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Introduction

Introduction

The electrochemical reactions occurring at interface between two immiscible
liquids are interesting from fundamental and practical point of view. lon transfer across
liquid / liquid interface is their most characteristic step. This is one of key chemical
reactions in biological systems. It is also important in some areas of chemical
technology like separation, extraction or organic synthesis. Obviously the prospective
applications of interfacial ion transfer require new materials supporting liquid / liquid
interface.

For over 30 years it is known that ion transfer between immiscible liquid phases
can be driven by polarization of liquid / liquid interface. This can be done by applying
potential difference to electrodes present in two immiscible electrolyte solutions. These
experiments require sophisticated setup involving in most cases carefully placed four
electrodes and bipotentiostat. Both phases have to be ionically conductive.

In 1997 Frank Marken introduced the three-phase electrode based approach.
This technique employs oil droplet(s) deposited on the surface of electrode where three-
phase junction - electrode / organic phase / aqueous phase is formed. The transfer of ion
across liquid / liquid interface is driven by electrogeneration of charge in the organic
phase. This can be done by electrooxidation or electroreduction of the redox probe
dissolved in the organic phase. Contrary to traditional approach the experimental setup
is much simpler and requires three-electrode potentiostat. Moreover, the presence of
electrolyte in the organic phase is not indispensable. This makes possible to study the
transfer of almost any type of ion and experiments with non-polar organic phase are
possible. The three-phase electrodes have already found application in the determination
of Gibbs free energies of ion transfer as proposed by Fritz Scholz. Their prospective
application in  electroanalysis, electrocatalysis, electroorganic  synthesis,
electrochemically driven extraction and separation can be also envisioned.

For the development of this methodology the novel electrode materials with
appropriate design to extend the three-phase interface were recently created and applied.
Among them there are electrodes based on hydrophobic porous silicate matrix and
homogeneously dispersed electrode conductor (graphite particles). These so-called
carbon ceramic electrodes were easily impregnated with hydrophobic organic non-polar

solvent. In the experiments described in this PhD thesis non-polar solvents were
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replaced with polar ones. In this case the electrogenerated insertion of ion into organic
phase is possible. This thesis is oriented mainly towards this process.
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Literature review

Chapter 1. Electrochemistry at liquid / liquid interface

Electrochemistry at the interface between two immiscible electrolyte solutions
(ITIES) gains more and more interest due to its relevance to biological systems and
prospective wide range of applications. This relatively new topic of electrochemistry
has been present at every meeting ofltternational Society of Electrochemistigr
the last two decades. Recently, 129 Faraday Discussionsneeting was focused on
“The Dynamics and Structure of the Liquid / Liquid Interface” [1]. The relevance of this
type of molecular interfaces expanding from fundamental charge transfer at interfaces to
drug delivery in biological systems, ion-selective electrodes, sensors, artificial
photosynthesis was addressed in a few review articles and books [2-5]. The present
chapter encompasses the theoretical background of electrochemistry at liquid / liquid
interfaces: the thermodynamics, the polarization of liquid interfaces and the various

domains of charge transfer reactions in biphasic systems

1.1  Thernodynamics of liquid / liquid interface

When two electrically conducting phasesandf) are brought into contact, the
charge arriers (i.e. ions and/or electrons) partition between the two adjacent phases
because of the difference in their energy in both phases. This generates an interfacial

region, where the electrical field gradient differs from zero, so that an electrical Galvani

potential difference/’ ¢, is established [2-4, 6]
550 = ¢ - ¢F (1.1)

where¢ represents the Galvani (or inner) potential of the respective phases.

At constant pressure and temperature, after the building up of the interface, the
thermodynamic equilibrium is reached, when the molar Gibbs energy is equal in both
phases. Consequently, the Gibbs energy difference for partitiafi@gis zero and, in

terms of electrochemical potential, it thus comes:
al =i (1.2)

The eletrochemical potential represents the work required to transfer thdrmm the
vacuum into a phaseand it can be divided into a chemical and an electrichlgsa
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[l =+ zFe” (1.3)

wherez is the charge of the ioif; is the Faraday constanty® is the bulk electrical

potentialof the phase, andy! is its chemical potential defined as:

U = > + RTIna” (1.4)

/

with 4>“anda’ represents the standard chemical potential the activity of ilorthe

phase grespectively.
At equilibrium, the distribution of an ionbetween two phases can be directly
deduced from (1.2). By substituting (1.3) and (1.4) into the equilibrium condition, the

standard Gibbs energy of transfer of the ion between the karkl ggcan be derived:

a

a - o ai
2GS = 1% - 1P :Rﬂn(aﬁj + ZF (07 - ¢F) (1.5)

This quanty is effectively the difference between the standard Gibbs energy of
solvation of the ion in the respective phases. Rewriting (h.5¢rms of the Galvani

potential difference yields:

o= 2Cd " RT In(gﬁj (1.6)
Defining the standard transfer potential fas:
00 = 204 (1.7)
the following relationship is obtained:
NG = A0 + RTIn(a‘jj (1.8)
zF a;

It is analogous to the Nernst equation for the potential applied at a metal / electrolyte
solution interface. It is often convenient for practical purpose to use this expression in

terms of concentrations instead of activities. With this aim, the standard potential is

replaced by the formal potential of transfer theiifnom o to phase,A‘;d)io', in which

the actvity coefficients of ions in both phaseg: and y”, are included:
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. RT, (c*
Ad=N¢% + In| - 1.9
20 =A0%0; F (c,"j (1.9)
where:
a o' _— a 0 RT y|ﬁ
A/,,q)i -A[,,q>i + z- In Y_a (1.10)

It should be noticed that the standard Gibbs energy of transfer corresponds to the
transfer from purexn to puref. Therefore it is different from the Gibbs energy of
partiion, which refers to the transfer between mutually saturated solvents. Nevertheless,
in the case of low miscible solvents such as water / nitrobenzene, the transferred ion is
practically not hydrated by water present in the organic phase, so that the ionic standard
Gibbs free energy of transfer can be regarded equal to the ionic standard Gibbs free

energy of partition [7].

1.2  Polarisable and non-polarisable interfaces

When acurrent is passed through a liquid / liquid interface or a potential
difference is applied across it, two extreme behaviors may be distinguished, namely that
of the ideally polarisable and non-polarisable interfaces. This classification has also
been established by analogy with that used for a metal / electrolyte solution interface.
For ideally polarisable ITIES, a small current forced across the interface gives rise to a
large change in the potential difference across it and vice versa. On the other hand, a
non-polarisable interface is characterized by the fact that a relatively high current can be
passed with little change in the potential. At metal / electrolyte solution interface, the
degree to which the interface is polarisable depends on the specific rate constants for the
electrochemical reactions. Similarly, the polarisability of an ITIES will be determined
by the ion activities and by the electrical charge in the double layer [6, 8].

When ITIES is formed in the presence of a single binary electrolyte RX, which
is completely dissociated into ions Bnd X in each phase, it represents the case of a
non-polarsable liquid / liquid interface (Fig. 1.1).

(@ 0
R' X ||R" X
Figure 1.1. Scheme of a non-polarisable liquid / liquid interface.
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The Nernst equation for ion transfer (1.8) derived in the previous section holds
true for both ions. Considering that the concentrations*cérRl X are equal in each

phase, the potential difference established at equilibrium becomes:

(1.11)

a 0 a 0 p .
A‘;;d)o — /fq)R+ +A/fq)x* + RTm YR*YX‘
R 2 Foo{yeyh

where y2., yo., y% andy; are the activity coefficients of ions"Rnd X in o andp

phass, correspondinegA”‘ﬁcp‘;+ and A"ﬂ(p?(_ are standard transfer potentials of the ions

R" and X from a to B phags, correspondingly.

