V). Alternation is noticeable neither in the white line position nor in its shape. No redox
activity of Ni centre can be seen.
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Figure3.11. Co K-edge k¥ weighted EXAFS spectra of cobat hexacyanoferrate film at
potentia E=+0.9 V (@) and corresponding Fourier Transform (b). Experimental data (——) and
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Figure3.12. XANES of the Co K-edge in the cobalt hexacyanoferrate film modified
electrode. The change is clear in the position and the shape of the white line with the redox
process: Co”* (E=0.0 V, —m—) to Co* (E=+0.9 V, —A—) through the mixed intermediate
form (E=+0.3V, —e—).
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Figure3.13 XANES of the Ni K-edge in the nickd hexacyanoferrate film modified
electrode. No significant change in the position or shape of whitelineis observed in XANES for
two extreme oxidation states of the film: E=0.0 V (—=a—) and E=+0.9 V (—e—).

EXAFS derived data for NiHCF and CoHCF sample are presented in Table 3.4 and
Table 3.5 respectively, along with the parameters fitted for standards, i.e. aqueous
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solutions of NiCl, and CoCl,. Data were recorded at two different stations 7.1 and 16.5
in Daresbury Laboratory, as indicated in the tables. Tables 3.4a and 3.5a correspond to
Table 3.4 and 3.5 and show fit indexes and AE, for fits presented therein.

Sample Edge  Element DistanceR (A) Coordination ¢°(10*A)
number N
50 MM CoCl, CoK-edge (@) 2.09+ 0.02 6+05 50+ 10
COoHCF film  CoK-edge
+09V N 1.89+ 0.02 6 130+ 60
(station 16.5) C 3.15+0.02 6 25+ 10
Fe 5.05+ 0.02 6 50+ 25
+0.7V N 1.88+ 0.04 6 130+ 20
(station 7.1) C 3.18+0.02 6 40+ 30
Fe 5.07+0.04 6 40+ 10
+0.3V N 1.96 + 0.02 6 270+ 40
(station 7.1) C 3.27+0.02 6 50+ 30
Fe 516+ 0.04 6 120 + 50
N 1.85+ 0.06 — 180 + 120
N 2.04 + 0.06 — 190 + 160
C 3.27+0.02 — 50+ 30
Fe 516+ 0.04 — 120 + 50
+0.0V N 2.02+0.02 6 220+ 50
(station 16.5) C 3.33+0.02 6 30+ 30
Fe 5.16 + 0.08 6 140 + 100
(stetion 7.1) N 2.04+0.02 6 170+ 30
C 3.35+0.02 6 60+ 30
Fe 511+ 0.04 6 110+ 40
+0.0V FeK-edge C 1.98 + 0.02 6 100 + 20
(station 7.1) N 3.13+0.03 6 80+ 50
Co 521+0.04 6 90 + 40
Table3.4. Structural parameters (elementd identities, distances, coordination humbers and

Debye-Wadller factors) for CoHCF film modified € ectrode at a range of oxidation states derived
from the fits to EXAFS data truncated to kn=10 A™. Data for Co K-edge at potentials: +0.0 V,
+0.3V, +0.7 V and +0.9 V, and Fe K-edge at the potentid +0.0 V. Coordination numbers not
modelled (i.e. |eft at afixed value) are bold.
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Sample Station Edge Fit index (%) AE, (25 €V)

50 mM CoCl, CoK-edge 4.7 -7.2
CoHCF film CoK-edge

+09V 16.5 34.2 -0.1
+0.7V 71 18.1 -6.4
+0.3V 71 single shell fit 205 -7.5
split shell fit 20.4 -75
+0.0V 16.5 42.3 -3.8
71 19.1 -1.7
+0.0V 7.1 FeK-edge 181 -3.6

Table3.4a. Fit indexes and AE, values referring to fits to EXAFS data for CoHCF film
modified e ectrode presented in table 3.4.

Sample Edge Element DistanceR (&) Coordination 52 104 Ky
number N
50 mM NiCl,  NiK-edge @) 2.06+ 0.02 48+05 75+ 10
NiHCF film Ni K-edge
+0.9V N 2.04+0.02 6 70+ 15
C 3.33+0.03 6 40+ 30
Fe 5.24+0.02 6 60 + 20
+0.0V N 2.04+0.02 6 80+ 10
C 3.33+0.02 6 40+ 20
Fe 5.22+0.03 6 100+ 30
+0.0V FeK-edge C 2.01+0.01 6 40+ 15
N 3.26+0.03 6 15+ 25
Ni 5.17+0.04 6 80+ 40
Table3.5. Structural parameters (elementd identities, distances, coordination humbers and

Debye-Wadller factors) for NiHCF film modified d ectrode for different oxidation states derived
from fits to EXAFS. Datafor Ni K-edgeat +0.0 V and +0.9 V, and Fe K-edges at +0.0 V. Data
collected at experimental station 7.1. Bold coordination numbers signify values that were not
modelled (i.e. kept at fixed va ues).
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Sample edge Fit index (%) AE, (x5 eV)

50 mM NiCl, Ni K-edge 6.2 -6.1

NiHCF film Ni K-edge

+0.9V 17.6 -5.9
+0.0V 10.4 -6.6
+0.0V FeK-edge 15.6 2.2

Table 3.5a. Fit indexes and AE, values referring to fits to EXAFS data for NiHCF film
modified e ectrode presented in table 3.5.

Upon the shift from the fully reduced CoHCF (E=0.0 V) to the fully oxidized CoHCF
(E=+0.9 V) state of the sample, and hence increasing cobat charge from 2+ to 3+, the
Co—N bond distances shorten from 2.02 + 0.02 A to 1.82 + 0.02 A. There is also
visible shortening of Co—C and Co—Fe bond lengths. In the case of the intermediate
potential (E=+0.3 V) there were two distances fitted (reflecting coexistence of Co®" and
Co*" species) because the high Debye-Waller factor for one distance fitted suggests a
mix of both Co?* and Co®" oxidation states. Even for +0.0 V and +0.9 V potentials the
high Debye-Waller factors can indicate more than one Co—N distance. There are two
sources of this effect. The first possible explanation is that there is a mixture of Co®*
and Co®" even for the extreme potentials. The conversion from one form to another is
never complete, which can happen for the electrochemica systems as not all the redox
sites may be equally accessible, for example, due to the morphology of the film. On the
other hand there may be an appreciable amount of interstitial cobalt incorporated during
the process of electrodeposition. Electrodeposited films have a negative overal charge
so the K* and Co?* (or Ni%" in the case of NiHCF sample) countercations enter the film
and occupy interstitial sites to baance the charge. The standard redox potential in

aqueous solution of the process:
Co** + 1€ == Co*

is+1.92 V vs. NHE,® and is much higher than redox potential of cobalt in the COHCF
network, therefore intertitial cobalt ions will not change oxidation state in the range of

potentials applied. These interstitial cobalt counterions introduce additional disorder to
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the data, and can not be taken into account in the fitting of EXAFS data. For the Ni and
Fe K-edge, in NiHCF there is no change in XANES. Also there is no significant change
in the bond lengths for NiHCF films at different oxidation states. As will be discussed
for XPS, because the data was acquired ex stu for an extended period of time, the film
could have been partially oxidized in the air.

i) X-ray Photoel ectron Spectroscopy

Figure 3.14 shows XPS data of Co 2 ps, and Fe 2 ps, photoelectron spectra for a
CoHCF film and Figure 3.15 shows Ni 2 pz» and Fe 2 pz» photoelectron spectra for a
NiHCF film. Contributions of different components to the spectral lines acquired from
fitting are presented in Table 3.6 and Table 3.7. Table 3.6 presents changing fractions of
Co?* and Co®* species in cobalt hexacyanoferrate sample as a function of potential prior
to emersion. Potentials listed in the table relate to ones in Figure 3.14. The same
dependence is presented in Table 3.7 for the Fe active redox centre (Fe**/Fe* couple) in

anickel hexacyanoferrate film, and potentials shown here relate to Figure 3.15.
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Figure3.14. Co 2ps, and Fe 2p3, XPS data acquired for the cobalt hexacyanoferrate film
modified eectrode. There is a change in the shape of the cobalt line towards higher binding
energies as the potentid reaches the value of +0.9 V. Almost no change can be observed for Fe
XPS data. Stepwise change of potentials as indicated in the picture. Arrow relates to the
direction of potential cycling.
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Figure3.15. Ni 2ps, and Fe 2p3, XPS data acquired for the nickel hexacyanoferrate film
modified dectrode Thereis a change in the shape of the iron line towards the higher binding
energies as the potential reaches the value of +0.9 V. Almost no change can be observed in the
Ni XPS data. Stepwise change of potentials as indicated in the picture. Arrow relates to the
direction of potential cycling.

The change in the shape and position is observed in the Co XPS photoelectron line in
the CoHCF sample and the Fe XPS photoelectron line in the NiHCF sample. The Ni
line in NiHCF does not change. A small change can be seen in the Fe line in CoHCF
film for the fully oxidative potential of E=+0.9 V. In the reduced CoHCF film both Co?*

and Co*" are present in almost equal proportions. Upon oxidation the amount of Co®*
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reaches only 70 % of the tota cobalt present in the sample. AlImost 50 % of the oxidized

cobalt for the reduced sample can be explained by the oxidation of the film when

transferred from the cell to the vacuum, especially as the technique is extremely surface

sensitive. A very small fraction of Fe in the CoHCF film oxidizes to Fe** at the highest

potential (E=+0.9 V). In NiHCF it is clearly only Fe changing oxidation state, but

conversion is still only 50 %.

Sample co* Co*
+0.0V 45 % 55 %
+0.4V 51% 49 %
+0.5V 41 % 59 %
+0.9V 70 % 30 %
+0.5V 62 % 38 %
+0.0V 37 % 63 %

Table 3.6. Changing fractions of Co* and Co* species in cobalt hexacyanoferrate modified
electrode as a function of potentia. Potentials listed in the table rd ate to XPS e ectron lines for

Cointhe Figure 3.14.

Sample Fe* Fe*
+0.0V 0% 100 %

+0.5V 7% 93 %

+0.9V 54 % 46 %

+0.5V 35 % 65 %

+0.0V 0% 100 %

Table 3.7. Changing fractions of Fe" and Fe** species in nickel hexacyanoferrate modified
electrode as a function of potentia. Potentials listed in the table re ate to XPS e ectron lines for

Feinthe Figure 3.15.

Table 3.8 summarizes atomic proportions of the elements present at the surface of
NiHCF and CoHCF samples at different oxidation states. lons from the background

electrolyte move in and out of the film to compensate the charge.

97



sample element concentration (%)

NiHCF c 50.3
+0.0V N 30.4

K 8.7

Ni 6.1

Fe 4.6
+0.5V C 50.5
N 304

K 8.6

Ni 57

Fe 4.7
+0.9V C 48.0
N 344

K 4.6

Ni 7.2

Fe 58
+0.5V C 53.0
N 30.0

K 7.2

Ni 5.6

Fe 4.4
CoHCF c 57.2
+0.0V N 215

K 6.1

Co 58

Fe 34
+0.4V C 56.3
N 26.7

K 8.3

Co 51

Fe 3.7
+0.5V C 65.0
N 22.6

K 59

Co 3.6

Fe 2.8
+0.9V c 55.6
N 30.8

K 39

Co 6.1

Fe 3.7
+05V c 50.3
N 324

K 59

Co 6.9

Fe 45

Table3.8. Atomic proportions of C, N, Co, Ni, Fe and K in the CoHCF and NiHCF
electrodeposited films as a function of potential. Data acquired from the X PS data fitting.
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Table 3.8 and Table 3.9 show ratios of the elements present at the surface and surface
proximity (as it is XPS derived data) in NiHCF and CoHCF electrodeposited films,
respectively. The content of carbon is much higher than expected: C/N is close to value
of 2 for NiIHCF sample and even exceeds this number in the case of CoHCF sample.
Also C/Fe in both samples is very high. Carbon contamination is a common problem,
especially in such a combination as surface sensitive techniques like XPS and air
containing environment. Thisis the most probably the source of the excess C in samples
discussed here. COHCF samples seem to suffer carbon surface contamination to higher

extent than NiHCF samples.

NiHCF film
potential C/N Fe/Ni Fe/lK ClFe N/Fe N/Ni
+0.0V 17 0.8 0.5 11 7 5
+0.5V 17 0.8 0.5 11 6 5
+09V 14 0.8 13 8 6 5
+0.5V 18 0.8 0.6 12 7 5

Table3.9. Ratios of the elements present in the nickd hexacyanoferrate € ectrodeposited
films as a function of eectrode potentid. Data based on Table 3.8 summarizing XPS acquired
information proportions of speci es present at the sample surface.

COoHCEF film
potential C/N Fe/Co Fe/lK ClFe N/Fe N/Co
+0.0V 21 0.6 0.6 17 8 5
+0.4V 21 0.7 0.5 15 7 5
+0.5V 29 0.8 0.5 23 8 6
+09V 18 0.6 10 15 8 5
+0.5V 16 0.7 0.8 11 7 5

Table 3.10. Ratios of the elements present in the cobalt hexacyanoferrate € ectrodeposited
films as a function of eectrode potentid. Data based on Table 3.8 summarizing XPS acquired
information proportions of speci es present at the sample surface.

In NiHCF film content of nickel is higher than the content of iron. Theoretically Fe/Ni
ration should be 1, but the presence of additional Ni can be due to retained interstitial
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charge-balancing Ni* cation, slowly exchanged in the process of redox cycling by K*.
This is consistent with N/Fe and N/Ni ratios, they are both about the expected value
(there is no contamination with additional N, as in the case of C). N/Ni ratio is slightly
lower, and this is supporting the view of additional charge balancing by interstitial Ni”.
The Fe/K ratio changes in the manner showing the expulsion of K™ counterions upon
oxidation of the film. The fact that the amount of K" is fluctuating over the CV scan,
and Ni" cation amount remains constant may be explained by the fact, that the majority
of Ni* is exchanged by the K* during the first voltammetric scan in K™ containing
electrolyte, and the remaining amount of Ni” is only slowly removed from the film in
the subsequent prolonged cycling. The above discussion is also valid for the CoHCF

samples.

Figure 3.16 shows an example of fitted XPS data. Cobalt hexacyanoferrate sample
emerged at the oxidative potential of +0.5 V was background subtracted and fitted with
two Co species. Co®* comprises at these potential about 62% of the total cobalt
population in the film (for the sampled depth by XPS).

T CoHCF sample 1
Potential: +0.5 VvV
1 Co2p3/2 Co™ (629%) i
3t i
3
*é T Co® (38%) |
£ 1 i
| : | : : : '
788 786 784 782 780 778 776 774

Binding energy (eV)

Figure3.16. Example of background subtracted and fitted Co 2ps, XPS photodectron line
for the cobalt hexacyanoferrate film emerged at potential E=+0.5 V. Fit includes Co®* and Co**
species.
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iii) Infrared Spectroscopy

Figure 3.17 and Figure 3.18 show IR transmission spectra for the v(CN) vibrational
frequencies of CoHCF and NiHCF electrodeposited films respectively. Values of IR
bands observed in our data are in agreement with IR of chemically prepared samplesin
other publications.®’ Vibrational frequencies of 2099 cm, 2141 cm™* and 2200 cm™ in
CoHCF sample can be assigned to Fe'Co", Fe''Co'Co" and Fe''Fe'Co"'Co"
respectively. These signal incomplete oxidation of the film — the same effect was
noticed by Sauter et al*® — and bands are broad. The feature belonging to Fe** in cobalt
hexacyanoferrate film is relatively small, meaning only a fraction of the iron centres are
oxidized at the highest potential (E=+1.1 V).

3
S
E ([Pl
o T % 5 Fe Co
2 B R —&— 400V
S 2142 cm™ % —+—40.3V
— —h— —
Fe"Co"Co"%gL ey
% —o—+0.7V
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' } ' ; ' }
2200 2150 2100 2050
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Figure 3.17. Cobalt hexacyanoferrate modified eectrode IR transmission spectra for the v(CN)
vibrational frequency as a function of increasing potential. Vibrational frequency of v(CN)
increases from 2099 cm* through 2141 cm™ to 2200 cmi™,
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Figure3.18. Nickd hexacyanoferrate modified eectrode IR transmission spectra for the
v(CN) vibrational frequency at a function of increasing potential. Vibrational frequency of
v(CN) changes from 2106 cm™ to 2141 cm'™.

Vibrational frequencies of 2106 cm™ and 2141 cm™* in NiHCF sample can be assigned
to Fe'Ni" and F€'Ni'"' respectively.

Figure 3.19 illugtrates the wavenumber vs. potential plot for the nickel hexacyanoferrate
and cobalt hexacyanoferrate electrodeposited films. Data was derived from the IR
transmission spectra. An abrupt jump visible at +0.6 V signifies changes occurring in
the film structure at this point, i.e. oxidation/reduction of the iron and cobalt speciesin

the nickel and cobalt hexacyanoferrate film modified electrodes, respectively.
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Figure3.19. Wavenumber vs. potential plot for the nicke hexacyanoferrate and cobalt
hexacyanoferrate eectrodepaosited films. Data derived from the IR transmission spectra An
abrupt jJump visible at +0.6 V signifies changes in the film structure occurring at this point.