Hence, the Galvani potential difference between the two phases is independent
of the electrolyte concentration, and is entirely controlled by the difference in solvation
energy of the partitioning ions in both solvents.

Koryta et al [9, 10] have shown that a system composed of two different
electolytes RX and TY dissolved in hydrophilie and hydrophobicp phases,
respetively, (Fig. 1.2) can have the properties of an ideally polarisable interface,
providing that the ions Rand X are both very hydrophilic and &nd Y are both very
hydroghobic.

(@ @
R" X~ I TY
Figure 1.2. Scheme of a polarisable liquid / liquid interface.

In terms of ion transfer potentials this system can be represented by the inequality

Ny, Nyed >> Ng2., NS (1.12)

Under these conditionsA’¢ is controlled by the electrical charge at the interfacial

region which can be supplied from an external source. The term "ideally polarisable”
refers only to an electrostatic equilibrium where the constituents of each phase have
infinite Gibbs energies of transfer, so that no faradaic process occurs at any potential of
the polarization range. However, it is obvious that real ionic species have a limited
solubility in any solvent. In practice, the interface can only be polarized within a certain
potential window, which is limited by the transfer of the ions. Therefore, the

potentiostatic control of polarisable liquid / liquid interfaces allows tailoring the driving
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forces associated with heterogeneous charge transfer reactions by changing the Galvani

potential difference between the two phases.

1.3 Charge transfer reactions at the interface between two immiscible

electrolyte solutions

1.3.1 lon transfer

From a practical point of view, the kinetics of ion transfer reactions can be
regarded as very fast that it can be assumed that the surface concentrations of ions
always follow the Nernst equation (1.8) [2]. In electrochemical nomenclature such
reaction is called reversible. As for a reversible redox reaction on an electrode with rate
limited by the mass transfer of the substrate to the electrode or by that of the products
away from the electrode, the rate of an ion transfer reaction across ITIES is limited by
the mass transfer of ions to or from the interface. Hence, the mass transport differential
equations and the boundary conditions are similar in both cases. Thus, the whole
electroanalytical studies of redox reactions at the metal / electrolyte interface can be
transposed to the study of ion transfer reactions at ITIES [6]. Fig. 1.3 shows a semi-
infinite linear nature of the diffusion process for the macroscopic ITIES that is

considered as planar.

Organic phase

Aqueous phase

Figure 1.3. Simplfied diagram of the linear flux across a planar ITIES.

Therefae Fick’s laws of diffusion describe the transport of ions at this planar interface:

. aCi(><,t)

-Jixy = Di (1.13)
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where J represents the flux of the specigsand its concentration as a function of
position and timex f). On the other hand, Fick’s second law of diffusion describes the

variation of concentration of the species, i, at a locatiowjtk respect to time, &s:

2
aCi(><,t) - D a Ci(><,t)

1.14
ot ox? ( )

As in dassical amperometry, the response of the system stems from the solution of the
diffusion equations for the same ion in the two adjacent phases]s.
ac” 9%c” ac”

=D 2™ and
ot x> ot

0%c?
ox>

=D’ (1.15)

By taking the interface as the origin, the current is then simply given by the flux iof ion

acrosshe interface of areé:

oc”
| = zAFD? | - 1.16
z I ( ax jx_o ( )

where the boundary conditions are described by the Nernst equation (1.8) and the
equality of the fluxes:

a B
pr| %] 4+ pr|%| =0 (1.17)
ox ) . ox )

In the @se of cyclic voltammetry that will be widely used throughout this work, the

forward peak current for a diffusion limited ion transfer is given by the Randles-Sevcik
equation [6, 11]:

1/2
lp = 0.4463;FAqb(;‘|_:rj DYAM?2 (1.18)

wherel, corresponds to the peak current in ampefess, the interfacial area inav is
the sca rate in V &, ¢ is the bulk concentration of the ion i in mol’randD; is its
diffusion wmefficient in nf s™.

Below, the two other charge transfer processes, facilitated ion transfer and
electron transfer, not connected directly to scope of this work, will be described very

briefly.
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1.3.2 Fadlitated ion transfer

When metal ions form a complex with an ionophore dissolved in the organic
phase, their Gibbs energies of transfer from water to an organic solvent are lower than
strongly hydrated metal ions. A decrease in the Gibbs energy of transfer is equal to
RTInK;, whereK; is the complexation constant in the organic phase. In this way, the
trander of many ions being too hydrophilic to be studied by voltammetry becomes
amenable to electrochemical measurements. Such a transfer is naemsissedor a
facilitated ion transfer{8]. Its schematic representation is shown on Fig. 1.4. The ion
moves from the bulk of phase 1 towards the interface with phase 2, in which it is poorly
soluble. At interface it reacts with an ionophore from phase 2, and then the complexed

ion is transported towards the bulk of phase 2.

phase 2

interfacial
complexatiol

©

S
!

O,

phase 1

Figure 1.4. Schematic representation of ion transfer across liquid / liquid interface assisted by

interfacial complexation [8].

1.3.2 Eleaton transfer

Electron transfer reactions are important part of many chemical and biochemical
processes. Liquid / liquid interfaces have been proposed as one of the simplest
approaches to the modeling of membrane chemistry since electron transfer reactions
often occur in living organisms between redox centers placed in media of different
polarity [8]. The studies of electron transfer link the two areas of homogeneous and
heterogeneous electron transfer, in first case redox centers exist in one phase, in second
case they are present in two distinct phases (Fig. 1.5) [2].

The reduction of the species in phasby the redox couple in phaBerequires

the approach of both species to the interfacial reaction planes a and b, respectively.
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phasel
Ol Rl
Ola e R]_a a
R, 0,° b
I:22 C)2
phas B
Figure 1.5. Schematic representation of a heterogeneous electron transfer reaction at ITIES. The

dashel lines represent the reaction planes located at a distaneedb from the liquid / liquid junction

(2].

It should be reminded that the driving force for charge species is a potential
difference applied across liquid / liquid interface.

The specific class of heterogeneous electron transfer at ITIES involves photo-
excitable dye molecules adsorbed at liquid / liquid interfaces. These molecules
exchange electron with redox active molecules present at the other side of the junction

only via the excited state [2, 3, 8].

10
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Chapter 2. Electrochemistry at three-phase electrode

In this chapter an important type of interface, triple interface on three-phase
electrode will be described. The electrochemical processes at this type of interface will
be presented and compared with those occurring at two-phase interface. In the latter
arrangement both phases are in contact and they form surface interface, whereas the
triple interface is a line interface. It is formed by three immiscible phases that are in
direct contact [12, 13]. The condition for the existence of triple interface is that each of
the three interfacial tensions is smaller than the sum of the other two [14]. Fig. 2.1
shows the schematic view of three-phase electrode cell where particle or droplet is

attached to the surface of the electrode.

Counter electrode ] Reference electrode
Working electrode

Electron conductor (phase )

(phase )

Electrolyte solution
(phasdll)

Figure 2.1. Schematic drawing of a three-phase electrode cell with a particle or a droplet attached

to the surface of the electrode immersed into electrolyte solution [13].