3.10 Discussion

The origina project involved in situ eectrochemical EXAFS characterization of
Prussian Blue films and cobalt and nickel analogues in agqueous background electrolyte,
with K™ as an exchangeable cation in a purpose-built cell. The cell had been previously
used a Daresbury Laboratory on the niobium oxide electroactive films® and
[Ni(salen)]-based polymer films.®® " Experiment was designed to obtain detailed
structural data on CoHCF and NiHCF systems to provide boundary conditions for
dynamic studies. Understanding of the details of structural variations under stationary
conditions of applied potentia is a necessary step towards mapping the dynamics of
redox-driven structural change. Ex situ XPS experiments were carried out to give
complementary information to EXAFS, but due to the XPS properties only for the
surface region of the films. The comparison of the two data sets is complementary as

EXAFS probes the whole of the sample.

Unfortunately, the signa from the spectroelectrochemical cell proved to be too weak

even to acquire strong enough fluorescence signals. Films were thin, but this did not
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explain total disappearance of the signal when samples were placed in the cell — even
without electrolyte. Several alterations in the cell vs. detector arrangements aswell asin
the construction of the cell have been tried. Attempts were made to minimise the
electrolyte thickness by pressing the electrode with the film against the cell front
window, leaving only an ultra thin layer of the solvent in the X-ray path. All these trials
were to no avail and no source of the problem could be found, but it is possible that the
surface of the platinum discs used were too uneven. Although the cell was successfully
used for the in situ data acquisition for other samples described in this thesis and also in
earlier experiments, there was no choice but to make measurements ex Stu in

fluorescence mode.

3.10.1 Prussian Blue Sample

In the case of Prussian Blue films, the signals from the two metal sites (Fe) add, and
their separation turned out not to be a solvable problem. No significant edge shifts could
be observed for the three XANES spectra obtained for electrochemically deposited
Prussian Blue films. All three of the white lines are identical in height and position.
Also, for the modified electrode samples the white lines are much lower than the white
line observed for Fe* in the solid KsFe(CN)s powder sample and, even more
significantly, in aqueous solution. There is also a pre-edge feature which is identical in
all three spectra. This structure can be seen also in the data for standards. In the powder
sample it isidentical to the one seen in the electrodeposited films, but it is weaker in the

agueous solution data.
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3.10.2 Cobalt and Nickel Hexacyanoferrate Samples

In both CoHCF and NiHCF, the white line for the Fe K-edge is a little stronger than in
the Prussian Blue electrodeposited sample, and about the same strength as in the
aqueous solution. It is, however, at significantly higher energies than in any other
spectra Fe K-edge spectra. There are no notable changes in white line position for the Ni
K-edge with potential for NiHCF electrodeposted samples. Both white lines are
stronger than for Ni** in aqueous solution of NiCl,. White line for the sample at the
potential E=+0.9 V is higher and about the same width as white line for the sample at
E=+0.0 V. The pre-edge structure is very similar to that on the Fe K-edge. From the
EXAFS derived data it can be seen that all three shells are significant and none of the
distances change with the changing redox state of the NiHCF sample. Furthermore,
there is no indication of a split first shell in either of NiHCF (in contrast to CoHCF)
samples. Also no significant multiple scattering contributions can be seen. On the other
hand, the low values of Debye-Waller factors (%) for the second and third shells
suggest that there is some multiple scattering present, but it could not be fitted. The
distances, combined with a Fe—C distance of about 2.0 A from the fitting of EXAFS
data for the same type of sample but for the Fe K-edge, imply a non-linear

[...Ni—N=C—Fe...] arrangement although the angles are all close to 180°.

For the Co K-edge in the CoHCF film there is a remarkable increase in white line
position with the change of redox sate of the electrode. For the potential E=+0.3 V
there is a clear doublet at energies of 7723 eV and 7726 €V. For the potential E=+0.0 V
the energy of the white line (at 7723 eV) is essentially the same as for Co?* in aqueous
solution of CoCl,. Therefore the shift in the white line position is interpreted as a
change of Co redox state from 2+ to 3+. For the potentials E=+0.7 V and E=+0.9 V
there is a single peak at 7726 eV, signalling that conversion to Co*" is essentially
complete. Also in this case the pre-edge structure is very similar to that on the Fe K-
edge.

The EXAFS data on the cobalt K-edge — exactly like in the case of Fe and Ni K-edges —
shows three strong peaks in its Fourier Transform (Figure 3.11). These three peaks were
fitted with the assumption that they belong to the [...Co—N=C—Fe...] film lattice
along the cube edge at approximate distances of 2 A, 3 A and 5 A for Co—N, Co—C
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and Co—Fe respectively. These values were based on the crystallographic database.®*
The nearest neighbour distance Co—N is well defined. At first EXAFS was fitted with
the single (i.e. not split) Co—N distance. The result is presented at Figure 3.20.

A steady decrease of the bond length is visible as the redox state of the CoHCF changes
with the shift of the electrode potential from +0.0 V to +0.7 V. Above a potential

E=+0.7 V the distance Co—N stabilizes and remains constant.

Co K-edge derived data
first shell Co-N distance for a single shell fit

2.00 ~
1.95
1.90

185+ T\ .

1.80 + —

First shell Co-N distance R1 (A)

178 +—————————————————+—
0.0 0.2 0.4 0.6 0.8 1.0
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Figure3.20. EXAFS derived first shell Co—N distances for a single shdl fit and a linear fit
of the data. EXAFS measured ex situ for the Co K-edge in the cobalt hexacyanoferrate modifi ed
electrode as a function of potential. The bond length decreases to the potential of circa +0.7 V
and stays constant thereafter. Two values at the potentia E=+0.0 V refer to data acquired at two
different EXAFS stations in Daresbury Laboratory: 7.1 and 16.5.

The Debye-Waller factor reaches a maximum value at about +0.3 V. From a potential
E=+0.7 V it remains constant and at about the value it has a potential E=+0.0 V, as
shown in Figure 3.21. These two facts, the previoudly described behaviour of the
Co—N bond length and associated Debye-Waller factors, indicate the presence of two
distinct Co—N distances at intermediate redox states in CoHCF electrodeposited films.
The Debye-Waller factor of two unresolved contributions may be anaysed in the
following manner. Each bond length represents one integer oxidation state. The increase
in the number of present bond lengths would also mean a change in the distribution of
oxidation states. This would be reflected in the Debye-Waller factors, where ¢° is the
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sum of thermal and gtatic (i.e. structural) contributions to the total disorder. In the case
of the experiment described here, the only variation in Debye-Waller factor has a
structural origin. A plot of ¢ as a function of potential would follow a parabola if the
mixture of different bond Iengths changes with parallel movement and increase in static
disorder. The existence of asingle, well organized structure would result in low value of
o? at the initial and final states, referring to the end-points of the parabola.
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Figure3.21. EXAFS derived Debye-Waller factors for the first Co—N shdl in cobalt
hexacyanoferrate film. The Debye-Waller factor peaks at ca. +0.3 V and is constant above +0.7
V at about thevalueit has at +0.0 V. EXAFS measured ex situ for the Co K-edge in the CoHCF
modified dectrode as a function of potential. Two vaues at the potential E=+0.0 V refer to data
acquired at two different EXAFS stations in Daresbury Laboratory: 7.1 and 16.5. Despite large
20 error bars, the data are very consistent.

Assuming that there exists a fraction x of cobat species in one oxidation state in
CoHCF at distance Ry, then the remaining (1—x) number of sites (in the modd taking
into account only two different redox states) will be represented by the distance R.. The
mean value — the position of unresolved peak at distance R — will be given as:

R=xR +(1- X)R, (3.3)

with an additional contributions 2 to the total Debye-Waller factor ¢° of:
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si=x(R- R +{1- x)(R, - R =x{1- xR - R,)° (3.4)

As already stated, the parabolic variation would be a clear signature of two distances. In
the case of CoHCF discussed here, we find R; € 2.03 (+0.02) A and R, € 1.89 (+0.02) A,
s0 (R1—R2)? €200 (pm)?.s 2 pesks at x = 0.5, here with the value of 50 (pm) Thisisin

good agreement with the fitted s 3 valuesif the vibrational contribution (represented by

the single species at the end points) has the physically reasonable value of ca. 170
(pm)?, and x=05 at E€+0.3 V. Furthermore, fitting EXAFS at E=+0.3V alowing
distinct values for the first neighbour Co"—N and Co"'—N distances generates values
for these distances (in the mixed state film, where x € 0.5) of 2.04 (+0.06) A and 1.85
(£0.06) A, respectively. These are in good agreement with the single species fits at the
extremes of potential (where x=0 and 1), and the assocciated Debye-Waller o* factor
values are 150-200 (pm)z. It has to be underlined that the split shel fit is not
significantly better than the unresolved single shell fit, but it is preferred because of the
Debye-Waller factor behaviour. The outcomes for the split first shell Co—N distances
are shownin Figure 3.22.
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Figure3.22. EXAFS derived first shel Co—N distances — split shell fit. EXAFS measured
ex situ for the Co K-edge in the cobalt hexacyanoferrate modified eectrode as a function of
potential. Two values at potential E=0.0 V refer to data acquired at two different EXAFS
stations in Daresbury Laboratory (7.1 and 16.5) and show excellent reproducibility of the
sampl e and measurement.
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The presence of two distances indicates — as stated before — two distinct Co site redox
states. Co”—N has a length of 2.09 A in Cos(Fe(CN)e), - xH20%* and therefore the
shorter distance will correspond to the Co®* redox state. The presence of two distinct
distances indicates that the cobalt hexacyanoferrate sample behaves in a molecular
manner (discrete d levels) rather than in a solid state manner (partially filled d-band).
These two distinct models can be simplistically described as follows. Independent
bonds and localised electrons for each atom would be characteristic for a molecular
model. Co ionsin this case would coexist as a mixture of integer oxidation states 2+ and
3+ at any time, with proportions of different species changing upon redox processes
taking place during voltammetric cycling or stopping the cycle at a selected potential. In
this model, electrons propagate through the material in a so-caled “hopping”
mechanism. This type of behaviour is generally associated with low conductivity.” The
second, solid state model is described as a conducting band structure with electrons in
the band not affiliated with any particular atom or bond. In this description, the valency
of redox sites (here cobalt) would change in the continuous manner upon electron flow
through the film/electrode interface, in contrast to the discrete integer numbers shift in
the molecular model. Here the first modd is evidently supported by the data. The first
and most straightforward sign of it is a presence of a broad Co K-edge (Figure 3.12)
enveloping both present contributing oxidation states, namely Co”* and Co*" signals.
The width of the single broad Co K-edge white line changes along with the fraction of
both redox states. The characteristics of the molecular model behaviour of the Debye-
Waller o factors have already been described.

In the second model the Co K-edge would be well defined, not distorted a any point
and smoothly changing position as a function of applied potential. The Debye-Waller
factor would not vary significantly at any point of the redox process, with no added any
extra static disorder at any point. None of these, once more, is observed in the case of
electrodeposited CoHCF, NiHCF, or FeHCF sample.

At the highest potential E=+0.9 V there is indication in the fit of a weak Co—X
coordination at about 2.1 A. This is probably due to the interstitial Co or K species
incorporated upon deposition and/or cycling as counterions. The second (Co—C) and

third (Co—Fe) distances fall steadily with increasing oxidation state of the film as an
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effect of increasingly positive potential applied to the electrode (Figure 3.22 and 3.23).
The low Debye-Waller factors obtained with a use of single scattering contributions for
these more distant coordination shells are an indication that there is some multiple
scattering present. However, inclusion of multiple scattering effects does not improve
the data fits, although it shows in a clear way that the [...Co—N=C—Fe...] structure
along the cube edge is not linear. The difference between the Co—C and Co—N
distances gives a constant separation of 1.31 A for al measured potentials. This value
will be underestimated for the significantly non-linear structure. This seems to be very
long for a C=N bond in mHCNs samples — usually circa 1.15 A — and can be an
indication of other contributions to this peak.
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Figure3.23. EXAFS derived second shell Co—C distances - single shdll fit and alinear fit of
the data. EXAFS measured ex situ for the Co K-edge in the cobat hexacyanoferrate modified
electrode as a function of potential. Two values at E=0.0 V potential refer to data acquired at
two different EXAFS stations in Daresbury Laboratory: 7.1 and 16.5. They proof the excellent
reproducibility of the sampl e and measurement.

Other EXAFS studies of this group of materials have al'so found quite long CN distance.
The third shell distance is in a good agreement with the crystallographic data for
Cos(Fe(CN)g)2-xH20. The Fe site is a strong scatterer, hence any additional/competing
contributions at this distance will be comparatively weak. Once more, multiple
scattering contributions are not significant for this peak.
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Figure3.24. EXAFS derived third shdl Co—Fe distances - single shell fit and alinear fit of
the data. EXAFS measured ex situ for the Co K-edge in the cobat hexacyanoferrate modified
electrode as a function of potential. Two values at 0.0 V potentid refer to data acquired at two
different EXAFS stations in Daresbury Laboratory: 7.1 and 16.5.

Comparing the Co—C and Co—Fe distances yields a Fe—C separation of about 1.85 A
to 1.90 A. This distance may be alittle longer if there is a notable deviation of the bond
angle from 180°. This distance is in agreement with the value found for EXAFS fitting
for the Fe K-edge data for CoHCF sample.

3.10.3 X-ray Photoelectron Spectroscopy and Infrared Spectroscopy

It is clearly visible even from the raw XPS data that upon voltammetric cycling NiHCF
and CoHCF electrodeposited films behave in a significantly different manner. In the
NiHCF film Fe 2p XPS photoelectron line changes its shape and position, displaying
evidently two separate peaks (different binding energies) for more oxidative potentials,
namely for samples emersed at potentials E=+0.5 V and E=+0.9 V (Figure 3.15). At an
emersion potential of E=+0.0 V, when the film is supposed to be fully reduced, only one
narrow line is visible in the spectra. The lower binding energy XPS line at 705.5 eV is
associated with Fe** centres. As a NiHCF film is positively polarized, a second XPS
line becomes clear at higher binding energy (707.1 eV). This second line corresponds to
Fe redox centres changing oxidation state to Fe**. Results obtained from NiHCF film
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XPS datafitting are summarized in Table 3.7. For each of the potential points for which
XPS was measured, the percentage of detected Fe** and Fe** sites was estimated.
Unexpectedly, the fraction of reduced Fe** site reaches 100 % of all surface (and
probably also bulk) Fe sites, and does not seem to be influenced by the oxidative air
environment during sample transfer to the vacuum chamber. In contrast, the fraction of
oxidized Fe*" sites reaches at the highest potential (E=+0.9 V) only about 55 % of the
entire Fe population. It is possible that more Fe sites would oxidize if the sample were
kept at E=+0.9 V. The same type of behaviour was noticed by Sauter et a*® for Fe sites
in NiHCF films. Interestingly, the same pattern is found for cobalt in CoHCF samples.
Sauter’s'® work states that their sample contains a mixture of Co** and Co** species and
it never fully oxidizes to 100 % Co>". For the NiHCF electrodeposited film, absolutely
no change was observed for the Ni XPS photoeectron line. The shape and position
remained constant (Ni** binding energy = 853.3 eV) throughout the whole cyclic
voltammogram, as shown in Figure 3.15. The XPS data are consistent with infrared
spectroscopy data acquired for NiHCF film in transmission mode. Figure 3.18 illustrates
v(CN) vibrational band region for NiHCF case. Assignment of vibrational bands at 2106
and 2141 to Fe'Ni" and Fe'"'Ni", respectively, confirms the X-ray spectroscopic based
deduction of no electroactive component from the Ni sites and a potential-driven shift

from al Fe' to dominant Fe'"'.

In the case of CoHCF electrodeposited films it is Fe that stays at constant oxidation
state and Co isredox centre. It is readily visible from the raw XPS data plotted in Figure
3.14 Co 2p XPS photoelectron line is broad and clearly comprises two overlapping
spectra belonging to Co®* and Co**, even for the most extreme ends (E=+0.0 V and
E=+0.9 V) of the cyclic voltammogram. The value of 778.2 eV of the 2ps;; XPSlineis
binding energy of photoelectron in Co?*. As the sample is oxidized the shape of the Co
2p XPS line changes. The binding energy of photoelectrons from Co®" shifts to the
higher value of 779.8 eV. Although there is a significant change in the ratio of Co®* and
Co*" species, it only reaches 70 % conversion at the most positive potential. Varying
ratios of both cobalt species obtained from fits are summarized in Table 3.6 In contrast
to Fe in NiHCF, cobalt is never fully reduced and for the most reductive potential
E=+0.0 V, Co®" comprises only about 60 %. For the most oxidative potential E=+0.9 V
(Co*" content 70 %) a small feature appears to the higher binding energy of the Fe 2p
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XPS photoelectron line and disappears again at lower potentials. This feature at 707.3
eV represents a small fraction of Fe being oxidized from Fe** to Fe**, even when not all
of cobalt sites are oxidized. The same feature is seen in the IR transmission spectra of
CoHCEF films, where the bands are broad, as in the case of NiHCF samples. This is
expected on the bass of XPS data for samples with mixed Co redox states. The
vibrational frequency of the v(CN) band changes from 2100 cm™ for the CoHCF sample
at E=+0.0 V to 2142 cm™ at E=+0.9 V. A small feature appears at E=+1.1 V potential at
a wavelength of 2200 cm™. These vibrations were also observed by other groups and
can be assigned to Fe'Co', Fe'Co''Co" and Fe''Fe'Co"'Co" redox states of the film
respectively. In both (i.e. Ni and CoHCF) systems, the increase in v(CN) frequency
(wavenumber) upon film oxidation is a consequence of the more postively charged
metal ion with drawing electron density from the N=C bond. The fact that the
vibrational bands undergo a blue shift indicates that the N=C bond is stronger, this is

consistent with removal of electron density from a p* orbital.