The phasd is a source or sink of electrons and touches phase Il and phase IIl.
The total charge of the particle or droplet is equal zero. Therefore any electron transfer
between phase | and phase Il enforces ion X transfer across phases Il / phase Il
interface to maintain the electroneutrality of phase Il [12, 13, 15, 16]. The both
processes can take place simultaneously.

Below, the triple interface and the electrochemical processes at different type
of three-phase electrodes with attached droplet(s) of redox liquid will be discussed in
detail. The electrode modified with solid particles will be not discussed because they are

not within the scope of this work.

11
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2.1 Introdudion to electrochemistry at solid electrode / redox liquid /

aqueous electrolyte interface

At first the termredox liquid should be defined. It can be accepted that redox
liquid is a pure redox probe that is liquid at room temperature. Such compounds as
butylferrocene,tert-butylferrocene orN,N,N’,N-tetrahexylphenylenediamine are the
examples. The solution of the redox probe in organic solvent, like solution of
decamethylferrocene in nitrobenzene or solutiontedfbutylferrocene im-alkane or
room-temperature ionic liquids, RTILs, represents other examples of redox liquid.
These two groups will be called pure or diluted redox liquid, respectively. Some authors
call redox liquid only a pure liquid redox probe [13]. Here this term will be used also for
diluted redox liquids, because this thesis is devoted to such systems.

The three-phase electrode, where redox liquid microdroplets are immobilized on
the basal plane pyrolytic graphite, bppg, electrode, was pioneered by Marken and co-
workers [17]. In that work the redox liquid was spread in a form of femtolitre volume
droplets and multiple three-phase junctions are created at their circumference. The
subsequent work on large volume drops of redox liquid on a paraffin impregnated
graphite, pig, was developed by Scholz group [18]. Aoki group used glassy carbon
support for the same purpose [19]. Later in order to extend three-phase junction Opallo
and Saczek-Maj have modified heterogeneous electrode, namely carbon ceramic
electrode, with redox liquid [20, 21]. In this system the line interface is formed by the
boundary of carbon grains, silicate matrix impregnated with redox liquid and the
aqueous phase. Recently, Niedziolka et. al proposed another silicate based three-phase
electrode obtained with imperfect hydrophobic silicate film [22, 23]. Nakatani [24-28]
used laser trapping and micromanipulating techniques to deposit a single oll
microdroplet onto working ultramicroelectrode from a emulsion. Another important
system consisting of the three-phase junction was recently proposed by Stojek group
[29]. In their experiment a cylindrical microelectrode was immersed into the two
immiscible liquid system in such a way that a part of wire was located in one liquid and
the other part resided in the second liquid. Schroder et. al investigated and compared
neutral and ionic redox liquids deposited on bppg in electrochemically driven process
across liquid / liquid interface [30].

As it was said above the three-phase reaction system is based on the concept that
the creation of charge in one phase requires counterions supply from the other phase.

When electrolyte is absent in organic phase the current is expected to be proportional to

12
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the length of the three-phase boundary for example the length of circumference of the
droplet(s) of organic phase. According to the theoretical analysis of diffusion at a thin

band electrode, the diffusion-controlled limiting current is given by [19, 31]:
|p = 47nFc Dr / [In (8.6RTD/nFv\)+3] (2.1)

where w < 17 pm and 2/r are width and length of a thin band electrode,
correspondinglyp is diffusion coefficient of redox probe in the organic phasés its

bulk concemntation; @ is the contact angle between droplet and electrode sukfase;
potential scan rate. For the three-phase juncticorresponds to the thickness of the
reaction layer [31]. Chen group has estimated its thickness on the basis of visual
observation and investigated the reasons of extending the three-phase boundary [31].
They claimed, that besides the effect of the electrode surface roughness, there is an
effect of diffusion electrogenerated ion towards the bulk of the organic phase. Stojek
group has shown that the valwedepends on the type of anion present in the aqueous
phase [29]. Earlier, the same group directly proved that the oxidation reaction at the
three-phase electrode with organic phase starts at the three-phase junction [32].

To clarify all processes, which take place at the three-phase electrode, the
electrode modified with single droplet of redox liquid can be examined. The triple
interface (Fig. 2.2) is located at the electrode / redox liquid / electrolyte solution — three-
phase junction, namely at the circumference of the droplet.

a)

b)

Electrolyte solution
(phase III)

Redox liquid
(phase II)

T,

Electrode
(phase I)

Figure 2.2. Schematic view from the side (a) and the upper side (b) of an oil droplet forming a

threephase junction with the aqueous phase and the electrode.

Typicaly, the ion transfer reactions across the liquid / liquid interface are driven
by potential difference between two phases (Chapter 1). The liquid / liquid interface of

the three-phase electrode is not polarized, so the ion transfer process is driven by

13
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electron transfer reaction across the redox liquid / solid interface. Each electron transfer
between electrode (phase I) and redox liquid (phase IlI) enforces the ion transfer
between redox liquid (phase Il) and aqueous electrolyte solutiof)(Rphase Il) to
compensate the newly formed charge at the three-phase boundary (Fig. 2.3).

Ox’ - d o
Phase I1I Phase 1T / / Phase I1I Phase II / / Ry
Red(or‘g_ OX(org OX( — Red(org
(OTQ) (org)
Figure 2.3. Schematic drawing of redox liquid droplet on the electrode surface and possible

processes in the presence of oxidizable compound Red (a), or reducible compound Ox (b) in phase II.
Phase Il is does not contain electrolyte. This drawing is not to scale; all processes start at the line

interface.

Table 2.1summarizes some observed reaction mechanisms at the three-phase

electrodes with immobilized droplet(s) [13].

Table 2.1. Overview of already recognized reaction mechanisms at three-phase electrodes with

immoblized organic droplets. Catalytic [33] or photochemical [34, 33, 35] reactions are not included.

Phase | Phase Il | Mechanism Ref.
Polar organic solvent Org\queous |(1a) Regdq+ Xaqg < OX'org+ Xorg + € 18.19
with dissolved non-ionicelectrolyte 36,40
oxidizable compound RedR"X" (1b) Redrg « OX'aq+ €
Non-polar organic solvent

_ ) Aqgueous
Org with dissolved non- .\ 18,30
o o electrolyte( (2) Re@yg « OX aq+ €
ionic oxidizable compoundR+x_ 41,42
Red
Polar organic solvent Org\queous |(3a) O¥g + € + Ryg < Redorg+ Rorg 40 42
with dissolved non-ionicelectrolyte 4A:
reducible compound Ox |R"X" (3b) O¥%rg + € « Redyq

14
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Non-polar organic solvent
o ith dissolved Agueous
rg wi issolved non- )
. g , electrolyte| (4) OXorg + € « Redaq 13
ionic reducible compound ,
R™X"
Ox
(5a) R@org + x-aq « Ox+org + x-org + é
o _|Aqueous | o
Organic oxidizable liquid (OX org and Xorg form an ionic pair) | 17,45
electrolyte N
Red R (5b) Redy « OxXx'aq + € (follow-up|-47
precipitation of [OX'X] is possible)
) . ~ _|Aqueous .\
Organic reducible liquid (6) OXorg + € + Hag = OxHorg
electrolyte o _ ~ 148,49
Ox R (the organic liquid remains non-ionic)

Electrooxidation of Red to Oxin a polar organic solvent droplet(s) may be
accompared by the transfer of anion” rom the aqueous to the organic phase (1a).
This happas if the free energy of that reaction is smaller than free energy for the
transfer of OX to the aqueous phase (1b) [13]. For a non-polar solvent the ejection of
electogenerated cation Oxo the aqueous phase is the most preferred reaction. The
reductionnon-ionic compound Ox to Recthay be followed by the transfer of counter
cation R from the aqueous to the organic phase (3a) or the escape ofoRi
aqueous phas(3b). The latter reaction is more preferred for non-polar organic solvent.
The dominant role of one of these processes depends on the relationship between the
free energies of the transfer Réalthe aqueous phase andt®&the organic solvent. For

pure redoXiquid modified electrode the situation different. Other reactions as formation
ionic pair between O¥q and Xoq in droplet (5a) or a precipitation of the salt [OK] 4q

(5b) arequite probable. Obviously anion insertion from the aqueous phase and cation
ejection to this phase can also take place for the organic oxidizable liquid Red. In the
case of the reduction of pure redox liquid the electron transfer can be also accompanied
by a proton insertion to phase Il (6).

2.2  Electrochemistry at three-phase electrode with pure redox liquid
Here, some important examples of immobilized pure redox liquid and their
electrochemistry will be exhibited. Table 2.2 shows the list of the most often

investigated redox liquids.
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Table 2.2. Liquid redox compounds studied voltammetrically as microdroplets immobilized on a

bppg o other* electrodes.

Pure redox liquid Ref.
N,N,N,N -Tetrabutyl-1,4-phenylenediamine 33,50,51
N,N,N,N -Tetrahexyl-1,3-phenylenediamine 46

o o 17,30,33-35,45,
N,N,N,N -Tetrahexyl-1,4-phenylenediamine

46,50-55
N,N,N,N -Tetraheptyl-1,4-phenylenediamine 33,50,51
N,N,N,N-Tetraoctyl-1,4-phenylenediamine 51,56,57
N,N,N,N -Tetranonyl-1,4-phenylenediamine 33,50,51
N,N,-Dibutyl-N,N -diethyl-1,4-phenylenediamine 33
N,N,-Diethyl-N,N -dihexyl-1,4-phenylenediamine 33
N,N,-Diethyl-N,N -diheptyl-1,4-phenylenediamine 33
N,N,N-Trihexyl-1,4-phenyleediamine 30
N,N,N,N -Tetrakis(6-methoxyhexyl)-1,4-phenylenediamine 46
N -[4-(Dihexylamino)phenyl]-N,N*,  N*-trihexyl-1,4- phenylene-58
diamine
3-methylthiophene -
(as millimetric drop immobilized on pig electrode)*
n-Butylferrocene 47

tert-Butylferrocene
(immobilized in ceramic carbon electrode or in thin film|2%-23,60,61

hydrophobic silicate matrix on gold impregnated with redox liquid)*

4-Nitrophenylnonyl ether 48,62
Vitamin Kj (2-methyl-3-phytyl-1, 4-naphthoquinone 49
Vitamin E (dta-tocopherol) 63
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Chapter 2. Electrochemistry at three-phase electrode

These compoundsare almost insoluble in water. In most cases the long alkyl chains
ensure their highly hydrophobic character resulting in low solubility. They also disturb
regular packing of the molecules and thus prevent crystallization. As one can see from
Table 2.2 family ofN,N,N,N-tetraalkyl-1,4-phenylenediamines was the most often
studied. Its representative -N,N,N,N-tetrahexyl-1,4-phenylenediamine, THPD, is
shown on Fig. 2.4.

Figure 2.4 Structure of the N,N,NN -tetrahexyl-1,4-phenylenediamine [17].

It is requied that redox process of these compounds occurs within the potential
window of the electrolyte solution into which the modified electrode is placed. The
electrooxidation of THPD in non-aqueous solution is characterized by two subsequent
reversible one-electron processes (Fig. 2.5). However, the second oxidation process,
which occurs at the more positive potentials, can be followed by irreversible chemical

reaction.

LuA

0.4 +10
E/V vs. SCE

Figure 2.5. Cyclic voltammogram for the oxidation of 0.6 mM THPD dissolved in acetonitrile (0.1

mol dm® NBu,PFg) at a 3-mm diameter glassy carbon disk electrode{28can rate 10 m\# [17].
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These processes are described by the following equation [43].

HoH He o H H\ﬁ/H
e e
—_— —_—
———— -
N J
/N -~ -~
H™ H H™ H H™+ H

(2.2)

The produtof first oxidation step is the blue radical cation, THPI was detected by

in-situ electrolysis of THPD in acetonitrile in cavity of an electron spin resonance
spectrometer [17]. The yellow droplets of THPD deposited on ITO also turn blue during
switching the potential fronk = -0.1 to +0.4 V vs. saturated calomel electrode, SCE.
The blue ring appears close to the three-phase boundary and slowly expands to the
center of the large droplets [17].

The electrooxidation of THPD immobilized in form of microdroplets on bppg
surface immersed to the aqueous solution is connected with the uptake of anions from
the surrounding electrolyte solution to preserve electroneutrality of the organic phase
(2.3) [17, 52]:

THPD(org) + X-(aq) > THPD+(0rg) + X-(org) + e- (2.3)

It was observed that the mid-peak potential and the shape of the voltammetric curves
depend on the type of electrolyte anion, whereas the influence of cation is insignificant
[17]. Fig. 2.6 shows subsequent voltammetric cycles for the oxidation THPD deposited
on bppg and immersed in different aqueous electrolyte solutions.

The change of magnitude of the current in subsequent cycles depends on anions
present in the aqueous phase. For such hydrophobic anionsaa@l®Fk the current
magnituderemains almost stable. For these anions transfer of hydrophobic anions into
the organic phase (2.3) is preferred. FortBé current magnitude slightly decreases,
whereasfor the most hydrophilic anions &nd OH the current magnitude gradually
falls down in the subsequent cycles. This decrease is explained by a loss of electroactive
compound. The reason of this effect is described below.
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Chapter 2. Electrochemistry at three-phase electrode

NaClO,
== KI
|
KPFs ?
NaOH
NaCl __
-o;.z 05 02 +05
E/V vs. SCE E/V vs SCE
Figure 2.6. Multicycle voltammograms for the oxidation of X84THPD deposited on a 4.9-mm

diameter bppg electrode and immersed in aqueous solutions of different electrolyte salts (electrolyte

concentration 0.1 mol df 6 cycles, 2C, scanrate 10 mV ) [17].