In Prussian Blue films no changes of the oxidation state of the Fe centres for different
emersion potentials could be observed. The shape of the Fe 2p XPS photoelectron lines
shown in Figure 3.6 remains unchanged. There is a small shift in binding energy of
circa—0.2 eV between the most reduced (E=—0.2 V) and the most oxidized (E=+0.6 V)
FeHCF samples. Because the binding energy moved only dlightly and towards lower
binding energy upon oxidation — i.e. in the opposite direction than expected for Fe** to
Fe** change — the observed shift is probably not real but due to some charging effect
(recdll that these filmsare on ITO glass slides). It hasto be taken into account that other
binding energies which should remain constant (e.g. K™, In) suffer similar small shifts —
these can only be assigned to charging or statistical errors. Mixtures of Fe** and Fe**
iron sites a the potential of E=+0.6 V, with possibly not all Fe*" centres becoming
reduced a E=-0.2 V, oxidative influence of air and additional interstitial Fe
countercations at both 2+ and 3+ oxidation states all limit the overal level of certainty
in the data.
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3.11 Conclusions

Detailed analysis of XAS (EXAFS and XANES), XPS and IR data were used for
Prussian Blue, cobalt and nickel hexacyanoferrate electrodeposited films. In case of
CoHCF films the data provides support for the molecular model behaviour with discrete
d levels, rather than solid state model with partially filled d-band. Cobalt (in contrast to
iron) metal atom is, with no doubt, the active redox centre. In molecular model Co ions
coexist as a mixture of integer oxidation states 2+ and 3+, with proportions of both
changing upon redox processes. XAS data, namely broad Co K-edge for the
intermediate redox potential E=+0.3 V, changing width of the white line and
characteristic behaviour of Debye-Waller factor strongly support this model. The nickel
hexacyanoferrate el ectrodeposited film performed in the way reported by other research
groups, with the Fe metal centre displaying redox behaviour. The combination of
techniques allowed comparison of the surface vs. bulk of the samples, and as far as it
can be seen, films display exactly the same behaviour, but very detailed structural
analyze could be obscured by the ex situ data acquisition setups.

The instrumental capability of Daresbury Laboratory SRS for carrying out XAS on
Prussian Blue, cobalt and nickd hexacyanoferrate electrochemically modified
electrodes has been proven to be insufficient for the in situ spectroelectrochemical
experiment. It turned out extremely difficult to prepare films thick enough to obtain
good step and therefore signal-to-noise ratio at least for the available on site beam flux.
Regardless, it was possible to get structural parameters from ex situ XAS experiment. A
more powerful synchrotron may be able to provide data of much higher quality,
possibly even in the in situ data acquisition procedure. Especially CoHCF samples with
cobalt active redox sites and clear evidence of changing bond lengths would be
interesting in such an experiment. Prussian Blue films were found to be too ambiguous
with two Fe redox centres and additional interstitial iron obscuring the EXAFS data,
and no significant changes could be observed in XAS data for NiHCF electrodeposited

films.

It has to be underlined, that the results derived from spectra recorded at different
experimental stations at SRS Daresbury Laboratory (station 7.1 and 16.5), and from

114



different samples agree very well. Therefore they prove the excellent reproducibility of
the electrodeposited samples and measurements. It is important, especially in the light
of commonly reported difficulties with reproducible preparation of this type of samples.
Results acquired with the use of set of diverse techniques (XAS, XPS, IR and CV)
presented in this chapter were obtained from identical samples, and for the first time
EXAFS at a function of potential on electrodeposited CoHCF and NiHCF were
performed, providing boundary conditions for possible future in situ dynamic XAS
experiments.
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CHAPTER IV

ANODICALLY DEPOSITED IRIDIUM
OXIDE ELECTROACTIVE FILMS

4.1 Introduction

Iridium oxide electroactive films are attractive due to their exceptional chemical
stability to multiple redox switching over a wide range of pH and temperature in
agueous solution (in excess of 8 x 10° cycles'), and facility of deposition on a wide
range of different substrates. Iridium oxide films supported on electrode surfaces have
found application in pH sensors (eg. in monitoring myocardial acidosis® or in
microfluidic sensor systems®), supercapacitors and e ectrochromic devices.*® Attention
has been brought to the possible use of this materia in neura stimulation and recording
electrodes.” It is electrochromic, with the colour change from black (oxidized) to
transparent (reduced). Iridium oxide films have also attracted some attention because of

their high electrocatal ytic activity for chlorine and oxygen evolution.*

In the group of dectrochromic metal oxides (IrO,,* WO3,* 2 NiO,** V,05™) iridium
oxide shows a fast response upon cathodic bleaching and anodic colouration.
Interestingly, despite this fact, iridium oxide eectrochromic behaviour has not been

120



studied as extensively as other materials from the metal oxides family.16 Three possible

mechanisms of electrochromic reactions have been reported:

Ir(OH)3 == IrOx(OH)zx + XxH" + xe (4.1)
Ir(OH)3 == Ir(OH)3.x — XOH + xe (4.2)
MyrO; == IrO; + XM™ + xe’ (4.3)

They include movement of proton (4.1), movement of anion (4.2) or movement of small
alkali ions (4.3)."**" As can be seen, various iridium species (e.g. IrO,, Ir(OH)3) may be
present in the modified electrodes discussed in this chapter, but for ease and clarity the

term “iridium oxide” will be used throughout the discussion.

Diverse fabrication routes of IrO; films are possible, and properties of the material are
dependent on the fabrication conditions and preparation method. Iridium oxide films
can be obtained via anodic oxidation of elemental Ir,*® electrochemically induced

119 reactive sputtering,?® thermal decomposition of iridium salt

precipitation processes,
solution to form thermal iridium oxide films,?* or thermal oxidation of pure metal. %
Sputtered iridium oxide films are dense (10 g cm® to 11.7 g cm™), and the voltammetric
peaks they show in acidic solutions are broad and not very well defined.?*? In contrast,
electrochemically prepared films yield well defined cyclic voltammograms, are highly
porous and hydrated and of densities ca. 2 g cm™.% Moreover, it appears that al the Ir
Sites are electrochemically active, which makes them more suitable for quantitative

analysis.

Over the past 34 years a lot of studies have been carried out to characterize
electrochemically prepared iridium oxide.?” There is a general consensus that the colour
change in iridium oxide is an effect of a change in iridium valency from Ir®* to Ir**, 28 %
In earlier, in situ iridium Ls-edge XAS studies, Scherson and co-workers studied
electrochemically prepared iridium oxide electrodes.® In their study XAS was used in
combination with Raman spectroscopy to study the behaviour of the films in alkaline
(0.3 M N&COs) and acidic (0.5 M H,SO,) solutions. They assigned one broad peak in
the cyclic voltammogram to the Ir** ==Ir*" redox process (acidic), and two well defined

featuresto Ir**==Ir*" and Ir**==Ir>" (alkaline).
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For sputtered iridium oxide filmsin 0.5 M H,SO, eectrolyte Pauporte et a recognized
only a one eectron redox process, which they assigned to Ir*"==Ir*" change.”® For the
similar studies carried on by Huppauff and Lengeler the authors concluded that the
highest oxidation state of the Ir in the anodically oxidized elemental Ir foil was +4.8."

4.2 Objectives

In spite of the wealth of information collected and years of research on iridium oxide
electrodes — since the first report on its electrochromic properties in 1975 by Buckley
and Burke® — some ambiguities still remain. These relate to the colouration — bleaching
processes of this electrochromic material, valency of the iridium ions, and structural
transformation taking place at different stages during electrochemical manipulation.
Also the factors controlling performance of the iridium oxide electrodes are not clear.
Much of the controversy is caused by the diverse ways of preparation, such as
mentioned earlier sputtering, electrochemical deposition or thermal oxidation of pure
metal.

Techniques that have been used (EXAFS, XANES, CV and XPS) yield complementary
information, and may be helpful when addressing a question such as relationship
between the coulometrically (cyclic voltammetry) injected charge and, as a result, the
oxidation state of the iridium oxide electrode, and the resulting variation in Ir local
environment — these are explored in this study. The novel approach here is use of
EXAFS Ls-edge for determination of electrochemically deposited iridium oxide filmsin
alkali and neutral media (vs. acidic and alkaline®®). Moreover, in material's prepared by

anodic oxidation of elemental metal®® 3!

and studied by Lengeler et al, grazing
incidence EXAFS was used due to the X-ray opague eectrode substrate, so only the
surface region of the film was sampled.™® In the case of electrodeposited films, with the
use of polyester supported ITO working electrode substrate (X-ray transparent) the
whole film was sampled. Combination of methods exploited links electrode charge, Ir—
O and Ir—Ir nearest coordination shell distance changes, coordination numbers and

structural (dis)order.
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4.3 Experimental and Sample Preparation

Iridium oxide films described in this thesis were prepared eectrochemically from
alkaline solutions. Iridium is a metal of the VIII group, and its oxides (hydroxides) are
not soluble in akaline solutions. Upon addition of a strong base (e.g. potassum
hydroxide) to iridium tetrachloride aqueous solutions, insoluble iridium oxide (1rO,)
precipitates.** Formation of an iridium complex which is stable even in alkaline solution
is essential to avoid instant precipitation of iridium oxides in the deposition solution,
therefore oxalic acid was used as the complex forming agent. The preparation procedure

for the deposition solution was as described by Y amanaka:® **

1) 0.1125 g of iridium(lV) chloride hydrate (IrCls - H2O, Aldrich) was dissolved in
75 ml of deionised H,O by magnetic stirring for 30 minutes,

2) 0.75 ml of agueous hydrogen peroxide solution (30 wt. % H,O,;, VWR
International Ltd.) was added and the resulting solution was stirred for 10

minutes;

3) 0.375 g of ethanedioic acid-2-water (oxalic acid, (COOH), - 2H,0, Scientific &
Chemical SuppliesLtd.) was added and the solution was stirred for 10 minutes,

4) Anhydrous potassum carbonate (K>COs;, VWR International Ltd.) was stirred
into the solution a little at a time to adjust pH of the solution to 10.5 (pH-meter
3510 Jenway).

According to Y amanaka® '

the addition of hydrogen peroxide to the deposition solution
makes it possible to deposit oxide films at lower current densities, but the mechanism of
the reaction is not clear. The resulting solution was left to age for at least three days at
room temperature. Later it was kept in the fridge for the maximum period of three
months. Aging the deposition solutions is necessary, and no film could be deposited
from freshly prepared solution. The aging process is clearly associated with hydrolysis
of the IrCl4 in the basic medium. In the next step complexation of iridium by oxalate
ligands takes place." The likely reaction mechanism in which IrO; is formed by anodic
oxidation of ligands in an Ir complex compound was given by Yamanaka, where the

oxalate ligand is oxidized, CO is formed and 1rO, deposited:™
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[Ir(CO0)2(OH)4]* — IrO; + 2CO; + 2H,0 + 2e” (4.4)

The electrodeposition of the films was carried out at room temperature, from quiescent
solution. Films were deposited at a constant current, with current densities typically 1.5
— 2.0 A m?. The solution was purged with N2 or Ar for about 30 minutes prior to the
electrodeposition, and when possible (i.e. apart from the electrodeposition in the
EXAFS cdl) a steady stream of the inert gas was blown over the solution surface. The
thickness of the film was controlled by the time of deposition. After deposition, the
films (black in colour) were rinsed with deionised water and transferred into the
background eectrolyte for cyclic voltammetry experiments. 0.3 M sodium carbonate
(Na&,COs3, BDH) and 0.1 M potassum phosphate buffer solutions were used as
background eectrolytes, of pH 10.7 and 7.3 respectively. Ag/AgCl/saturated KCl or
Hg/Hg.Cl,/saturated KCl (saturated calomel electrode, SCE) were used as a reference
electrode, Pt mesh as a counter electrode, and Pt discs (Goodfellow) or ITO coated glass
plates (Apex Services) as working electrodes. For EXAFS experiments 175 um
conductive ITO coating (sheet resistance 20 Q/o) on permanent polyester film
(Sheldahl, MN, USA) working electrodes were used. Use of polyester as a support for
ITO coating enabled data acquisition in fluorescence and transmission modes. The
fluorescence mode is more sensitive than transmission, therefore is more useful for very
thin or low density/diluted samples, yielding much better signal-to-noise ratios. On the
other hand transmission mode is a source of information about the absolute population
of the element studied.

0.1 M potassum phosphate buffer solution was obtained by mixing 80.2 ml of 1 M
dipotassum hydrogen phosphate (K:HPO,;, BDH) and 19.8 ml of 1 M potassum
dihydrogen orthophosphate (KH,PO,, BDH) and diluting the combined 1 M stock
solutions to 1000 ml with deionised H,O. The pH value of the resulting electrolyte was
measured with a pH meter.

EXAFS experiments on iridium oxide films were carried out in Situ a dtation 16.5 at
Daresbury Laboratory in fluorescence and transmission modes. The electrode was
placed at an angle of 45° with respect to the Ge(l11) detector. Spectra were measured at
the Ir Ls-edge (11,212 €V). The Ls-edge involves a d-final state; hence it provides

information on d-band occupancy. A purpose-built in situ spectroelectrochemical
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EXAFS cell utilised in this experiment was described in Chapter I1. There has to be a
compromise between the demands of the electrochemical and X-ray experiments. It
means that the production of a thick film is necessary to produce a sensible step and
signal-to-noise ratio in the XAS experiment. Also the electrode placement might not be
the most ideal, and the counter electrode could not span over the whole area of the
working electrode. CVs presented in the thesis do not correspond to the films
electrodeposited in the EXAFS cell, but the cell geometry had little effect on the
voltammograms. EXAFS spectra were measured for iridium oxide modified electrodes
and a set of reference of Ir standards: iridium(1V) chloride hydrate (IrCls-xH20, Aldrich)
and iridium(l1l) chloride hydrate (IrCls, Aldrich) as 25 mM aqueous solutions and
iridium(1V) oxide, 99.9 % (IrO,, Aldrich) as a fine powder distributed evenly on self-
adhesive tape.

For all XPS experiments, iridium oxide films were prepared at the University of
Leicester using the procedure described in the introduction to this chapter. Samples
were prepared 1-2 days in advance and transported in sealed containers to the National
Centre for Electron Spectroscopy and Surface Analysis (NCESS) in Daresbury
Laboratory. They were cycled in nitrogen-purged 0.3 M N&CO;3 prior to the XPS
measurement in the following sequence; each film was cycled 10 times at a scan rate of
100 mV s*. The last, 11™ scan, was done a 10 mV s* scan rate and stopped at the
required potential. The working modified electrode was disconnected from the circuit,
removed from the background electrolyte, rinsed thoroughly with deionised (purged
with N) water, dried with high pressure inert gas, and placed in the vacuum chamber as
fast as possible. SCE was used as areference electrode, Pt mesh as a counter electrode,
and Pt discs (Goodfellow) as working electrodes. All procedures were carried out at

room temperature.

4.4 Data Analysis

The spectra of reference compounds and iridium oxide modified electrodes were
calibrated, background subtracted, normalised and fitted using the standard procedures
described in Chapter I1. During data fitting, the EXAFS spectra were truncated to Kyex =
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10 to remove excessive noise a high k values, and the data were fitted to the three
nearest shells. All spectra were kK*-weighted and curve fitting was achieved using the
EXCURV98 program.® The AFAC factor was set to a value of 0.9. This factor is
related to the proportion of electrons which undergo EXAFS type scattering. In
EXCURV9S it should normally be left at 1.0, unless one believes the spectrum suffers
from an amplitude damping effect.® The coordination numbers for data fitting were set
as integer values to obtain the best fits. The final values obtained from the data fitting
were interatomic distances for the first three coordination spheres (i.e. Ir—O, Ir—Ir and
Ir—Ir) and Debye-Waller factors. Edge positions and edge shifts were obtained from
XANES.

The number of iridium sites in the electroactive film was calculated from the XAS data
according to the procedure described in Chapter I1. Electrochemical data were used for
caculation of the charge inserted into the film during the anodic scan. Charge
calculation was done by integration of the area under the cyclic voltammetric scan and
divison by the appropriate scan rate. The quotient of the XAS derived data and
electrochemical dataisthe average number of electrons transferred per iridium atom.

The ESCA Analysis program avalable on site was used for XPS data analysis.
Literature values of the position of XPS spectra lines were taken from the
http://srdata.nist.gov/ website database and the Handbook of X-ray Photoelectron

Spectroscopy®*, unless stated otherwise. These results are presented in graphs and

tables, and discussed in the following section.
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4.5 Results

A typical potential response during the deposition of an iridium oxide film is presented
in Figure 4.1. After the initial 20 - 30 seconds of deposition the potential stabilizes close
to +0.6 V and maintains a constant value throughout the subsequent electrodeposition
time.

0.7

0.5+ =

044 -

Potential vs. SCE (V)

0 100 200 300 400 500 600
Time (s)

Figure4.1. Electrodeposition of iridium oxide film on the Pt disc eectrode. Current
density: 1.6 A m?