It was expected that the formal potentials could be determined by specific ion-
pairing interactions between the THPD cations and the transferred anions, because of
the high concentration of redox centres in the organic phase and their strong
intermolecular interactions [51]. Schroder and co-workers observed a strong linear
relationship between the mid-peak potential and the reciprocal radii of the hydrated
electrolyte anion (Fig. 2.7). For data analysis it was assumed that the formal potential,

E?, is equal to the mid-peak potential&

400+

3004

‘mid

100

'I {}D T T T L]
0.0035 0.0040 0.0045 0.0050 0.0055 0.0060

r' /pm’

Figure 2.7. Plot of the mid-peak potential{§ of microdroplets of THPDm) and N,N,N,N-
tetracctyl-1,4-phenylenediamin®) vs. the reciprocal of the radii of the electrolyte anior (neasured

in 0.1 mol dm?® electrolyte solutions at pH 8 [51].
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This relationship was considered as a proof of the anion insertion to the organic phase
(2.3). According to approach based on Born theory [51, 64], the free Gibbs energy of

the transfer of the anions between the aqueous and the organic AG4S8, ™,

dependson he hydrated anion radius, (2.4) and has a dominant influence on the

formal potential. It can be described by following equation:

AG 29 = _;Ij;zfz(éj;g _glaqj (2.4)
0

where e represents the elementary chardk; is the Avogadro constanty is the

permitivity of vacuum;&° and & are the relative permittivities of the organic and the

aqueous phas correspondingly. Because of the lack of the data for the anion transfer

across water / THPD interface, the use of Gibbs free energy for anion transfer across

water / organic solvent (nitrobenzene, NB) was proposed [33, 50]. Corresponding plot

of the mid-peak potential as a function of the standard transfer poteiifjal; (see

1.7) of a number of different electrolyte anions across water / NB interface is presented
on Fig. 2.8.

500
T / F 50"
400+ 5 // N .
300 4 - .
= 2000
-\._:g T
o 100 4
i) =
1 ASFQ. . -
-100 - PF, m  THPD, 0.025M in Nitrobenzene
] ® THPD, undiluted
=200 — T g T y T T
=200 0 200 400 600 800 1000
NB +0
AP, ImV
Figure 2.8. Plot of the mid-peak potential . {§ of the first oxidation step for droplets of THPD

dissdved in nitrobenzene and pure THPD measured in the presence of different electrolyte anions vs. the

standard transfer potential of the electrolyte anions at the water / NB interﬁ'igeﬁg, ,at pH 9 [51].

The features of both plots made for the droplets of pure THPD and diluted with NB are

very similar, and two different sections are visible. First one corresponds to
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hydrophobt anions, such as BFor NGs. In their presence the formal potential of
reaction (2.3) is strongly correlated with the standard potential transfer anions across

water / NB interface, AL, . The Nernst type equation for the reaction (2.2) was

formulated as follows [51]:

RT RT arHPDg,g axo‘,g
lna,. + —In—>= "
F X

_ 0 NB 40
E=E"+ AYg0 - (2.5)

* Arpp

org

where E° is standard potential of THPD/THPDcouple. According to the

electroneutrality conditiona .

org

= a, and taking into account thaa . =

org org

aryep,, » the equation 2.5 was rewritten to that defining formal poteiial,

RT RT aTHPDOabs
In a. +—In——=

2.6
T (2.6)

0 _ =0 NB 40
EO =E°+ APg0. -

where a.;, ~is the total THPD activity in NB phase. This type of reaction is
charaterized by a high chemical reversibility of the voltammetric oxidation and
rereduction [51]. According to equation (2.6) when electron transfer is followed by
anion insertion into organic phase the slope of dependgtices. A)’¢°. has to be

equal unity. The deviation from such behavior indicates that apart from the anion
insertion the electrogenerated cation ejection takes place. The considerable contribution
of the latter reaction can be judged from the second section of the plot on Fig. 2.8. It

corresponds to extremely hydrophilic anions (characterized by highly positive Gibbs
free energy of transfer across water / NB interface), such asdFSQ”. For these

anionsthe correlation betweeR’ and A2§¢§, is absent. The transfer of these ions to

the organic phase is energetically unfavorable. In this case electrogenerated cation

THPD' transfers to the aqueous solution follows electron transfer reaction:
THPDorg) & THPD (o) + € (2.7)

Then, theNernst type equation can be exhibited as follows:

E=E-a%°  + Ry e,

a4" THpD* E

(2.8)

a'TH PDyyq

Under conditiona, ... = app, » the formal potential becomes:
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EO’ = EO _ ANB¢O

447 tHpp*

(2.9)

This type of reaction is chemically irreversible and leads to the dissolution of the redox
liquid. Recently, Marken and co-workers have claimed the insertion of sulfate into
droplets ofN,N,N’,N*-tetrakis(6-methoxyhexyl)-1,4-phenylenediamine [46] or insertion
of phosphate and arsenate into microdroplets of TOPD [56]. This is accompanied by
dimerization and oligomerization of radical cation or precipitation of redox liquid,
respectively.

Due to basicity of some tetidalkylated phenylenediamines [30, 52, 56] and 4-
nitrophenyl nonyl ether [48], they can be protonated if the pH of the aqueous phase is
smaller than their pX In order to maintain charge neutrality within microdroplets the

protonaton is accompanied with anion insertion [52]:
THPD(org) + H+(aq) + CIO4-(aq) > [THPD|_|+CIO4-] (org) (2.10)

Obviously,the protonation process has considerable effect on electrochemical process.
Indeed, the proton concentration affects shape and position of voltammetric curves (Fig.
2.9).

0.0 0.3 ‘ 0.6

E/V (vs. SCE)
Figure 2.9. The influence of pH on cyclic voltammograms for the oxidation and rereduction of

0.519 THPD deposited onto a 4.9 mm diameter bppg electrode and immersed in aqueous 0.F mol dm
KNO; soltion. The pH of the solution was adjusted by addition of aqueous,Hb#@n rate 10 mV’s
[52].

The oxidaion of the protonated redox liquid is associated with proton expulsion into the

aqueous phase under low pH conditions:

[THPDH'CIO4]org) < [THPD'CIO4](org) + H'(aq) + € (2.10)
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In the case of neutral and high pH electrolyte the formal potential is independent of pH
(Fig. 2.10). In these conditions electrode reaction can be described by equation (2.3).

0.6

0.5t

Emid in V vs SCE
o
[#+]

Figure 2.10. Plot of the mid-peak potentia},ffor the oxidation and rereduction of Oug THPD
deposited onto a 4.9 mm diameter bppg electrode immersed in aqueous 0.1 @n(pH adjusted
with HNOs3), 0.1 mol drif KSCN (pH adjusted with HNJD 0.1 mol drif NaCIO, (pH adjusted with
HCIO,), 0.1 mol dri? KPFs (pH adjusted with HNG) as a function of pH [52].

It hasbeen also proven that in the case of the oxidation of the protonated redox
liquid in the presence of an acidic aqueous solution phase the electron transfer takes

place at the entire droplet / electrode interface (Fig. 2.11, b).

2|

Electrode dimension

49 mm

{HRN-C,H,-NR, CIO, }
{HRN-C;H,-NR 3

Figure 2.11. Photographic image of a stamp imprint of the interface layer of N,N,N’-trihexyl-1,4-
phenyenediamine at a graphite electrode. The electrode was modified with a closed layer of the redox
liquid and electrolyzed at a potential of +0.5 V vs. SCE for 60 s in order to form the colored radical

cation. The neutral redox liquid (a) and the protonated, ionic liquid (b) [30].
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The arrows show light and dark areas corresponding to unreacted and reacted
compound, respectively. The product of electrooxidation of protomatedN*-trihexyl-
1,4-phenylenediamine, TriHPD, is formed at the entire electrode surface, leaving a
homogeneous film of the reaction product [30]. This probably results from some ionic
conductivity of the redox liquid deposit. On the other hand for non-protonated TriHPD
reaction occurs only at circumference of the droplet (Fig. 2.11, a).

2.3  Electrochemistry at three-phase electrode with diluted redox liquid

The previous chapter concerned the electrodes modified with pure redox liquid
without organic solvents added to the organic phase. Here, the experiments with
electrodes modified with redox liquid consisting of redox probe solution in organic
hydrophobic solvent are reviewed. This approach allows to study the electrochemical
behavior of solid redox probes as solutes in the organic media at three-phase electrodes.
Tables 2.3 and 2.4 include selected redox probes and organic solvents used for

modification of the three-phase electrodes, correspondingly.