Cyclic voltammograms obtained from freshly deposited iridium oxide films displayed
peak potentials and had a general appearance as reported by other authors.* Iridium
oxide is called an oxidative coloration metal.°
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Figure4.2. Cyclic voltammogram for an e ectrodeposited iridium oxide film (ITO coated
glass plate) exposed to 0.1 M potassium phasphate buffer solution, pH 7.3. Potentia scan rate:
0.1mvs™
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Figure4.3. Cyclic voltammogram of the iridium oxide film in 0.3 M Na,CO; background
electrolyte, pH 10.7. Potential scanrate: 1 mV s

It changes colour from transparent when reduced to dark blue/black upon electrolytic
oxidation, and this characteristic response was also observed. Typical cyclic
voltammograms are shown in Figure 4.2 for 0.1 M potassium phosphate buffer (pH 7.3)
and Figure 4.3 for 0.3 M N&COj3 background eectrolyte (pH 10.7).
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4.5.1 X-ray Photoelectron Spectroscopy

Raw X-ray photoelectron spectra for Ir 4dsp,, C 1s, Ir 4dsp, 4ds2 and O 1s lines of the
iridium oxide modified electrode are shown in Figures 4.4 and 4.5. The electrode was
removed from the background electrolyte a potentials corresponding to different
oxidation states, as indicated by the value of the emersion potentials adjacent to each
spectrum in Figures 4.4 and 4.5.
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Figure4.4. Ir 4ds, and C 1s XPS dectron lines as a function of emersion potential.
Potentids describing each spectrum refer to the potential of the electrode at which the cyclic
voltammetric scan was stopped, and sample removed from the solution. Spectra are not
calibrated for energy shift, but the shift of the iridium line is evident in comparison with
constant energy carbon lines. Arrows show probable contributions of different carbon types
present in the sample. Background e ectrolyte: 0.3 M Na,CO;, reference e ectrode: SCE.

Plotted spectra were not energy calibrated, so the XPS lines visible on the plot can be
affected by charging effect manifesting as shift in the absolute binding energy value or
line shape. On the other hand relative XPS electron line distances would not be affected
by this phenomenon, and allow one to recognise factua changes — in this case caused
by redox processes — in the probed sample. Relative energies for the photoelectron lines
for the elements present in samples discussed in this chapter are listed in Table 4.2.
Distances between binding energies [O 1s—Ir 4fs;] and [Na 1s—Ir 4fs;] decrease as

the film is oxidized. This is due to increasing binding energy of Ir 4f line. Binding
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energies of the oxygen and sodium do not change, although the first one can be affected
by the intake of OH™ and COs™ anions as the electrode is progressively oxidized. In the
same table the ratio of peak areas [Ir 4f7, / O 19| is shown and is used to yield useful
information about the structure of the film (i.e. iridium oxide vs. iridium hydroxide) and
related to changes species movement. Unfortunately no potential related changes can be
observed, and this may be the result of a generally oxygen rich environment and/or the

surface being affected by the contact with the air.

Relative binding energy differences

sample O 1s-r 4fsp, Na 1s-Ir 4fsp, It 4f7, /O 1sratio
IrCly 468.1 — —

iridium oxide film

-0.75V 466.5 773.8 9.1

-0.50V 466.2 773.3 105

-0.35V 466.6 7737 114

-0.25V 466.2 773.1 12.2

0.00V 466.0 773.0 104

+0.25V 465.9 7729 11.1

+0.45V 465.8 7727 105

Table4.2. Relative binding energy difference between XPS lines: [O 1s—Ir 4fs;,] and [Na
1s—Ir 4fg,] as afunction of eectrode potential (V) vs. SCE. The energy difference decrease
with increasing oxidation state of the film. The last column shows the ratio of Ir 4f;, XPS peak
areato O 1s XPS peak area.

Arrows in Figure 4.4 show possible contributions of several of carbon C 1s XPS lines.
According to database information, binding energies for the species present in the
sample discussed here may be very different from 284 eV for graphite or hydrocarbons
(this value is often used for energy calibration). For example: 291.9 eV for CO, or
289.5 eV for N&COs. The last one is very likely to have significant contribution asiit is

the background electrolyte solution.

The same discussion applies to the oxygen O 1s line presented in the Figure 4.5.
Contributions of different ratios of oxygen species such as H,O, OH", NaCOs, 11Oy,
Ir(OH)3 influence the shape of the line. Once more this is contrasted with the behaviour
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of iridium Ir 4f shown on the left side of the figure. There is a high possibility that the
most reduced samples are influenced by contact with the air, despite the fact that
considerable efforts were made to reduce the transfer time from electrolyte to the XPS
vacuum chamber. It has to be noted that XPS is an extremely surface sensitive

technique, and at the same time the outer layer is the most affected by the transfer

process.

Intensity (a.u.)

+ } + +
66 64 62 60 58

Binding energy Binding energy

Figure4.5. Ir 4fs),, 1 4f7) (Ift) and O 1s (right) XPSlines for the sample removed at
potentids: -0.75V, -0.35V and +0.45 V vs. SCE. Background dectrolyte: 0.3 M N&COs.
Significant changein the Ir 4f XPS dectron lineis shown versus rd ativey stable O 1sline.
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Binding energies of the O 1s, Ir 4fsp,, It 4f7,, C 1s and Na 1s XPS electron lines for
different oxidation states of the iridium oxide film and IrCl, standard are listed in the
Table 4.3. Because of the issues with carbon and oxygen lines discussed above, the Na

1sbinding energy was chosen as areference line for energy calibration.

sample O1s Ir 4fsp Ir 4f7p It 4ds2 Cls Na 1s
IrCly 5327 64.6 61.7 2974 283.6 —
iridium oxide

film

-0.75V (vs 5284 619 58.9 294.6 281.7 1068.4
SCE)

-0.50V 5284 622 59.3 295.1 281.7 1068.4
-0.35V 5284 618 58.9 294.5 281.7 1068.2
-0.25V 5282 620 59.2 295.1 281.6 1068.2
0.00 V 5280 620 59.2 295.0 2814 1068.0
+0.25V 5280 622 59.4 295.2 2815 1068.1
+0.45V 528.1 623 59.5 2955 281.6 1068.2

Table4.3. Binding energies (eV) for: Ir 4fgy, Ir 4f7p, Ir 4ds,, O 1s, C 1s and Na 1s XPS
electron lines for e ectrodeposited iridium oxide films.

sample O1s Ir 4fgp Ir 4fp Ir 4ds), C1s Na 1s
IrCly 532.7 64.6 617 2974 283.6 —
iridium oxide

film

-0.75V (s

SCE) 5315 65.0 62.0 297.7 284.8 10715
-0.50V 5315 653 62.4 298.2 284.8 10715
-0.35V 531.7 65.1 62.2 297.8 285.0 10715
-0.25V 5315 653 62.5 298.4 284.9 10715
0.00V 5315 655 62.7 298.5 284.9 10715
+0.25V 5314  65.6 62.8 298.6 284.9 10715
+0.45V 5314  65.6 62.8 298.8 284.9 10715

Table4.4. Binding energies (eV) for: Ir 4fgy, Ir 4f7p, Ir 4ds,, O 1s, C 1s and Na 1s XPS
electron lines for eectrodeposited iridium oxide films. Energy corrected data with reference to
Nalsdectronlinein NaCOs at binding energy 1071.5 V.

132



The fact that Na 1s is so remote from the energies for the rest of the elements may be a
disadvantage. In favour of the choice of this line are the facts, that the electrolyte could
be the only source of Na in the film and the line has a very stable position and
appearance for the whole data set. The value of 1071.50 eV for Na 1sin Na,COs; ** was

chosen as a reference point, and energy corrected data are shown in Table 4.4.

4.5.2 Extended X-ray Absorption Fine Structure

Edge steps of the modified electrode recorded in transmission mode were Aa = In(lo/ly)
~ 0.06 and Aa ~ 0.035 for the electrodes cycled in pH 7.3 and pH 10.7 eectrodes,
respectively. The concentration of the Ir sites of the films was calculated using the raw

edge steps of the transmission spectrum according to the equation:

Da
Drm?]

Tabulated values for the difference in absorption cross-section of Ir were used, where

nt{m 2] =

Ap = 4.0 x 10* barn/atom™ = 4.0 x 10 m?.* Because samples were positioned at an
angle of 45° relatively to the incoming X-ray beam, the resulting nt product was divided
by the angle factor of V2. The number of Ir atoms per square metre calculated was then
multiplied by the charge of one dectron (1.6 x 10 C), yielding the amount of charge
per area unit. Charge inserted into the film during oxidation per area unit was also
determined coulometricaly, as described earlier. Results of these calculations are
summarized in Table 4.1.

Sample Edgestep Aa=In(l¢/l) V2 -nt (Ir m?) nt - (1.6 x 10™° C) (C cm?)
iridium oxide, pH 7.3 0.06 + 0.01 (1.0+0.2) x 10% 0.16

iridium oxide, pH 10.7  0.035 + 0.005 (0.6 £0.1) x 10% 0.06

Sample Chargeinjected (C) Charge (C cm?)

iridium oxide, pH 7.3 1.3x10% 0.15

iridium oxide, pH 10.7 8x 102 0.09

Table4.1. Amount of charge per unit area calculated from XAS data (upper chart). Charge
inserted in the iridium oxide film for the oxidation half-scan. Calculation for samples prepared
for XAS data acquisition. Area of the dectrode: 0.85 cn? (lower chart).
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The ratio of the XAS-derived values to coulometrical datais: 0.16/0.15 = 1.07 for the
iridium oxide film measured in neutral (pH 7.3) electrolyte, and 0.06/0.09 = 0.7 for the
alkalic (pH 10.7) electrolyte. This result shows that the amount of charge per iridium
siteis gpproximately 1.
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Figure 4.6. Raw standard fluorescence spectrum of a freshly e ectrodeposited iridium oxide
film. Freshly e ectrodeposited film at potential +0.8 V vs. Ag/AgCI sat’d KCI.

Figure 4.6. isatypical raw fluorescence EXAFS spectrum of afresh iridium oxide film.
Typical fits to the EXAFS data for airidium(lV) oxide standard and iridium oxide film
modified electrode are shown together with their corresponding Fourier transforms

(radia structure functions) in Figure 4.7.

Normalised Ir Ls-edge XANES of the iridium oxide films for both pH values (i.e. 7.3
and 10.7), and standards are shown in Figures 4.8, 4.9 and 4.10 correspondingly. They
are shown on separate graphs for higher clarity. A change in the edge position is evident
with changing oxidation state of the modified electrode. There is some broadening of
the white line with increasing potential. One of several possible causes for this is the
present of multiple species, which are discussed later. There is also an increase in
intensity with film oxidation; since the intensity is a measure of the number of vacant d-

states, this is consistent with the removal of electronic charge from the Ir sites.
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Figure4.7. k¥ EXAFS spectra with fits (left), and corresponding fitted Fourier transforms
(right) for iridium(1V) oxide powder and e ectrodeposited iridium oxide film (-0.6 V, potassium
phasphate buffer solution).

Progressive edge shifts taking place during the injection of the charge are listed in the
Table 4.7. These data are also shown graphically in Figure 4.11 and 4.13 as a function
of potential and as a function of the fraction of the charge injected into the film. The
calculated amount of charge introduced in the film for each EXAFS data acquisition
point (i.e. “stop” point at cyclic voltammogram) is shownin Table 4.5.

The edge shifts may be used to determine the formal charge of the iridium atom as a
function of electrochemically injected charge. For platinum, the L3 edge shiftsby 0.7 eV
per formal charge for octahedral Pt—O bonding.*® Using this as a calibration for the
iridium edge shift, and noting that measured edge shifts are linear with injected charge,
the data indicate a change in Ir mean formal charge from 3.3+ to 4.3+ in pH 7.3
electrolyte and from 3.6+ to 4.8+ in pH 10.7 electrolyte. The change of about one
electron in each case is in good agreement with the spectroelectrochemically determined

charge change per atom (ca. 0.9).
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Figure4.8. Normalised Ir Ls-edge XANES of iridium(l1V) oxide and iridium oxide film at
varying charge states (0.1 M potassium phosphate buffer solution, pH 7.3).
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Figure4.9. Normalised Ir Lz-edge XANES of iridium oxide film at varying charge states
(0.3 M N&CQO;, pH 10.7).
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Figure4.10. Normalised XANES of iridium(l11) chloride and iridium(IV) chloride 50 mM
aqueous solutions and iridium(1V) oxide powder.

Edge positions were measured at the maximum value of the white line, and edge shifts

were calculated as the difference between sample and 11O, standard edge positions.

In addition - apart from the white line positions - interatomic distances R1 for the first
Ir—O shell around the central iridium atom, derived from the fits to EXAFS spectra,
were plotted in functions of potential and of the injected charge. These display the
movement of the first shell atoms as the Ir valency changes. For the most reduced film,
at apotential -0.6 V, the first Ir—O shell distance isat 2.05 + 0.01 A, and it shortens to
1.95. Similar shortening of the bonds is observed for the second Ir—Ir and third Ir—Ir
coordination shells. The error was only noted if it exceeded the value of 0.01 A,
therefore for the first and second shell practically no errors are listed. Only for the
furthest fitted third Ir—Ir shell do errors become significant. This effect is not
unexpected, as the distance of the lagt fitted shell is getting close to the limit of EXAFS
capability (usually regarded as ca. 5 A for well ordered or crystalline materials). The
fact the film on the electrode is electrodeposited — and for that reason naturally has a
relatively high disorder — additionally limits the effectiveness of the EXAFS fit. Debye-

Waller factors were plotted only as a function of increasing electrode potential. The
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results are shown in Figure 4.11 and Figure 4.13 for electrodes measured in neutral and
alkali background electrolytes, respectively. Relevant dataare listed in Table 4.6.
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Figure4.11. Interatomic distance R1 and white line position for the first shell around iridium
atlom (Ir—O) in the dectrodeposited film versus potential. Data acquired in situ in the
spectrod ectrochemical cell. (m — 0.1 M potassium phosphate buffer solution, pH 7.3; o — 0.3

M Na,COs, pH 10.7).
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Figure4.12. Debye-Waller factor o1° for the first shell around iridium atom (Ir—O) in the
electrodeposited film versus potentid. Data acquired in situ in the spectrodectrochemical
EXAFS cdl. (m — 0.1 M potassium phaosphate buffer solution, pH 7.3; o — 0.3 M N&CO;, pH
10.7).

0.1 M potassium phosphate buffer solution (pH 7.3)

potential (V) charge (C) charge (%)
-0.6 0 0

+0.1 8.71x10° 7

+0.4 5.06 x 10 39

+0.6 9.18 x 10 70

+0.8 1.3x10™ 100

0.3 M Na,COj3 background electrolyte (pH 10.7)

-0.6 0 0
+0.3 3.68 x 107 46
+0.7 7.96 x 107 100

Table4.5. Amount of charge injected to the iridium oxide film for each EXAFS data
acquisition point a cyclic voltammogram. Charge calculated from cyclic voltammograms
obtained directly in the hutch. Charge calculated for the whole area of the anodic peak was
defined as 100 %. Area of the dectrode: 0.85 cn’.
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Figure4.13. Interatomic distance R1 and white line position for the first Ir—O shell around
Ir in an dectrodeposited film versus per cent of charge injected. Data acquired in situ in the
spectrod ectrochemical cell. (m — 0.1 M potassium phosphate buffer solution, pH 7.3; o — 0.3
M Na,COs3, pH 10.7)
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Sample Element R (A) N 6 (10 A% FI AE,

IrO; o 198+0.01 6 30+ 15 18.1 -1.0

(standard) Ir 3.13 2 305

Kmax=15 Ir 381+£0.02 8 50+ 5

iridium oxide O 197 6+04 60+ 10 4.9 -0.4

film* Ir 3.06 2 70+ 10
Ir 3.78 8 200+ 50

electrode (pH 7.3)

-0.6V O 2.05 6.1+05 405 8.2 -2.6
Ir 3.14 2 60+ 10
Ir 455+14 8 1200+5000

+0.1V O 2.04 58+04 40+5 5.2 -2.7
Ir 3.12 2 70+ 10
Ir 3.90+0.09 8 300+ 150

+0.4V O 2.00 6.4+05 70+10 6.7 -21
Ir 311 2 85+ 15
Ir 3.82+005 8 210+ 60

+0.6 V O 1.96 6.4+05 65+5 7.2 -0.2
Ir 3.06 2 80+ 10
Ir 3.73+0.02 8 120+ 30

+0.8V O 195 59+04 35+5 4.5 -14
Ir 3.04 2 40+5
Ir 3.79+004 8 200+ 60

electrode (pH

10.7)

-0.6V O 2.06 58+05 40+5 4.3 -2.5
Ir 3.15+001 2 70+ 10
Ir 3.99+004 8 190 + 60

+0.3V O 1.98 59+04 755 4.8 -1.2
Ir 3.07+001 2 75+ 10
Ir 3.80+005 8 210+ 65

+0.7V O 195 6.1+04 40+5 4.2 24
Ir 3.05 2 60+ 5
Ir 3.76+004 8 165+ 45

Table4.6. Structural parameters for first (Ir—0O), second (Ir—Ir) and third (Ir—Ir)

coordination shells derived from fits to Ls-edge fluorescence EXAFS spectra for standards and
iridium oxide modified electrode *Freshly dectrodeposited film in the spectroel ectrochemical
cdl. Uncertainties in distances +0.02 A unless otherwise stated. Bold coordination numbers

signify fixed (i.e. not fitted) numbers. FI —fit index (%), AE, (= 5 €V).
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Sample White line shift (relativeto Ir O, standard) (eV)

electrode (pH 7.3)

-0.6V -1.2
+0.1V -05
+04V -0.2
+0.6 V +0.3
+0.8V +0.6
electrode (pH 10.7)

-06V -15
+0.3V +0.1
+0.7V +0.9

Table4.7. White line shift as a function of the sample oxidation state. Change relative to
the white line of 1rO, powder. Information derived from Ir Ls-edge XANES Electrochemical
measurements and EXAFS fluorescence fits for iridium oxide films and iridium(lVV) oxide
standard. Electrode: Ag/AgCI sat’d KCI.