Table 2.3. Redox probes that have been dissolved in hydrophobic solvents and studied

voltammetrically at the three-phase electrodes.

Electroactive probe Ref.
Bis(cyclopentadienyl)iron (ferrocene, Fc) 18,19,32,36
tert-Butylcyclopentadienylcyclopentadienyl iron 60
(tert-butylferrocene,BuFc)

Bis(pentamethylcyclopentadienyl) iron 18,20,29,32,37-41,
(decamethylferrocene, DMFc) 44,65-72
2,3,5,6-tetrachloro-1,4-benzoquinomedhloranil) 73

Iron (111) tetraphenylporphyrin chloride 66,74
lodine 42,75
Lutetium bis(tetraert-butylphthalocyaninato) 68

Lutetium bis(phthalocyaninato) 68

Lutetium (tetratert-butylphthalocyaninato 68
hexadecachlorphthalocyaninato)

Cobalt tetraphenylporphyrin 76
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These solid redox probes are soluble in the organic solvents. On the other hand, their
both neutral and charged forms are poorly soluble or insoluble in water. Therefore the

escape of electrogenerated ion to the aqueous phase is almost avoided.

Table 2.4. Hydrophobic solvents that have been used for the preparation of three-phase electrodes.
Hydrophobic solvent Ref.
18,19,20,29,32,36-
Nitrobenzene, NB 39,42,44,51,66-70,
72,74,75
2-Nitrophenyloctyl ether. NPOE 69
Polar 1-Octanol 41,6971
solvents 4-(3-phenylpropyl)-pyridine 76
1,2-Dichloroethane 37,67
D- and L-2-octanol 77
D- and L-menthol 78
1-decyl-3-methylimidazolium 29
bis(trifluoromethylsulfonyl)imide
RTILs 1-butyl-3-methylimidazolium 29

bis(trifluoromethylsulfonyl)imide

1-butyl-3-methylimidazolium hexafluorophosphate 79

Toluene 20
Hexane 40
Non-polar
Decane 40
solvents
Hexadecane 17,20,40,60
Nujol 18

The organic solvents used in the studies of electrogenerated ion transfer through the
redox liquid / water interface can be divided into two groups: polar and non-polar. This
list includes RTILs recently used for preparation of the three-phase electrode [79]. The
solvents used for preparation of the three-phase electrode should be electrochemically

inert and insoluble in water. The use of aqueous electrolyte solutions saturated with the
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organic solvent together with organic phase saturated with water is often practiced. In
this way the dissolution of organic solvents in water diminishes, and as consequence the
concentration of redox probe in the organic phase remains unchanged. As it was
presented in Table 2.1 the mechanism of the electrode process depends on the polarity
of the organic solvent. Below, two principally different situations are described:
electrodes modified with organic and salt containing organic phases.

2.3.1 Electrodes modified with organic phase

The electrochemical behavior of the redox probe dissolved in inert solvent and
that of pure redox liquid is in many respects identical. Nevertheless, there are some
differences. Due to the low concentration of electroactive species within the droplet,
interactions between them are insignificant. Then, the insertion or expulsion of ions
to/from the organic phase does not change the physicochemical properties of the organic
phase during oxidation or reduction processes. However the ionic conductivity of the
organic phase still can be changed.

Most reports about these systems came from Scholz group [16]. In the majority
of their studies DMFc solution in NB was used as organic phase. This is because DMFc
is neutral lipophilic compound, soluble in various organic solvents. Its both neutral and
positively charged forms are almost insoluble in water [80]. The stable voltammogram
corresponding to electrochemically reversible one electron redox reaction can be
obtained with droplets DMFc solution in NB deposited on electrode immersed into
aqueous solution [70] (Fig. 2.12).

The oxidation of DMFc in NB can be described as follows [18]:
DMFC(NB) - DMFC+(NB) +e (211)

The squae-wave voltammetric technique is often applied to obtain well-defined
voltammograms with the peak potentig), approximately equal t&reqoxOf reaction
[81].

As in the case of undiluted redox liquidSgeqiox Of diluted redox liquids is
sensitve to the nature and concentration of anion present in the aqueous solutions (Fig.
2.13).
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Figure 2.12. Typical cyclic (10 scans) and square-wave voltammograms (forWatsh¢kward (})

and ret (I,.) components) of a NB droplet containing 0.1 mol*dBMFc attached to a graphite
electiode and immersed in aqueous solutions containing 1 m8INmTIO,. The other conditions were:
SW freguency f = 100 Hz, SW amplitudg,E 50 mV, potential scan increment dE = 1 mV and scan rate
=100 nV s*[70].
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Figure 2.13. Normalized square-wave voltammograms [13] and dependence of the peak potentials

(Ep) onstandard potentials of transfer of anions across the water / NB p(lé‘ﬁa'f¢§ ) [38] recorded

at electrodes modified with droplets of a DMFc solution in NB (0.1 mof)dmd immersed in 1 mol din

agueots solutions of different sodium salts. The instrumental parameters are the same as on Fig.2.12.

Similarly to (2.3) the overall electrode process can be written as follows:
DMFcpng)*+ X'(ag) « DM FC+(NB) +Xnpg) + € (2.12)

The slope ofinear dependence,Bn A% 47 _ is close to that predicted by (2.6) [38].

-
Knowing the value of the standard potential of DMFc/DMEouple in NB,

0

omees ouee» @Nd studying the reaction (2.12) at a droplet-modified electrode immersed

to aqueous solution Scholz group proposed to deterrﬂiﬁ@i_ with three-phase
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electrode potentiostatic measurements [18]. The use of the different redox probes and
solvents allowed to study both cations and anions transfer across water / organic solvent
interface. The advantages of the three-phase electrodes is that (i) no additional
electrolytes are necessary in the organic and aqueous phases; (ii) only very tiny amounts
of the organic solutions are necessary; (iii) the measurements can be routinely
performed with any voltammetric technique and three-electrode potentiostat. These

experiments are much simpler than that for four-electrode technique [4]. The values of

A‘{;§¢§, determined by the three-phase electrode technique are in good agreement with

the classical four-electrode technique data [16].

Apart from the fact that the three-phase electrodes based on drop or droplets
immobilized on electrode surface have a lot of advantages, their stability is a weak
point. Even in the case of the most hydrophobic redox probe it is hard to avoid the
ejection of charged product to the aqueous phase, because of the large difference of
volume of both phases. As a consequence, the concentration of redox probe within
small volume of organic phase decreases during the electrochemical experiment. In
order to avoid or diminish these effects one may use porous hydrophobic electrode
material acting as reservoir of the organic phase. For this purpose the use of carbon
ceramic electrode (CCE) were recently proposed [20, 21, 40, 60, 61]. The aim of these
PhD theses is actually to study electrogenerated ion transfer across hydrophobic polar

solvent / water interface supported by electroactive CCE.