4.6 Discussion

Cyclic voltammograms display two well defined peaksin the range-0.6 V to + 0.8 V vs.
Ag/AQCI for iridium oxide films exposed to both akaline and neutral background
electrolytes. One hypothesis is that these could be assigned to two one-electron
processes: Ir**==Ir*" for the first peak, and Ir**==Ir"" for the second pesk of the
voltammogram. Figure 4.14 shows plots of Ir 4fs,, 4f7, and 4ds, XPS line binding
energies as a function of charge injected into the film. It might be that the data is
affected by the handling procedure - the surface of the sample can be oxidized upon
contact with the air during transfer from electrochemica cell to the XPS machine
vacuum chamber. The most reduced samples are the most prone to suffer from the
oxidative environment. In these plots binding energies change by +0.8 (= 1) eV, +0.6 (£
1) eV and +1.1 (+ 1) eV respectively, between the 0 % and 100 % charge consumption
points. A similar shift in binding energy values for the Ir** and Ir** couple for 4f7, XPS
line is found in the database: +0.8 eV for KalrBrg / K3lrBrg and +1.2 eV for KalrClg /
KslrCle. This energy shift supports the argument for the one-electron total change in the

oxidation state of iridium.
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Figure4.15. (Na 1s—Ir 4fs,) XPS lines relative distances as a function of oxidation of the
electrode. The distance changeis-1.1 €V. Background dectrolyte: 0.3 M Na,COs.

For comparison purposes, asimilar graph is plotted for the energy difference (Na 1s—Ir
4fs) (Figure 4.15.). This data would not be prone to the charging effect or any other
externally introduced perturbation influencing the position of the XPS electron line.
Again, the binding energy change observed here, (-1.1 €V) is in agreement with the
absolute changes in Ir XPS dectron line positions. Differences in binding energies for
the Ir—Na couple shorten as the oxidation of the film increases, because Ir lines move
to higher binding energies as electrons are removed, and Na 1s lines do not shift. This
effect can be also observed in the data listed in Table 4.2: the Ir—O binding energy

difference changes in the similar pattern to Ir—Na.

XANES show a steady shift in the position of the white line (Table 4.7) for both pH
values. The position of the white line relative to iridium(lV) oxide powder and as a
function of potential and consumed charge is plotted in Figure 4.11 and 4.13. Numerical
values for al fitting parameters for EXAFS data of the iridium oxide film for three
coordination shells are given in Table 4.6. Severa conclusions can be drawn from these
data The Debye-Waller o factors are fairly high, signalling structural disorder in
electrodeposited, hydrated films. The disorder is noticeably higher for the intermediate
potentials (+0.4 V and +0.6 V) in the neutra solution, and at +0.7 V in the akaline
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solution. The increase of disorder has been observed previoudy for e ectrodeposited™
and anodically oxidized samples,*® but not for sputtered films.® Debye-Waller factors
for the third Ir—Ir shell at the distance of circa 3.8 A arein general much higher, and no
change can be observed during the redox process. It is understandable for an
intrinsically not very highly ordered material — and for distances close to the limit of
EXAFS capabilities — the change of oxidation state of the central iridium site will be
very hard to detect in such a distant coordination shell. Regardless of this fact,
shrinkage of this furthest fitted shell is observed with increasing oxidation of the film.

Films emersed at potentials between +0.4 V and +0.6 V in neutrd and a +0.7 V in
alkaline electrolyte yield the most smilar interatomic distances to the iridium(1V) oxide
powder standard and information based on X-ray diffraction obtained from the database.
According to the database, the first shell Ir—O average distance is 1.98 A. It is an
average of the distorted octahedron, with four Ir—O bonds at 1.995 A and two Ir—O
bonds at 1.959 A. It can be seen that EXAFS analysis for the powder IrO, sample gave
excellent agreement with the X-ray diffraction data.

Results of spectroelectrochemical observations are shown in Table 4.1. The number of
Ir sites was determined from edge steps of transmission data. The resulting values were
multiplied by the charge of one electron. This is the quantity of charge that would be
injected into the electroactive film if the process taking place on the electrode is a one-
electron process. For the caculation of the actual amount of charge the coulometric data
was used. The ratio of the XAS-obtained value to coulometrical data is: 0.16/0.15 =
1.07 for the iridium oxide film measured in neutra (pH 7.3) electrolyte, and 0.06/0.09 =
0.7 for the iridium oxide measured in akalic (pH 10.7) electrolyte. This result shows
clearly that the amount of charge per one iridium site present in the film is
approximately 1 electron. XANES and XPS data show that the forma charges on the
reduced and oxidized Ir sites are symmetrically placed to either side of that in bulk IrO;
since the latter contains Ir in aformal 4+ state, this indicates interchange of states with
spatialy averaged formal Ir charges of ca 3.5+ and 4.5+ in the films.
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4.7 Conclusions

The most obvious characteristic of the voltammetric responses of the iridium oxide
modified electrodes is the presence of two peaks: the question then is whether thisis a
consequence of two sequential one-electron redox processes (for example, Ir¥* — Ir**
— 1r*") or of one-electron redox processes at two chemically distinct types of site (for
example in terms of protonation and/or hydration). Careful attention to film deposition
and handling ensured that this effect was not a feature of sample variation, which is a
widely recognized feature of this system. The conclusion is that the two peaks visible in
the cyclic voltammogram are both associated with a change of iridium oxidation state of
ca. 3.5+ t0 4.5+ (based — as discussed earlier - on the white line position relative to IrO,
standard), but in two different —O and —OH coordination environments. Depending on
the composition (protonation) of the film, the relative magnitudes and degree of
separation of the peaks can differ: in principle, one may observe the two extreme cases
of a single broad peak or (as found here) two well separated peaks each representing a
one-electron process.

A further argument supporting the change in the oxidation state from iridium 3.5+ to
iridium 4.5+ is the characteristic behaviour of the Debye-Waller factors. In the “two-
electron per iridium site” model there would be no necessary significant increase of the
internal disorder, so the Debye-Waller factor would not show a maximum as the
potential was varied. The increase of the value of Debye-Waller factor at intermediate
potentials (a maximum was observed at ca. +0.4 V) isa sgna of an increase of disorder
in the structure of the electroactive film. This disorder is an effect of iridium oxidation
taking place in different coordination environments (i.e. —O and —-OH) with
consequently different switching potentials. At the mid-potential of +0.4 V, when two
Ir—O distances are present, the value of the Debye-Waller factor reaches its maximum
value. These two relatively similar distances present a intermediate potentials are not
resolved by fitting the EXAFS data, but their existence is clearly signaled in the
behaviour of the Debye-Waller factor.
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Additionally, coulometric data support the “one-electron per Ir site’ model
accompanied by an optical change from dark to transparent. First, the XAS intensity
data allow one to assay the population of iridium atoms; this estimate is independent of
the morphology, structure and density of the film. Second, the integrated voltammetric
response yields the charge, which in turn (via the Faraday congtant) yields the change in
population of electrons in the film. The quotient of these two numbers yields a value of
approximately unity for the number of electrons transferred per iridium site.
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CHAPTER YV

PHOSPHOMOLYBDATE KEGGIN ANION
(PM01,040)° / POLYPYRROLE
HYBRID MODIFIED ELECTRODE

5.1 Introduction

The term polyoxometallate (POM) is applied to a very large group of typically anionic
clusters composed of close packed frameworks of transition metal oxyanions,
interconnected by shared oxide anions and surrounding a central atom (main group
element as B, Ge, Si, P). Transition metals forming metal-oxygen frameworks are
usually from group 5 and group 6 of the periodic table and in high oxidation states (d°
and d* configurations, e.g. Mo(V1), W(V1), V(V)). The specia feature of POMs is the
high number of central atoms. The most frequent metal coordination is octahedral but
tetrahedrons, sguare pyramids and pentagonal bipyramides are other common
environments. The polyhedra are frequently fused, sharing vertices, edges or having
common faces, and different oxide sharing arrangements can be present in the same
compound.® The first account of polyoxometallates appeared in 1826.% It was a report
by the Swedish chemist J. J. Berzelius, who described a yellow precipitate produced

upon addition of an excess of ammonium molybdate to phosphoric acid. Today it is
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known as (NHa)s[ PM01,040] with so-called 12:1 composition, but it took 38 years until
the analytical composition of this class of heteropoly species was precisely determined.?
It took a lot of time and study before the crystal structure of the compound was finally
solved by Keggin in 1933, and is generally known as the Keggin structure. In the
period following this discovery other fundamental structureswere described (e.g. Wells-
Dawson or Lindqvist ion). From that time hundreds of POMs has been reported,? and
the introduction of techniques such as single crystal X-ray diffraction alowed

researchers to solve avast number of structures.

POMs are a class of inorganic compounds with a wide diversity of sizes, structures and
elemental compositions leading to a range of interesting properties. Therefore they find
diverse applications, with many reported potential applications:* analytical chemistry,>®
catalysis,"® biology™*** and medicine,* geochemistry,™® materials science™ or topology.
Some POMs with transition metal atoms have unusual magnetic properties with
possible application in computer nano storage devices.™>™ “Green” applications have

" or a non-chlorine wood pulp bleaching.™®

been reported as water decontamination
Nanoporous polyoxomolybdate based capsules were reported to be introduced into the
vesicles and chemistry was done inside the pores and cavities.? Examples of POMs are

shownin Figure 5.2.

Sometimes a heteropolyanion (HPA) is distinguished as a category of POMs.
Heteropolyanions are described as those polyanions and their derivatives made of a
congregation of fused MOg octahedra enfolding a tetrahedron containing a main group

element or (less often) a transition metal .

Heteropolyanions studied in this thesis belong to the family of Keggin anions, one of
the most commonly studied classes of HPAs. Their general formulais[XM 12040]™", X =
P, M = Mo and the value of n reflects the oxidation state of metal atoms. The schematic
structure of a Keggin ion is shown in Figure 5.1.° These ions have attracted

considerable interest for their (electro)catalytic properties (for example nitrite?®?

23,24

or
bromate® reduction, hydrogen peroxide detection, and cation sensing®). The
electronic and (with Fe substitution) magnetic properties of these materials have been
explored theoretically.”® Experimentally, the detailed structure of the polytungstate

[PW12040)* and analogues in which one of the tungsten atoms was removed or replaced
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by iron or ruthenium has been the subject of a recent EXAFS study.?” The spectroscopic
data show that in some cases, although the basic Keggin anion structure is retained, the
finer details of the structure respond both to metal atom substitution and to the
environment in which the ion resides (e.g. solid vs. solution). This raises the question
about the structure and behaviour of the ions when immobilised in the matrix of a
polymer film, such as polypyrrole.?® This kind of a gel-like environment, comprising
characteristics of both a solution and a solid, is attractive for practical

appl ications. 20,21,23-25,29

Figure5.1.  Structure of the Keggin heteropolyanion PM01,04° . It consists of a central
PO, tetrahedron surrounded by 12 MoOs octahedra.™

There are two main methods of preparation of such composite films. The first one is
based on charge-balance entrapment during the process of eectrochemical deposition of
the polymer. Another method is covalent attachment of desired molecules to the
polymer film. The insertion of heteropolyanions significantly improves
electrocatal ytic®*** and catal ytic® properties of the hybrid material because of chemical

interaction with the host material and dispersion of anions.*®

Electronically conducting polymers are extensively conjugated monomer units
possessing a band-like electronic structure. These bands are formed because of splitting
of molecular orbitals as in the band structure model in solid-state semiconductors.
Conjugated polymers are insulators in their neutral state. The band gap is large and the
number of charge carriers is small in ambient conditions. It is generally agreed that the
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main factor influencing conductivity in CP is doping, and the mechanism of
conductivity is based on the motion of charged defects within the conjugated
framework. Upon creation of such defects (chemically or electrochemically) in the
process of oxidation (p-doping) or reduction (n-doping) the increase of conductivity of

CP is possible even of afew orders of magnitude.

Oxidation of the polymer chain generates a radical cation possessing both spin and
charge. This defect, called a polaron, is composed of a hole and accompanying
structural distortion. The cation and the radical form abound species.

Figure5.2. Example structures of polyoxometallates. Left: the Bidefdd “whed” contains
154 Mo atoms — half with polyhedral representation with different building units (Mos blue,
Mo, red, Mo, yellow), and haf in ball and stick representation (Mo blue, O red).>* Right:
reaction scheme of Keggin anions with Fe'"' ions. Fragments of the type { (Mo)Mos} .{ F€&} , are
generated and function as building blocks in the formation of {(Mo)Mos} 1.{ Fe} 3 type cages.
The remaining Keggin anions are encapsulated. The background highlights the host-guest
composite obtained.**®

A par of two close-by polarons may combine to creaste a lower energy electronic
structure, the more stable bipolaron. A polaron and a bipolaron in a polypyrrole (Ppy)
film are shown in Figure 5.3. Migration of these is possible in either direction of the

backbone of the polymer and the number and mobility of charge carriers determine the
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conductivity of the CP. A typical cyclic voltammogram of such an electronically

conducting polymer is a broad non-Nernstian wave.

Figure5.3. Polaron (left) and bipolaron (right) present in pol ypyrrole structure.*®

Electrodes modified with electroactive conducting polymers are of great interest. In the
group of conducting polymers, polypyrroleis one of the most extensively studied. It can
be obtained by anodic oxidation of the monomer in the solution. Because in this manner
it is formed in its oxidized state the anions are trapped into the polymer matrix, this
leads to the formation of an organic-inorganic hybrid material with both components

electroactive.

Upon electrochemical cycling conducting polymer electrodes such as Ppy doped with
simple anions (ClO4, BF4) undergo reversible process of anion deintercalation.® In
contrast to these, the behaviour of phosphomolybdate anion [P(M0sO10)4]* is not
mobile and remains an integrated part of the composite material. This retention of
phosphomolybdate anions is probably due to their large size and high charge®® A
schematic presentation of such composite polypyrrole/[P(MosO10)4]* film is shown in

Figure5.4.
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Figure5.4. Schematic representation of the hybrid material composed of polypyrrole and
the phosphomol ybdate anion; [{ CsHsN} o(PM012040)*].28°

5.2 Objectives

The general objective was determination of the local environments around the
molybdenum atoms in the composite films, as represented by bond lengths and
coordination numbers. Specific issues pursued for the polypyrrole/(PMo12040)> hybrid
film were the variation of metal loca environment (adjustment in anion structure) under
systematically varied redox state conditions (i.e. film charge state) and how the charge
is distributed between the metal atoms. The multi-atom nature of the Keggin ions results
in arich eectrochemical response with multiple redox processes readily observable, but
the distributions of electrons undefined.

The overall aim of following the dynamics of structural changes accompanying redox
state changes in electroactive films can be achieved only with high quality signal-to-
noise EXAFS spectra. The challenge was to have enough material exposed to the X-ray
beam, but without the accompanying problems of dow charge transport across athick —
in electrochemical terms — film with slow diffusion-like charge “hopping” between
redox sites. The way to do this was passing the responsibility for charge transport from
the redox sites to a conducting polymer matrix. At the same time the EXAFS signal
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would not be obscured as the “CHN” nature makes it relatively transparent to the X-ray
beam. Hence, dispersing the redox active species in a conducting polymer allows one to
prepare a film of necessary thickness to generate a satisfactory EXAFS signal and till
address the sites e ectrochemically on a conveniently short time scale, yielding well-
defined responses.

The positively charged (p-doped state) polypyrrole film irreversibly encapsulates the

polyoxometallate anion to satisfy electroneutrality,”>*>*

and the redox potentials are
such that all the anion-related changes will take place with the polypyrrole matrix in the
conducting p-doped state. There is a question about the detailed structure of the ions
when immobilized within a polymer film such a polypyrrole,®® Figure 5.4. Such a gel-
like environment is very attractive for practical applications®®?*%*% and combines
characteristics of both a solution and a solid. Earlier studies provided i—E curves, but

did not provide any structural insight into the underlying molecular functionality.

5.3 Experimental

5.3.1 Experimental Measurements

The polypyrrole/phosphomolybdate anion (Ppy/[P(M03s010)4]*)  organic-inorganic
composite films described in this thesis were prepared e ectrochemically from acidic
solutions, as there are reports on instability and decomposition of this class of

compounds at neutral and akaline pH values.“**

Electrochemical synthesis of the films was carried out a room temperature in quiescent
solutions. Films were deposited by multiple cycling using a Pt disc as a working
electrode. At first 0.091 g of phosphomolybdic acid hydrate (Hs[P(M03O1g)4] - XH20,
Riedel-de Haén) was dissolved in 5 ml of 0.5 M sulphuric acid (H2SO,4, 97.5 %+,
Aldrich) and mixed with a solution of 70 x| of pyrrole (C4sHsN, 98 % Aldrich) in 5 ml of
0.5 M sulphuric acid. Deionised water was used to prepare solutions. The mixture turns
amost instantly from yellowish to dark blue due to the partia oxidation of pyrrole by
the phosphomolybdate.® The complete oxidative polymerization was carried out by
repeated cyclic potential scans, typically from +0.5V to +0.8 V at ascanrateof 2 mV s
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! A SCE reference electrode was used for electrochemical characterization and XPS
experiments and an Ag/AgCI sat'd KCl electrode was used as reference electrode for
samples for EXAFS experiments. A Pt mesh was used as a counter electrode.

The thickness of the film was controlled by the number of voltammetric scans and scan
rate, and films of a thickness of a few hundreds of microns can be easly
electrodeposited. After the deposition, films were rinsed with 0.5 M sulphuric acid and
transferred into the 0.5 M sulphuric acid background electrolyte for the cyclic
voltammetry. Hs[P(M03zO10)4]-xH2O was diluted in order to avoid direct chemical

polymerization.**

5.3.2 X-ray Photoelectron Spectroscopy

For al XPS experiments Ppy/[P(M03Oy0)4]* films were prepared at University of
Leicester as described in the introduction to this chapter. Samples were prepared 1-2
days in advance and transported in sealed containers to the NCESS facility at Daresbury
Laboratory. They were cycled in 0.5 M H,SO. background electrolyte prior to the XPS
measurement in the following pattern: each film was cycled 3 timesa 1 mV s* scan
rate. The working modified electrode was then kept at a selected potential for circa 30
minutes. In the next step the electrode was disconnected and rinsed thoroughly with
deionised water and purged with Ny, dried (high pressure inert gas spray-dry) and
placed in the vacuum chamber asfast as possible to minimise contact with the oxidative
environment of air. SCE was used as a reference eectrode, Pt mesh as a counter
electrode, and Pt discs (Goodfellow) as working electrodes. The CasaXPS program
available on site was used for XPS data anadysis. All described procedures were carried

out at room temperature.

5.3.3 Extended X-ray Absorption Fine Structure Measurements

EXAFS experiments on Ppy/[P(M0sOw0)4]* films were carried out in situ in
fluorescence and transmission modes a station 16.5 at Daresbury Laboratory. The
electrode was placed at an angle of 45° with respect to the fluorescence detector. Station
16.5 is equipped with a 30-element Ge solid-state detector with high count-rate
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electronics of 200 kHz per channel, pre-mirror providing collimation and double crystal
monochromator with sagittal focus up to 27 keV. Spectra were measured at the Mo K-
edge at 20,000 eV. A purpose-built in Situ spectroelectrochemical EXAFS cell utilised
in this experiment was described in Chapter 11. EXAFS spectra were measured for
Keggin anion in polypyrrole matrix modified electrodes and a set of reference Mo
standards: molybdenum foil, molybdenum(V1) tetrachloride oxide (MoOCl4, Aldrich)
and molybdenum(V) chloride (MoCls, Aldrich) as 25 mM agueous solutions and
molybdenum(IV) oxide (M0oO,, 99%, Aldrich) as a fine powder distributed evenly on
self-adhesive tape. For EXAFS experiments 0.75 um Pt foil supported by permanent
polyester (Goodfellow) working electrodes were used to enable data acquisition in

fluorescence and transmission modes.

The summary of methods and potentials used is presented in Table 5.1.

Method Potential (V)

EXAFS Mo K-edge -0.3,+0.2, +0.3, +0.5

XPS Mo 3d -0.2,-0.1, +0.1, +0.3, +0.5
Mo 3p

Tableb.1. Summary of potentials at which data were collected for EXAFS and XPS
experiments for polypyrrole/phosphomol ybdate anion (Ppy/[P(M0sO10)4]*) hybrid film
modified e ectrode. Potential vs. Ag/AgCI sat’d KCl (EXAFS) and vs. SCE (XPS).

In order to investigate any instability of the phosphomolybdic anion in non-acidic
solutions XANES of the 25 mM solutions of acid hydrate (H3[P(M03O10)4] - XH20) in
0.3 M sodium carbonate (Na,COs, BDH), deionised water and 0.5 M sulphuric acid was
acquired.

5.4 Data Analysis

EXAFS spectra were summed, calibrated and background subtracted using the standard
Daresbury programs EXCALIB and EXBACK. Resulting data were fitted using
EXCURV98. All these procedures were described in previous chapters. Spectra were
fitted out to an electron wave vector k = 12 A™. An amplitude factor AFAC of the value
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of 0.9 was used. This factor is related to the proportion of electrons which undergo
EXAFS type scattering on absorption. In EXCURV98 it should normally be left at 1.0,
unless one believes the spectrum suffers from an amplitude damping effect.”” The
coordination numbers for data fitting were set as integer values to obtain the best fits.
Five shell contributions can be seen in the Fourier transforms of the data and the fit
indices show that all of them are contributing to the spectra. The final values obtained
from the data fitting were interatomic distances for the first five coordination spheres
(i.e. first three Mo—O and two more distant Mo—M o shells) and Debye-Waller factors.
Edge positions and edge shifts were obtained from XANES data analysis. The numbers
of molybdenum sites in the electroactive films and in reference solutions were
calculated from the XAS data according to the procedure described in Chapter 11.

Literature values of the position of spectral lines were taken from http://srdata.nist.gov/

website database and Handbook of X-ray Photoelectron Spectroscopy® if not stated
otherwise. XPS data was fitted using the program Unifit.

5.5 Results and Discussion

5.5.1 Cyclic Voltammetry

Electrodeposition of the polypyrrole/phosphomolybdate anion (Ppy/[P(M03010)4]%)
hybrid film onto the polyester supported platinum electrode is shown at Figure 5.5. The
film was deposited in 10 cyclic voltammetric scans at potentials in the range from +0.5
V to +0.8 V vs. Ag/AQCI (sat’d KCI) at ascan rate of 10 mV s™. Lower potentials were
avoided during the deposition to retain as much phosphomolybdate as possible and
avoid their expulsion from the reduced polypyrrole matrix. The current increases in a
regular manner with each deposition scan, signifying accommodation of the film on the

electrode surface.
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Figure5.5. Electrodeposition of pol ypyrrol & phosphomol ybdate anion (Ppy/[P(M03O10)]*)
hybrid film on the Pt foil supported by permanent polyester dectrode; 10 cycles were used at
the potentias in the range from +0.5 V to +0.8 V vs. Ag/AgCl (sat’d KCl). Scan rate: 10 mV s™.

A typical cyclic voltammogram of the hybrid material Ppy/[P(M03sO10)4]*> modified
electrode is presented in the Figure 5.6. The background electrolyte was 0.5 M H,SO,.
There are three peaks visible in the CV, at -0.06 V, +0.19 V and +0.34 V vs. AQ/AgCI
(sat’d KCI) reference electrode. These reduction and oxidation peaks correspond to
redox processes in the P(M03010)4 anion through two-, four- and six-electron processes,
respectively.?* The cyclic voltammetric response of [P(M03O10)4]* is obscured by the
broad current response of the polypyrrole matrix.
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Figure5.6. Top: typical cyclic voltammogram of Pt foil eectrode modified with
Polypyrrol & phosphomol ybdate anion (Ppy/[P(M 03010)4]*) hybrid film. CV's were acquired for
the freshly deposited film (—x—) and for the film after the EXAFS experiment (—). In this
case EXAFS was measured for the film kept a +0.17 V vs. Ag/AgCI sat’'d KCl dectrode.
EXAFS data acquisition time: circa 6 hours. Scan rate 2 mV s*. Bottom: CV of a thin hybrid
film deposited on the Pt disc dectrode, 100 mV s, All CVs were measured in 0.5 M H,SO,
background d ectrolyte.

The bottom CV in Figure 5.6 shows the response of a relatively thin composite film
acquired in a standard electrochemical cell. The peaks are better defined than for the
thick film displayed in the upper graph. For the film in the upper graph the CV was
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done in the EXAFS electrochemical cell whose geometry is optimal for the EXAFS

(rather than el ectrochemical) experiment.

There are two overlying scans shown in the top picturein Figure 5.6: CV of the freshly
electrodeposited film and CV of the film after EXAFS data acquisition of about 6 hours.
It is significant that there is no decay or any change in the signal which could be
evidence of change of the structure or properties of the materia. After an extended
period of time in the background electrolyte the signal appears to be sharper and the
peaks are better defined. These effects could be due to two factors. First the freshly
deposited film may be thicker than the film kept for along time in the solution and in
the X-ray beam. Secondly it is possble that the polymer matrix “opens’ over atime and
the access to electroactive molybdenum sites is better, hence the voltammogram peaks

are sharper but of the same magnitude.

5.5.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectra of Ppy/[P(M03sO10)4]> composite modified electrodes were
acquired for following elements: Mo 3d, Mo 3p, O 1s, C 1s, N 1s, P 2p, S2p, Pt 4f. A

wide-range survey scan for a composite film is shown in Figure 5.7.

8

g8
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Figure5.7. XPS widerange survey scan acquired for freshly dectrodeposited
Ppy/[P(M0;010)4]*> composite film. Binding energy (eV) increases from right to left side of the
graph. Paositions of the XPS lines of the main eements present in the sample are shown in the
graph.
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As an example, for the modified composite Ppy/[P(M03010)s]* electrode emersed from
the background electrolyte at a potential of -0.2 V vs. SCE three XPS lines are shown
(Mo 3p, Clsand O 1s) in Figures 5.8 - 5.10, and discussed below.

Two XPS lines, namely Mo 3pz» and N 1s are merged. Therefore in the deconvoluted
envelope of Figure 5.8 a several components can be identified. Apart from Mo 3pz.
contribution a 396.7 eV (Mo>*) and 398.1 eV (Mo®") to the XPS line in the range of
390 - 400 eV, neutral N belonging to the pyrrole ring (—NH—) is visible at 400.0
eV. 9% pogitively charged (doped) N in the form of polaron (—NH**—) and

bipolaron (=N*—) are present at 401.3 eV and 402.5 eV respectively.

Mo 3pas f\
M ls

v J kCounts

Inten s,
B, S
o

e T

4080 4054 4028 4003 3377 3851 3026 3600

Binding Energy / eV

Figure5.8. Mo 3ps, and N 1s deconvoluted XPS photodectron lines for the sample
emersed at —0.2 V vs. SCE. Binding energies are close to each other and spectra merge.
Moreover, there are multiple contributions to each line: M o°" at 396.7 eV, Mo®* a 398.1 eV and
toN 1slineat 400.1 eV (—NH— in polypyrrolering), 401.1 eV (—NH*" in polaron) and 402.5
eV (=N"in bipolaron).
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Figure5.9. C 1s deconvoluted XPS photoelectron line for the sample emersed at
—0.2 V vs. SCE. The main contribution at BE of 285.2 eV belongto C—C and C=C in
Ppy ring. Line a 286.4 eV can belong to C—OH, C=N or C—NH"" or a mix of both,
288.2 eV is due to C=0 or/and —C=N" (bipolaron) and feature at 291.5 eV to n—n
satellite in aromatic polypyrrole. Line at BE of 284.1 eV can be Mo—C interaction but
more probably it is C in Ppy matrix.

Figure 5.9 shows an example of the deconvoluted C 1s XPS photoelectron line. This
line was fitted with five contributions. The main carbon contribution here at a binding
energy of 285.2 eV isC—C and C=C in polypyrrole. Other possible contributionsto the
carbon photoelectron line are at 286.4 eV which can be attributed to C—OH, C=N or
C—NH"*" or amixture of them. The peak a abinding energy of 288.2 eV is assigned to
C=0 or/fand —C=N" and small feature at 291.5 eV to a n—n sadlite in aromatic
polypyrrole. The XPS line at a binding energy of 284.1 eV suggests Mo—C interaction,

but it could also be carbon in polypyrrole matrix.

As shown in Figure 5.10, three peaks comprise for the O 1s line. They are most
probably evidence of O—Mo—O at a binding energy of 530.8 eV and of Mo—OH at a
binding energy of 531.8 €V. The line a a binding energy of 533.2 €V corresponds to

oxygen in the molecular water of solvation present in the film.
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Figure5.10. O 1sdeconvoluted XPS photoelectron line. Electrode emersed at —0.2 V
vs. SCE. Peak at a BE of 530.8 eV and 531.8 eV belong to O—Mo—O and Mo—OH,
respectively. The line at a BE at 533.2 €V corresponds to oxygen in H>O bound in the
film.

As the electrode modified with the Ppy/[P(M03O10)s]*> composite is redox cycled, the
site changing oxidation state is molybdenum. Figure 5.11 (8)-(e) shows Mo ds, and Mo
ds» XPS lines at a function of potential. The distance between the two maxima for the
ds, and dsj, features is relatively small, circa 3 eV. Therefore not only Mo>" and Mo®*
lines merge but aso both lines belonging to the doublet. It can be seen in the plots that
with the gradually increasing potential from —0.2 V to +0.5 V the peak belonging to

Mo”" becomes less significant.

The oxidative influence of air during the transport of the sample from the
electrochemical cell to the vacuum chamber should not be too significant, as the Mo
HPAs are entrapped in the polymer matrix, but for some reason there is surprisingly
high amount of Mo®" at the most reductive potential of 0.2 V.
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Figure5.11. Mo 3ds, and Mo 3ds, XPS dectron line in Ppy/[P(M05040),]*> composite film
at different oxidation states: -0.2 V (a), -0.1 (b), +0.1 (c), +0.3 (d) and +0.5 (€) vs. SCE. The
cyclic voltammogram illustrates points/potentials at which the e ectrode was emersed from the
0.5 M H,SO, background e ectrolyte.

Some groups report reduction of Mo® to Mo®" in SiM0,040*/polypyrrole composite

under the X-ray beam.’®* Other research groups observed also that when the redox
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reaction was carried out in air the reduced [P(M03O10)4]*> anion was easily reoxidized

by molecular oxygen.®*’

5.5.3 X-ray Absorption Fine Structure Measurements

EXAFS experiments of Ppy/[P(M0sO10)s]*> composite film modified electrodes were
carried out in Stu at station 16.5 at SRS at Daresbury Laboratory in fluorescence and
transmission mode detection. Spectrawere measured at the Mo K-edge at 20,000 eV.

K EXAFS (K)

2 4 6 8 10
Wave vector (A)
161 Experiment b
=  Theory

o+

(o] 2 10

Racial distance @A
Figure5.12. Measured in situ k® weighted EXAFS spectrum with fit (a) and corresponding
fitted Fourier transforms (b) for Ppy/[P(M0sOu)s]*> hybrid film modified eectrode at the
potentia of -0.3 V vs. Ag/AgCI sat’d KCI. Background eectrolyte 0.5 M H,SO,. Experimental
data (——) and theoretical EXCURV 98 data fit (*).
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A purpose-built in situ spectroelectrochemical EXAFS cell utilised in this experiment
was described in Chapter 1. Typical K weighted fits to the EXAFS data for
Ppy/[P(Mo3010)4]3' hybrid film modified electrode are shown together with their
corresponding Fourier transform in Figure 5.12. In the Fourier transform there are
clearly visible 5 coordination shells. These was evidence and starting point for fitting
Mo K-edge EXAFS data for five shells at distances of about 1.5 A, 1.9 A,28 A, 34 A
and 3.8 A, i.e. at distances where peaksin FT are present.

Normalised Mo K-edge XANES of the Ppy/[P(M03O10)4]* composite film modified
electrode acquired in situ at four potentials (-0.3 V, +0.2 V, +0.3 V and +0.5 V vs.
Ag/AQCI sat’'d KCI) are presented in Figure 5.13 (for higher clarity no data for
standards are plotted in this graph). Each of the spectra shows a broad peak (white line)
but absorption edges for al samples are identical and there are no visible changes in the

edge position or in the white line shapes.

In Figure 5.14 for comparison purpose XANES of Ppy/[P(M03O10)s]* composite film
modified electrode together with XANES of standards are shown. Standards include
molybdenum at three different oxidation states: Mo>* in MoCls and Hs[P(M03010)4],
Mo® in MoOCl, aqueous solutions and Mo*" in MoO; as a fine powder attached to self-
adhesive tape. Very clearly white line position and shape are different for different Mo

oxidation states in standard samples, but not for the ME at different potentials.

In the last graph showing XANES, Figure 5.15, there are three data sets for
Hs[P(M03O10)4] in solutions of different pH: alkaline solution (0.3 M NaCOs, pH
10.7), acidic solution (0.5 M H,SO,) and distilled water solution (unbuffered, pH 7).
These data were measured, because some authors claim that molybdenum Keggin ions
are only gtable in acidic environment, and undergo decomposition in alkaline or neutral
pH solutions. In XANES data presented here no apparent change were observed for any

of the solutions.
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Figure5.13. Normalised Mo K-edge X ANES of Ppy/[P(M0sO10)s]*> composite film modified
electrode acquired in situ at -0.3V, +0.2 V, +0.3V and +0.5 V (vs. AQ/AgCI sat’d KCI) redox

states. Background dectrolyte: 0.5 M H,SO,.
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Figure5.14. Normalised Mo K-edge XANES of standards (MoCls, MoOCIl, 25 mM agueous
solutions, Ha[P(M03040)4] 50 mM agueous solution and MoO, fine powder on sdf-adhesive
tape) and Ppy/[P(M0;040)4]* composite film modified dectrode acquired in situ a varying
redox states. Background eectrolyte: 0.5 M H,SO..
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Figure5.15. Normalised XANES acquired for Mo K-edge in solutions of H3[P(M03010)4]
with 3 different values of pH: acidic (0.5 M H,SO,), akdine (0.3 M NaCOs) and neutral
(deionised water). No changein XANES isvisiblefor different pH of the solutions.