2.3.2 Electrodes modified with salt containing organic phase

Another type of diluted redox liquid as the modifier of the electrode is presented
in this chapter. This is organic phase containing added electrolyte or ionically
conductive organic phase itself. Both of them are called $atecontaining organic
phase

This type of redox liquid was studied as deposit on edge plane pyrolytic graphite
(eppg) electrode modified with thin film (thickness 25-ff) and subsequently
immersed into the aqueous solution, by Anson and co-workers [82-84]. The surface of
electrode was completely covered by the liquid thin film. Therefore only when salt like
tetraalkylamonium perchlorate was dissolved in organic phase the electrode process
could be observed. It has been also observed that ionically conductive organic phase can
be produced when pure NB layer acquires about 2 mmdlsbdium perchlorate from
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the agueous phase [83]. In the case of salt containing organic droplet or film with
electroactive compound the oxidation of redox species is controlled by their diffusion in
the organic phase [83].

Scholz claimed that electrolyte dissolved in the organic phase besides increasing
the conductivity, narrows the potential window, what in not desirable [37]. Moreover,
the ejection of electrolyte cation may compete with counterion insertion organic phase.

Koval group using the same electrode system has examined the electron transfer
reactions between aquo and amine transition metal based redox couples present in the
aqueous phase and hydrophobic alkylferrocenes present in a thin organic liquid film
deposited on electrode surface [85]. The electron transfer reaction occurs at liquid /
liquid interface involving solvents of different polarities. They have claimed that the
ability to retain the ionic forms of hydrophobic redox couples in the organic phases is
affected by the structure of the redox species, the polarity of the organic solvent and the
electrolytes present in both phases [85].

Aoki and Chen have studied the electrochemical coalescence of NB / water
emulsions [86, 87]. The NB phase containing Fc and salt was deposited on the electrode
surface in the form of emulsion. The generation of ions by electrode reaction is
responsible for the coalescence. This is because it makes the organic droplets more
hydrophilic and reduces the surface tension. On the other hand the increase of the salt
concentration in oil droplet deposited on the electrode surface leads to a decrease of the
contact angle. The salt containing organic phase is more hydrophilic than pure organic
one and thus has a larger interfacial energy between the organic and aqueous phase [36].

Recently, the electrochemical studies of analogue electrodes modified with the
room-temperature ionic liquids (RTILs) were also reported [79, 88]. RTILs, as
alternative green solvents, are recently very often used in electrochemistry [88]. They
are room-temperature molten salts, with unique chemical and physical properties, such
as high thermal stability, negligible vapor pressure, low toxicity, low melting
temperature, and good electrochemical stability [88, 89]. A typical RTIL is based on the
combination of bulky substituted-alkylpyridinium orN,N’-dialkylimidazolium cations
with a variety of inorganic anions. The electrochemical studies of the three-phase
electrode, composed of RTIL film deposited on the electrode surface and exhibiting
extraction of ionic redox probe from the aqueous solution, were reported by Dupont and
co-workers [90]. Recently Niedziolka et al. have studied the ion transfer across the

boundary formed at an ionic liquid drop deposited on the electrode immersed in the
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aqueous solution, generated by electrooxidation redox probe dissolved in RTIL [79].
For most hydrophobic RTIL the ability of anions to be transferred into a RTILs phase
was claimed. Due to the enhanced conductivity of droplets of ionic liquid within redox
probe in comparison to the neutral redox liquid it can be expected that the electrode
process not necessary starts at the three-phase junction. The voltammetry of such
systems is quite similar to the voltammetry of protonated redox liquid [30] or salt

containing diluted redox liquid [36] deposited on the electrode surface.

2.4  Other important results

It has to be mentioned that a several papers were dedicated to theoretical models
for the voltammetry of immobilized droplets. Myland and Oldham were the first who
tried to simulate the voltammetry of redox probe at droplet-modified electrode [91].
However their model was not able to predict the shape of experimental voltammogram.
Later it was improved by Scholz and Lovric [67, 92]. They included the effect of
electrolyte partitioning into NB drop. Later, Komorsky-Lovric and Compton
successfully simulated model of electrodes covered with random arrays of
microdroplets [93-95]. It has to be emphasized that the modeling of the processes
occurring at the droplet-modified electrodes is not a simple task. This is because of the
complicated mechanism of mass transfer sometimes involving diffusion, migration and
convection at the same time. The changes in the concentration ionic species during the

experiments are also affected by Ohmic drop.

Some applications of redox liquid droplet-modified electrodes were reported. As
it was previously said (Chapter 2.3.1) the electrochemistry of electroactive compounds
dissolved in water immiscible solvents and attached to the surface of solid electrodes in
the form of droplets offers a unique access to the standard Gibbs energy of ion transfer
across a liquid / liquid interface. This approach was successfully used for determination
standard Gibbs energies of transfer for number anions [38, 41, 44, 66, 69-71], cations
[42, 44, 66, 74] and monoanionic forms of amino acids and peptides [33]. Moreover, the
ability of the three-phase electrodes modified with chiral organic solvent to discriminate
between enantiometric ionic species was shown [77, 78]. The electrocatalytic reactions
at microdroplet-modified electrodes were examined by Wadhawan and co-workers [33-
35, 49]. The three-phase electrodes have been used as an artificial means to study

complex biochemical electron transfer process, such as photosynthesis and of new
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conaept solar cells [34]. The electropolymerization at the three-phase electrodes was
reported by Marken [46] and Inzelt [59].

In future work one can expect that the three-phase approach may be used in
biomimetic studies simulating ion recognition process at membranes, catalytic systems
at membranes and redox-driven ion pumping at membranes. Such electrodes may find

application in the study of the electrochemical reactions in complex arrangements [16].
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Chapter 3.  Sol-gel materials

Sol-gel materials have been known for about 150 years. M. Ebelmen at the
"Manufacture de Ceramiques de Sevres” in France created the first silica gels [96].
Since that time, especially during the three last decades, the sol-gel processing has been
developed intensively and wide range of new materials were created. So, how have sol-

gel materials been made?

3.1  Sol-gel process
Sol-gel materials involve a wide range of inorganic and organic-inorganic

composite materials. Their name results from the common strategy of preparation — sol-
gel processing. Among its definitions, the general one is: “a sol-gel process is colloidal
route used to synthesize ceramics with an intermediate stage including a sol and/or a gel
state”[96]. From the same source, a sotlefined as’'a stable suspension of colloidal
solid particles within a liquid{96, 97]. The solid particles of sol have to be small
enough (a size between 2 nm andu®) to compensate the gravity forces by the
dispersion ones. The solvents used to disperse the colloidal particles of a sol are often
water, alcohol or their mixtures. After some time a sol is transformed into gel namely
sol-gel transition occurs. A gel is defined as “a porous 3-dimensionally interconnected
solid network that expands in stable fashion throughout a liquid medium and is only
limited by the size of container” [96, 97]. It should be mentioned, that the gel is not the
same as polymer. This is because, gel cannot be defined as a group of molecules whose
structure can be generated trough “repetition of one or few elementary units” [96, 98].
Silicon alkoxides and metal (e.g. Al, Ti, V, Zr) alkoxides are the most popular
precursors of sol-gel process [99]. The use of the former compounds results in creation
of silicates used as principal component of the electrodes used in research presented in
this thesis. Therefore this chapter will be focused on formation of silica sol-gel
materials and their applications.