Sample Element R (A) N 6’(10%A%  FI (%) AEq(eV)
molybdenum(I'V) oxide, @) 1.73+0.03 1 00+40 8.3 3.8
fine powder 0O 2.00£0.01 5 5045

Mo 2.52+0.01 1 4545

3.70 ;

Mo 4926004 O 4545

Mo 4 100+£50
molybdenum(V1) o) 1.78 35:05 155 8.3 0.7

tetrachloride oxide,
25 mM aqueous solution

molybdenum(V) chloride, QO 1.69 2 100+20 17.8 2.7
25 mM aqueous solution [0) 2.01 3 140+25
Mo 254 2 80+10
Ha[P(M 0s010)d], o) 170:001 1 50+10 172 -4.6
25 mM solutionin 0.5 M 0O 1.94+0.02 4 330+45
H,SO N
2904 o 2.32+0.04 1 110+50
3.44+0.02 9020
Mo 370:002 2 -
Mo 2 85120

Table5.2.  Structura parameters for the nearest coordination shells derived from fits
to Mo K-edge EXAFS spectra for standards: Mo** in MoO, powder, Mo®* in MoCls and
Hs[P(M03010)4] and Mog: in MoOCI,. Data fitted up to the value of kna=12. Bold
coordination numbers N signify fixed values for datafitting. FI —fit index, AEo £5 V.
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Sample Element R (A) N o’ (10 A% FI (%) AEq(eV)
Ppy/[P(M 0:010)s]*
modified electrode

0 1.66+ 0.01 1 40+ 10 12.3 7.9
0.3V 0 1.92+0.01 4 140+ 15

0 2.42+0.12 1 40+ 20

Mo 3.46 +0.01 2 90+ 20

Mo 3.70+0.02 2 60+ 15

0 1.65+0.03 1 30+5 15.4 -4.8
0.2V 0 1.91+0.01 4 160 + 10

0 2.40+0.10 1 70+ 20

Mo 3.47+0.01 2 60+ 10

Mo 3.72+0.02 2 70+5

0 1.64+0.01 1 20+ 10 11.8 -4.6
0.1V 0 1.91+0.01 4 150 + 15

0 2.39+0.10 1 30+ 20

Mo 3.47+0.01 2 90+ 25

Mo 3.70+0.01 2 55+ 15

0 1.66+ 0.01 1 25+5 9.1 -7.0
+0.2V 0 1.91+0.01 4 130+ 10

0 2.34+0.04 1 100 + 35

Mo 3.45+0.01 2 80+ 15

Mo 3.70+0.01 2 55+ 10

0 1.66+ 0.01 1 25+5 10.1 -45
+0.3V 0 1.91+0.01 4 130+ 10

0 2.39+0.01 1 30+ 15

Mo 3.44+0.01 2 70+ 10

Mo 3.70+0.02 2 90+ 15

0 1.69+ 0.02 1 40+ 10 12.9 -8.3
+0.5V 0 1.91+0.01 4 150 + 10

0 2.39+0.02 1 40+ 15

Mo 3.44+0.01 2 60+ 10

Mo 3.72+0.01 2 80+ 20

Table5.3.  Structura parameters for first five coordination shells (Mo—O and
Mo—Mo) derived from fits to acquired in situ Mo K-edge EXAFS spectra for
Ppy/[P(M03010)4]* film modified dectrode at gradually changing redox state: -0.3 V, -
02V,-01V, +0.2V, +0.3V and +0.5V vs. Ag/AQCI sat’d KCI reference electrode.
Background eectrolyte: 0.5 M H,SO,. Data fitted up to the value of Kyu=12.
Coordination numbers N were kept at fixed values for data fitting. FI — fit index, AEp £

5eV.
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Table 5.2 shows gructural parameters derived from EXAFS K-edge data for four
different standards: MoO; solid powder, MoCls and MoOCl4 25 mM agueous solutions,
and H3[P(M03010)4] 25 mM solutionin 0.5 M H2SOa.

Table 5.3 includes summarized structural parameters — distances, coordination numbers
and Debye-Waller factors — for five coordination shells. Parameters were derived from
acquired in situ EXAFS Mo K-edge data for the Ppy/P(M03;010)s> composite film
modified electrode at five different redox states: -0.3 V, -0.2 V, -0.1V, +0.2V, +0.3V
and +0.5 V vs. Ag/AgCI sat’d KCI reference electrode, in 0.5 M H2SO,4 background
electrolyte.

Plots showing bond lengths at a function of potential for the first four coordination
shells around Mo aom (Mo—O and Mo—Mo) are presented in Figure 5.16.
Unfortunately these do not exhibit any significant changes, not only for more distant
shells, but even for the firs Mo—O coordination shell at a distance of about 1.6 A.

1.95 . . . . . . . . . .

BEE RIS T .
i Lo

sl 1 ot _

Mo-O first and second shell distance (A)
N
A}

0.4 0.2 0.0 0.2 0.4 0.6
Potential vs. Ag/AgCI sat'd KCI (V)

Figure5.16. Mo—O distances for the first (—m—) and second (—e—) coordination shells
as a function of redox state for the Ppy/[P(M0;O10)4]* composite film modified dectrode. Plots
based on data shown in the Table 5.3.
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Figure5.17. Mo—O distances for the third (—aA—) and Mo—Mo fourth (—v—)
coordination shdls as a function of redox state for the Ppy/[P(M0;010).]> composite film
modified el ectrode. Plots based on data shown in the Table 5.3.

Sample Element R (A) N 6’(10*A%) FI (%) AEq(eV)
Acidicsolution O 1.70+0.03 1 50+10 17.8 -5.6
0.5M H,SO, 0 1.93+0.03 4 350+50

Mo 2.32+0.04 1 100+50

Mo 3.45+0.02 2 90+20

Mo 3.70+0.03 2 85+20
Neutral solution O 1.70+£0.03 1 60+15 11.7 -5.5
deionised H,0 0 1.91+0.02 4 230+30

Mo 2.37+0.02 1 70+30

Mo 3.46+0.04 2 85+15

Mo 3.73+0.01 2 75+15
Alkaline 0 1.73+0.02 1 105+25  17.2 -6.4
solution o) 1.94+0.02 4 340460
0.3M N&,COs Mo 2.38+0.03 1 90+40

Mo 3.46+0.01 2 90+15

Mo 3.72+0.04 2 90+20

Table5.4.  Structura parameters derived from fits to Mo K-edge EXAFS spectra for
[P(M03010)4]* anion in three different pH vaue solutions: acidic (0.5 M H,SOy),
neutral (distilled water) and alkaline (0.3 M NaCOs3, pH 10.7). Data fitted up to the
value of kyex=12. AFAC: 0.9. Coordination numbers N were kept at fixed values for
datafitting. FI —fit index, AEo £ 5 €V.
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XANES of Ppy/[P(M0s010)4]* modified electrodes at -0.3 V, +0.2 V, +0.3 V and +0.5
V along with standard samples is shown in Figure 5.14. Also in this case no significant
variations in the shape or position of the spectra with changing oxidation state of Mo

atoms can be seen.

Table 5.4 includes parameters derived from EXAFS fits for H3[ P(M03010)4] in solutions
of different pH values: alkaline solution (0.3 M NaCOs), acidic solution (0.5 M H,SO4)

and neutral, distilled water solution.

5.6 Conclusions

Cyclic voltammograms of Ppy/[P(M03O10)4]> composite film modified electrodes
display well defined peaks at potentials -0.06 V, +0.19 V and +0.34 V vs. Ag/AgCl
sat’d KCI reference electrode in the range from -0.3 V to +0.5 V in 0.5 M H,SO,. For
thick hybrid films, peaks in the cyclic voltammograms become less clearly defined due
to a stronger contribution from the broad polypyrrole signal. Composite films also
exhibit good stability, as can be seen in voltammetric responses before and after an
extended time of data acquisition during EXAFS experiments (Figure 5.6). Stability and
very good heteropolyanion retention in the host matrices were also reported previousy

by other authors.

In X-ray photoelectron spectroscopy data, changes in the oxidation state of the
molybdenum redox centre are seen very clearly in deconvoluted Mo 3d XPS
photoelectron lines (Figure 5.11a-5.11€). Even for the most reduced sample (at -0.2 V
vs. SCE) significant amounts of Mo®" are present. As was suggested in earlier chapters,
it might be due to the oxidative influence of air during the transport of the sample to the
XPS vacuum chamber. This effect should be diminished by the polypyrrole layer, but
the surface would be the most prone to such an effect and XPS is a surface-sensitive
method. Facile oxidation of polyoxometallate anions by molecular oxygen was also
reported in other publications.® #’ At the most oxidative potential (+0.5 V vs. SCE) the
majority of molybdenum atoms comprise Mo®. It was hoped that these changes in
Ppy/[P(M03010)s]*> composite film modified electrode, so clearly observed in XPS data,
could be studied in greater detail usng the capabilities of EXAFS experiments.
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Specifically, it was intended to investigate structura changes (e.g. change in the bond
lengths) accompanying redox state changes and how the charge is distributed between
the metal atoms. Structural parameters of the polyoxomolybdate Keggin ion derived
from fitsto EXAFS Mo K-edge data are summarized in Table 5.2. Unfortunately, as can
be seen in the plots showing bond lengths at a function of potentia for the first four
coordination shells around the Mo atom (Mo—O and Mo—Mo, Figure 5.16 and 5.17,
respectively) there are no significant changes, not only for more distant shells, but even
for the fire Mo—O coordination shell at a distance of about 1.6 A. Also, in the case of
XANES of Ppy/[P(M03010)4]* modified electrodes at -0.3 V, +0.2 V, +0.3 V and +0.5
V (Figure 5.14) no sgnificant variations in the shape or position of the spectra with the
changing oxidation state of Mo aoms can be seen. The problem with extracting
information from the XANES and EXAFS data for such a complicated system as
heteropolyanions may be similar to the one discussed in Chapter 111 — the case of
multiple Fe sites in the Prussian Blue films. There are several distinct Mo Sites present
in the Ppy/[P(M03010)4]* composite, and the signal obtained in the XAS experiment is
a sum of dgnals obtained from Mo atoms in different oxidation states, each with a
different coordination and locad environment. Therefore, although the
Ppy/[P(M03010)s]*> composite system was successfully electrodeposited and measured
in the in situ spectroelectrochemical cell, and showed significant changes in the XPS
experiment, it did not prove to be a promising material not only for dynamic EXAFS
studies, but even for standard (static) EXAFS experiments.
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CHAPTER VI

NANOGRAVIMETRIC OBSERVATION OF ION
EXCHANGE CHARACTERISTICS FOR
POLYPYRROLE FILM p-DOPING IN THE DEEP
EUTECTIC IONIC LIQUID ETHALINE

6.1 Introduction

Electrochemically synthesized conducting polymers (CP) are organic materials which
exhibit electronic properties comparable to metas and in addition mechanical and
physical properties of a polymer. ? Potential applications of CP include
batteries/supercapacitors,® * (bio)chemical sensors,>’ photovoltaic® and electrochromic®
devices, drug ddivery,’® conducting textiles'* corrosion control** and
electromechanical actuators.”® Their limitations are at the moment fast degradation of
the main properties such as conductivity and electrochemical stability. The size and
character of the dopant counterion incorporated during the synthesis, as well as of the
one present during the potentiodynamic cycling can have a remarkable effect on the ion
movement occurring during redox processes. It may aso influence characteristics of the
polymer such as structure and conductivity. Therefore ionic liquids (IL) (loosdy
defined as sdlts that are liquid below 100°C*®) offer a combination of chemical and
physical properties that make them interesting as both electrolyte and as a solvent
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instead of the use of the conventional solvent/electrolyte systems, as they have very
different solvation characteristics to conventional molecular solvents. Ethaline belongs
to arelatively new class of IL, deep eutectic solvents, based on eutectic mixtures of
choline chloride with a hydrogen bond donor species (here, ethylene glycol, EG).*"™*
The vast majority of reports on conducting polymers in ionic liquid media describe a
need for controlled anaerobic environment conditions, due to the sensitivity of the ionic
liquid to water, but Ethaline does not suffer from this problem.?° Deep eutectic solvents
have similar properties to ambient temperature ionic liquids but are non-reactive with
water and in many cases are non-toxic and biodegradable.*” One of the main advantages
of the use of IL in an electrochemica context is a wide potentia “window” within
which to conduct electrochemical transformations (including the electrodeposition of
technologically important metals'®) and access to the much higher potentials previously

unreachable and greater electrochemical stability.

The eectrochemical quartz crystal microbalance was used to investigate redox-driven
ion transfers accompanying p-doping of polypyrrole in the choline chloride-based deep
eutectic ionic liquid Ethaline. Deep eutectic solvents have similar properties to ambient
temperature ionic liquids but are nonreactive with water and in many cases are non-
toxic and biodegradable.*” Conducting polymers have been studied extensively in recent
years and use of ionic liquids as electrolytes can bring potential benefits and significant
improvements in lifetimes and performance of conducting polymer based devices.* The
polymer chosen for this study, polypyrrole, is one of the most widely electrochemically
studied conducting polymers. Since it is predominantly characterized and applied in
aqueous media, where its electrochemistry is dominated by anionic dopant exchange,

this provides an excellent test material delivers outcomes of wide relevance.

6.2 Objectives

The overwhelming majority of electrochemical studies and applications of
electronically conducting polymers involve an environment dominated by a molecular
fluid — water or a conventional organic solvent. The p-doping of these materials, upon
which most applications rely, usually involves exchange of an anionic dopant between

the polymer and eectrolyte solution. Exceptions are the cases where the anion is
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sufficiently large, highly charged or entangled that it is rendered immobile and only the
cation can transfer (in the opposite direction). Formaly, the conducting
polymer/immobile anion contribution could be regarded as a cation-exchanging
composite. The question addressed in this work was whether the norma pattern of
behaviour isretained in the very different environment of theionic liquid Ethaline.

Properties and possible applications of electrochemically synthesized conducting
polymers invariably rely on redox-driven exchange between the polymer and its bathing
fluid of charged species. These ions may play the role of dopants influencing
conductivity or of charge balancing species (compensating electron population
changes), analytes or reactants being pre-concentrated in the film, reagents for delivery
into the ambient medium or plasticizerg/stiffeners. Restriction to exchange of anions, as
is commonly the case, is a major limitation on the species with which any device can
interact. Additionally, both the dynamics of the system (mobile species diffusion rates
and polymer viscoelasticity) and the local reaction environment are influenced by the
film's solvent population. Since use of ionic liquids as novel media for a range of

(electro)chemical processes is of considerable interest,***°

it was sought to explore how
the above notions are changed in such an environment, where physical properties are
not dominated by neutral molecules, ionic strength is extremely high and chemical

interaction with the film may be dominated by either ion type.

6.3 Experimental

Polypyrrole (PPy) films were electrodeposited from mixture of Ethaline and deionised
water (1:1 by volume) and subsequently characterized in two contrasting monomer-free
electrolytes: pure ionic liquid (Ethaline) and aqueous 0.5 M KCI. Deposition was
potentiodynamic in the potential range -0.60 < E/V (vs. Ag/Ag") < +0.80 with a scan
rate v = 20 mV s™. The film thickness was controlled via the number of cycles. To
investigate film dynamics, voltammetric characterization was performed as a function
of scan rate in the range -0.60 < E/V < +0.50. Scan rateswere: v=5mV s*, 10 mV s*
and 20 mV s™. By restricting the number of deposition cycles it was possible to operate
in the acoustically thin regime, in which acoustic wave resonator (QCM) frequency

shiftsare linearly related to film mass changes by the Sauerbrey equation.”
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Choline chloride (2-hydroxyethyl-trimethylammonium chloride, ChCI) (Aldrich 99%),
ethylene glycol (EG) (Aldrich 99 + %) and pyrrole (Aldrich 98%) were used as
received. The eutectic solvent (Ethaline) was formed by continuous stirring and gentle
heating of EG and ChCI (2:1) until a homogenous, colourless liquid was formed. Film
rigidity was established via crystal impedance spectra recorded using an Agilent
Technologies ES061A network analyser. The data acquisition and review software were
developed using the Agilent Virtual Engineering Environment (VEE v7.52) software.
Analysis, modelling and fitting of the measured data was performed with Visua Basic
for Applications inside Microsoft Excel using protocols reported elsewhere.’® The
quartz resonators were 10 MHz AT-cut unpolished crystals coated with Au (ICM,
Oklahoma City, USA), with piezoelectric and electrochemically active areas 0.21 cm?
and 0.23 cm?, respectively. One face of the crystal was exposed to solution forming a
working eectrode in a three-electrode cell with Ag wire reference electrode (in
Ethaline) and Ag/AgCl saturated KCI (in 0.5 M KCl) reference electrode and a Pt mesh

as acounter electrode. All data were acquired at room temperature.

Resonator frequency changes were interpreted gravimetrically according to the
Sauerbrey equation.?? For the 10 MHz quartz crystal resonators used here it takes form:

Dm= - 1.1>Df (6.1)

where Am (ng) is mass change and Af (Hz) is frequency change. Film thickness, 600
nm, was determined gravimetrically, using Af for film deposition and a film density of 1
g cm™. For Ethaline, cyclic voltammetric data were smoothed using a five point moving

average.
Molar mass changes M (g mol™) were caculated according to:

_ DmF
Q

M (6.2)

where Am (g) is the mass change, F (C mol™)is the Faraday constant and Q (C) is the
charge passed.
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Ethaline belongs to relatively new class of ionic liquids based on eutectic mixtures of
choline chloride and, here, ethylene glycol (EG) as a hydrogen bond donor. Thereis ill
a debate as to whether it is present as [EG.CI] or [(EG).CI] . Figure 6.1 illustrates the
first possibility.

Figure®6.1. Ethaline: rdatively new class of ionic liquids based on eutectic mixtures of
chaline chloride and, here, ethylene glycol (EG) as hydrogen bond donor.

6.4 Results

Figure 6.2 shows 10 MHz EQCM with polypyrrole film electrodeposited on the rough
Au éectrode (0.23 cm? and 0.21 cm? electroactive and piezoelectric areas, respectively)
from the 1:1 mixture (by volume) of deionised water and Ethaline, using the procedure
described in the experimental part of this chapter.

Figure6.2. Polypyrrole film eectrodeposited from a mixture of Ethaline and deionized
water (1:1 by volume) in therange -0.6 V < E/V vs. Ag/Ag'< +0.8 V. Film deposited on the 10
MHz quartz resonator coated with Au e ectrode with piezod ectric and € ectrochemically active
areas of 0.1 and 0.23 o, respectively.
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Figure 6.3. Scanning Electron Microscope picture of polypyrrole film electrodeposited
from the dei onised water-Ethaline mixture on the rough Au dectrode.

Figure 6.3 shows a Scanning Electron Microscope (SEM) picture of the same Ppy film.
Figure 6.4 shows potentiodynamic electrodeposition of polypyrrole film from a mixture
of Ethaline and deionized water at scan rate 20 mV s in the range -0.6 V < E/V vs.
Ag/Ag'< +0.8 V. In the same graph the parallel increase of mass on the electrode with
each subsequent cycle is plotted.
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Figure 6.4. Potentiodynamic e ectrodeposition of polypyrrole film from a mixture of
Ethaline and deionized water (1:1 by volume). Scan rate 20 mV s* intherange -0.6 V < E/V vs.
Ag/Ag'< +0.8 V. Thickness controlled via the number of scans — here, 10, yielding film
thickness of 600 nm. Current (——), mass (—e—).
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Acoustic wave admittance spectra acquired for the deposition of Ppy film from 1:1
deionised water and Ethaline mixture are shown in Figure 6.5. Three plotted admittance
spectra were measured for the beginning, midpoint and the end of deposition (from right
to left). Admittance decreases only by 3% for the 600 nm film; therefore it is regarded
as acoustically rigid.

25

Admittance (mS)

0.0 } " } " } " }
9.94 9.96 9.98 10.00

Frequency (MHz)

Figure 6.5. Acoustic wave admittance spectra of dectrodeposition of the PPy film from a
mixture of Ethaline and deionised water (1:1 by volume). Solutions and potential control
function as described in the text. Three admittance spectra shown were measured for the
begi nning, midpoint and the end of deposition (from right to |eft). Admittance decrease: 3%.

Figure 6.6 shows current and mass responses from a voltammetric experiment in which
a Ppy film was redox cycled in pure ionic liquid, Ethaline. It is possible to identify three
distinct regions during film oxidation: region | (E vs. AQ/Ag® < -0.1 V) shows no mass
change; region Il (-0.1 V < E vs. Ag/Ag" < +0.4 V) shows an increase in current
associated with a significant decrease in film mass; region 111 (E vs. Ag/Ag" > +0.4 V)
shows an increase in film mass (to the extent of ca. 20% of the mass loss in region I1).
In the reduction half cycle, these trends and changes are reversed. Without a
quantitative interpretation, the simplistic overview is that electroneutrality maintenance
upon Ppy film oxidation is gravimetrically dominated by cation expulson. At a more

detailed, but still qualitative level, it can be seen that hysteresis in the responses of the
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region Il signals kinetic effects, even on the relatively modest timescale of this

experiment.

Current density (WA cm?)

—+ -100

-02 00 02
Potential vs. Ag/Ag" (V)

Figure 6.6. Current (——) and mass (see*) responses of a Ppy film during a cyclic
voltammetric experiment in Ethaline background e ectrolyte. Scan rate 5 mV s*. Black points
represent mass change (Am) during oxidation half cycle and red points represent mass change
during reduction haf cycle. Three distinct regions are shown: no mass change (1), decrease in
film mass (1) and increasein film mass (I11).

Contrasting behaviour is shown by the film in agueous background electrolyte; Figure
6.7. Figure 6.7 shows analogues responses of the same Ppy film undergoing p-
doping/undoping in KCI solution. Starting from the reduced (undoped) state there is a
small film mass decrease in the begging stages of the oxidation process. Regardless of
the initial behaviour the response is dominated by a film mass increase. The possibility
of this behaviour being a film “memory” of prior history (retention of mobile species)
was excluded by potential cycling to exchange residual species into the effectively
infinite bulk solution. This response it typicad behaviour observed by a number of

workers for polypyrrole redox switching in 1:1 (though not 1:2) electrolytes.?*%

Mass change vs. charge plots shown in Figure 6.8 and Figure 6.9 are derived from the

data of Figure 6.5 and Figure 6.6, respectively.
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Figure6.7. Current (——) and mass (****) responses of a Ppy film (600 nm thick) during a
cyclic voltammogram experiment in aqueous 0.5 M KCI background e ectrolyte. Scan rate 5
mV s®. Black points represent mass change (Am) during oxidation half cycle and red points
represent mass change during reduction haf cycle.
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Figure 6.8. Mass change as a function of injected charge for a data of Figure 6.6 (scan rate
5mV s*) and analogues at scan rates of 10 mV s and 20 mV s™. Black (red) points represent
mass changes (Am) during oxidati on (reduction) half cycles. Traces for scan rates 10 mV s* and
20 mV s’ are offset vertically by -60 ng and -180 ng, respectively, for presentational clarity.
Numbers indicate molar mass changes for indicated regions.
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Figure 6.9. Mass change as a function of injected charge for () the data of Figure 6.7 (scan
rate 5 mV s?) and anaogues a (b) 10 mV s* and (c) 20 mV s™. Black (red) points represent
mass changes (Am) during oxidation (reduction) half cycles. Traces (b) and (c) are offset
vertically by -300 ng and -600 ng, respectivdy. Numbers indicate molar mass changes for
indicated regions.

The datais shown for two more scan rates, 10 mV s and 20 mV s, of the same film in
ionic liquid and KCl background electrolyte. Traces are offset vertically in both figures
for presentational clarity. Oxidation half cycles are represented by black points, while
reduction half cycles are represented by red points. Normalized molar mass changes (g
mol™) for the oxidation and reduction half cycles for polypyrrole film cycled at 5, 10
and 20 mV s* in ionic liquid and agueous solution are summarized in Table 6.1 and
Table6.2.

Ethaline
Scan rate | Region Il Region I11

oxidation | reduction | oxidation | reduction
5mV 201 40+ 2 +36+5 +23%5

10 mV 24+1 40+ 2 +12+ 2 +41+ 2
20mv -26+1 47+ 2 +28+ 3 +16+ 3

Table6.1. Normalized molar mass changes (g mol™) for the oxidation and reduction half
cycles for polypyrrole film cycled at 5, 10 and 20 mV s inionic liquid (Ethaline). Datain the
tablerefer to the plot in Figure 6.8.
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0.5M KClI

Scan rate | oxidation | reduction
5mVv +31+2 | +23+1
10mv +26+2 | +23+1
20mv +27+2 | 4231

Table6.2. Normalized molar mass changes (g mol™) for the oxidation and reduction half
cycles for polypyrrole film cycled a 5, 10 and 20 mV s* in agueous solution of 0.5 M KCI.
Datain thetablerefer to theplot in Figure 6.9.

These datarefers to Figure 6.8 and Figure 6.9, respectively. M ass changes are not “end-

to-end” values but refer to characteristic regions described in the plots.

6.5 Discussion and Conclusions

The behaviour of the polypyrrole film as presented in Figure 6.7 is generally attributed
to predominantly anion (here chloride) exchange with the solution. This process is
accompanied by some solvent transfer. Polypyrrole p-doping is clearly very different in
the ionic liquid and furthermore this cannot be trivially assigned to an ion size effect.
Firstly it is because it is the same anion in both cases and, secondly, the effective sizes

of the cations (bearing in mind potassium ion solvation in water) are not very different.

Quantitative interpretation is facilitated by the mass change vs. charge plots shown in
Figure 6.8 and Figure 6.9. In the first case of agqueous solution, the overal values of
molar mass change are 18, 15 and 13 (all +2) g mol™ at scan rates of 5, 10 and 20 mV s
! respectively. Over the most of the oxidation process, i.e. after the small initial weight
loss, the corresponding values are 31, 26 and 27 (all +2) g mol™. The corresponding
cathodic sweep values are dl 23 = 1 g mol™. Polypyrrole mobile species transfers in
aqueous media are a known behaviour, and broadly interpreted can be described as

entry of chloride and expulsion of asmall (< 1 H,O per Cl') amount of solvent.

In the case of the Ppy/Ethaline data presented in Figure 6.8 if the end-to-end molar mass
change is calculated it yields the value of -17 + 1 g mol™ if averaged over the anodic
half cycles at the three scan rates, but it clearly conceals the underlying chemistry. The
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three regimes of Figure 6.6 are reflected in the data of Figure 6.8 by distinct slopes,
suggesting different (electro)chemical mechanisms. In the dominant region I, the
normalized molar mass changes during the oxidation half cycle are -20, -24 and -26 (all
+ 1) g mol™ at scan rates of 5, 10 and 20 mV s™, respectively. In the reduction half
cycle, the analogous values are -40, -40 and -47 (+ 2) g mol™. In the smaller region 11,
the anodic half cycle values are +36, +12 and +28 g mol™, and the cathodic half cycle
values are +23, +41 and +16 g mol™ (with larger scatter due to the necessarily small
number of points in this minority regime). Clearly, none of the dominant region Il
values coincides with the value anticipated for transfer of either ion present, namely

+35.5 g mol™ for chloride entry and -104 g mol™ for choline exit.

These data signal mixed ion transfer, a feature supported by the presence of hysteresis
in the Am—Q plots since (irrespective of kinetics issues and the shapes of i—E and Am—-E
plots) a Am—Q plot for transfer of a single ion cannot (on grounds of eectroneutrality)
show hysteresis. Since the transport numbers for the anion and cation must add up to
unity it is possible to calculate the fractional contributions of choline and chloride. If the
transferred anion is a bare ClI™ ion, the gradient of region Il suggests that charge
compensation in this region is due 40% to choline exit and 60% to chloride entry.
However, there is a debate as to whether the anion species is in fact [EG.CI] or
[(EG)2CI] . In these cases choline transfer would contribute 58% and 68% (in molar
terms), respectively. The explanation of the switch to region Ill (in the following
paragraph) suggests that this involves only the anionic species, and the data are only
consistent with this being transfer of Cl ™. In the same time it does not preclude the static

presence of glycol/chloride aggregates, with dynamic hopping of chloride.

As the scan rate is increased, the hysteresis in the Am—Q plots in regions Il and 111
increases. At low scan rates, the mass and charge responses achieve the same values at
the extrema of the scan, but at higher scan rates, the mass and charge responses at the
end of a complete redox cycle fail to return to their initial values. These kinetic effects
relate to the relative transfer rates of choline and chloride ions. In the light of this
progressive effect, it can be speculated why there is such a sharp shift with potential
from a regime gravimetrically dominated by choline expulsion (for most of the

transition) to one dominated by chloride entry (for the final stages). A simple answer is
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that choline expulsion is the thermodynamically favoured process, so this process
operates as long as choline is available. However, there will be only a finite reservoir of
choline (present as ionic liquid, analogous to “salt” in a conventional solvent medium®)
in the undoped film and when this is exhausted chloride entry takes over, as the only
process with available reagent — an effectively infinite reservoir in the bulk ionic liquid.
Molecular explanations consistent with this might simply be that there is no room for
the fully reduced film to accommodate chloride and/or that the energy of expansion to
facilitate thisis large. The latter is consistent with the observation from acoustic wave
admittance spectra (Figure 6.5) that the film is relatively rigid. When the film is largely
oxidized (region Ill), the free volume generated by choline expulsion allows chloride

entry without the need to expand the film.

In conclusion, polypyrrole film redox switching in deep eutectic ionic liquid (Ethaine)
involves very different pattern of ion transfers to agueous media. lonic liquid in the
reduced film provides a reservoir of choline cations whose transfer (in the opposite
direction to anion doping) partly satisfies electroneutrality. Quantitative
nanogravimetric determination of these transfers supports and extends the only available
information in this field — qualitative observation (with the use of in situ ECSEM) of
film shrinkage  upon  oxidation in a  1-butyl-3-methylimidazolium
bis(trifluoromethansul fonyl)imide (BMI-TFSI) ionic liquid.*’
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CONCLUSIONS

The specific conclusions are given at the end of each of the chapters of this thesis. The
purpose of this chapter is to draw together these conclusions with the aims of
identifying generic outcomes and opportunities of future research. The main
achievements of the work described in the thesis are the detailed analysis of
electroactive film modified electrode structures and composition by X-ray methods.
EXAFS, a technique that is sensitive to atomic structure up to 5 A, providing
interatomic distances, the number and identity of neighbouring atoms, allowing study of
structure and structura changes in the electroactive films. Changes were introduced and
controlled via the application of different potentias to the electrode with the surface
immobilized materia of interest. X-ray absorption spectroscopy (EXAFS and XANES),
X-ray photoelectron spectroscopy, infrared spectroscopy and electrochemical
techniques were employed to study five systems: Prussian Blue and its cobalt and nickel
derivatives, iridium oxide and polypyrrole[P(MosO10)4]* composite films. A key
attribute of the approach adopted here is that measurements using different techniques
(e.g. electrochemical, EXAFS, XPS) are made on the same sample. This removes
ambiguities associated with the more common practice of making measurements on
different samples, whose composition, structure and properties — though similar — may
not be identical. The combination of techniques allowed also comparison of the surface
(XPS) vs. bulk (EXAFS, XANES and IR) of the samples.

For Prussian Blue, cobat and nickel hexacyanoferrates structural parameters were
derived from ex stu XAS experiments. For cobalt hexacyanoferrate films, cobat was
identified as the active redox site, based on clear evidence of changing bond lengths
with potential. This suggests it will be an interesting candidate for future dynamic
EXAFS study. The behaviour of Prussian Blue films was found to be complicated to
interpret. It is because of the coexistence of two Fe-based redox sites, and additional
interstitial iron species. In contrast to cobalt hexacyanoferrate, no significant changes

were observed in the Ni XAS data for the nickel derivative with Fe active redox sites. It
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turned out to be very difficult to prepare cobalt and nickel hexacyanoferrate films thick
enough to obtain a good edge step and therefore good signal-to-noise ratio for the
available on site beam flux. A more powerful synchrotron may be able to provide data

of much higher quality, possibly in the in situ data acquisition procedure.

Polypyrrole/[P(M0sO10)s]* composite films showed changes in oxidation state of
multiple Mo sites in X PS experiment. In the case of Ppy/[P(M03010)4]* films, XAS was
measured in the in situ spectroelectrochemical cell. Nevertheless, thisis not a promising
material for a dynamic EXAFS study because of the interpretational problems — the
signal obtained in the XAS experiment is a sum of signals obtained from different Mo

sites.

Iridium oxide films are another promisng candidate for the dynamic in situ EXAFS
experiment. Spectra were measured at the Ir Ls-edge. Iridium films were successfully
characterized in the in situ EXAFS configuration, and changing bond lengths were
observed as the potential (and thus Ir oxidation state) was changed. Based on the
combination of coulometric and XAS data it was concluded, that there is approximately
one electron injected/ejected per iridium site; Ir¥* == Ir*",

In addition the thesis includes nanogravimetric observation of ion exchange
characterigtic for polypyrrole film p-doping in the ionic liquid. This is not directly
related to the XAS research presented in the other chapters, but is an outcome of
preparation trials to optimise samples for EXAFS experiments. It is shown that
polypyrrole film redox switching in the deep eutectic ionic liquid Ethaine involves a
very different pattern of ion transfers to agueous media. lonic liquid in the reduced film
provides areservoir of choline cations whose transfer (in the opposite direction to anion

doping) partly satisfies electroneutrality.

To summarize, the work presented in this thesis provides the foundations for the studies
in the area of the potentiodynamic EXAFS experiments. With supporting
electrochemical, QCM and XPS data the sites of redox activity were identified in a
range of multi-site redox systems. Structural parameters (bond lengths, coordination
numbers and Debye-Waller factors) were determined as a function of potentiostatically
controlled metal charge states, for both fully and partially redox converted films. From a
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technique perspective, the basis for optimising sample preparation and manipulation for
potentiodynamic EXAFS measurements designed to explore structural dynamics was
provided. Cobalt hexacyanoferrate and iridium oxide films were identified as the most
suitable for the future X-ray synchrotron-based research, in which the aim will be to
monitor the structura changes of films at the solid/liquid interface in response to an

external — in this case electrochemical — stimulus under dynamic conditions.
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