There are common six steps of sol-gel process: hydrolysis (acid or base catalyzed),
condensation (acid or base catalyzed), gelation, ageing, drying and densification [97].
1) Hydrolysis(in the presence of Hor OH catalyst) can be described by following

equations:

Si(OR), + NHO — Si(OR).(OH), + NROH (3.1)
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R'Si(OR); + nHO - R'Si(OR).{(OH), + NROH (3.2)

where Rand R’- are alkyl group such as —¢HCHs5, CsHs and RO- is alkoxy group.
Unmodified and organically modified silicon alkoxide precursors participate in reaction
(3.1) and (3.2), respectively. The Si-C bond is very stable and it does not hydrolyze
during sol-gel processing. Therefore silicate materials with desired non-hydrolyzed
functional groups can be obtained.

2) Condensatiofiin the presence of Hor OHcatalyst) can be described by following

equations:
Si(OR%OR + HOSI(OR) ~ (RO%SIOSIi(OR} + RCH (3.3)
R’'Si(OR),OR + HOSIR’(OR) ~ (RO)XLR’'SIOSIR’(OR), + ROH (3.4)

Hydrolysis and condensation occur simultaneously.
3) Gelation During this step links between the sol particles producing 3-dimensional

solid network that entraps the remaining solution are established (Fig. 3.1).
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Figure 3.1. Scheme of 3-dimensional silicate gel structure. Whe&seSi atom,s - O atom © -

functionalgroup.

In this structure Si atom is joined to neighboring Si atoms by oxygen bridges. To some
silicon atoms hydroxide or functional group is attached.

The choice of acid or base catalyst substantially influences on the rate of
hydrolysis and condensation reactions. Thus the newly formed gel structure depends on
the selected catalyst. For acid catalyzed reactions after the first hydrolysis step the
intermediate can undergo the condensation reaction. Initially an open network structure
is formed, followed by further hydrolysis and cross-condensation reactions. On the

other hand, for base catalyzed reactions only the fully hydrolyzed species undergoes the
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condensation reaction. Hence highly cross-linked large sol particles are initially formed,
which later link to gel with large pores between interconnected particles (Fig. 3.2).

v

Acid
Catalysed

v

Base
Catalysed

Figure 3.2. Scheme of gel structure for acid and base catalyzed reactions [97].

4) Ageing It involves further condensation, dissolution and reprecipitation of
precursor molecules within the solid or liquid phases. It results in changing structure
and properties of gel after sol-gel transition. In this step the pore size, which is under the
stress, is changed.

5) Drying At first the evaporation of water, alcohol and other volatile components, as
consequence the shrinkage of gels occurs. It is followed by evaporation of liquid from
within the pore structure with associated development of capillary stress. The latter
effect frequently leads to cracking.

6) Densification Thermal treatment at above 500; which lead to collapse of the
open structure and formation of dense ceramics.

The preparation method has tremendous influence on the properties of sol-gel
materials. It means that transparency, porosity, pore size distribution, surface
functionality, strongly depend on the choice of precursors, solvents and catalysts; the
conditions of hydrolysis, condensation, ageing and drying. It is the most important
advantage of sol-gel process that the desired characteristics of the resulting materials
can be obtained by the change of the preparation procedure. Moreover, non-reactive
particles can be inserted in gel by sol doping. The other advantage of sol-gel materials

Is its relatively simple preparation. Typically, the synthesis takes place at room
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temperature (except densification stage) and under mild chemical conditions (extreme
pH conditions can be avoided). The precursors are easily purified to very high levels
and many of them mix easily, therefore the resulting material may contain both
inorganic and organic networks. Various forms of sol-gel materials like powders, thin
films, fibers or monoliths can be produced without the need for machining or melting.
As it was said above the pore size and shape can be controlled. However, there are
some disadvantages of sol-gel process. These are sensitivity of precursors to moisture,
time-consuming processing, dimensional change on densification, shrinkage, and stress
cracking on drying [96, 97, 100].

3.2 Applications of silicate sol-gel materials

Sol-gel processes are interesting from a scientific point of view as well as for
new or potential industrial applications [96, 97, 100]. A sol-gel fabrication process
makes the convenient way to produce coating, films, fibers, monoliths, hybrid organic-
inorganic materials and high specific surface area products such as membranes and
catalyst. Applying the sol-gel process enables one to make ceramic materials in
different forms (Fig. 3.3).
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Figure 3.3. Scheme of sol-gel fabrication [101].
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Thin films can be produced on a substrate by sol drop deposition, spin-coating or
dip-coating. After further drying and heat-treatment the “wet” gel, which still consist
solvent, is converted into dense ceramics or glass materials. If the “wet” gel is dried
under a supercritical conditions, the highly porous and extremely low density materials
(aerogels) are obtained. The uniform ceramic powders are created directly from the sol
by precipitation. Continuous fibers may be drawn from sol and converted to glass fibers
by heating.

Applications of sol-gel materials derive from the various special shapes obtained
directly from sol-gel processing [100]. The Table 3.1 presents the different shapes of

sol-gel materials and forms in which they are used in technology.

Table 3.1. The applications of sol-gel materials of different shape and composites.

Shape of sol- .
_ Are applied ... Ref.
gel materials

Thin films and ...as optical, electronic, protective and porous thin films96r102

coatings coating. -104

Monoliths (cast...as optical components, lenses, transparent superinsulafisn
bulk shapes) |and ultralow-expansion glasses. 106

...as catalysts, pigments, fillers and abrasive grains.
Powders, grains...as porous beads in chromatography, hollow cerabfi€,
and spheres |spheres as targets in inertial confinement fusion. 108

... in nuclear fuels.

Fibers ...for reinforcement or fabrication of refractory textiles. 109

...for filtration, separations, catalysis and chromatography.07,
Porous gel and

...as thin free-standing membranes. 110,
membranes

...as bulk xerogels or aerogels. 111

...for gels as matrices for fiber-, whisker- or particllei0
Composites reinforced composites. 112'

...as host for organic, ceramic or metallic phases.

The sol-gel materials, as well as sol-gel technology are used in variety of fields
of chemistry, physics, medicine and others. In order to be within scope of this study, the
selected applications of sol-gel materials in electrochemistry are presented below [113].
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1) Modified electrodes and electrochemical sens®tge production of sol-gel

modified electrodes includes the ways to obtain novel surface and bulk modified
electrodes, containing different functional group as for example redox active groups.
Their possible use in electrochemical sensing was often proposed [101, 102, 113-117].
Among them are working and reference electrodes, amperometric and potentiometric
sensors, biosensors. The Chapter 3.3 will focus on ceramic carbon electrodes (CCE)
belonging to this group.

2) Electrochemical biosensorl these devices the ability of sol-gel matrixes or

silica-carbon matrixes to encapsulate enzymes, antibodies, whole cells, whole cell
extracts and other active biological materials is utilized [118].

3) Gas electrodedue to porous gas permeable structure the gas feed can easily
penetrate through a body of the electrode based on silicate composite and react at the
solid / liquid interface [119] (see Fig. 3.10). Therefore, these electrodes can be
potentially applied in fuel cells, batteries and gas sensors [120-122].

4) Solid electrolytesSolid electrolytes prepared by sol-gel process are ionically

conducting glasses, which are characterized by wide composition flexibility, ease
fabrication, absence of grain boundaries, isotropic conduction and high ionic
conductivity coupled with low electronic conductivity [123-125].

5) Electrochromic devicesEfficient electrochromic devices capable to change

color upon electrochemical reaction, based on inorganic metal salts are constructed
using sol-gel technology [126, 127].
6) SupercapacitorsSupercapacitors are energy-storage cells containing electrodes

with very large capacitance. Twice larger capacitance of hydrous ruthenium dioxide
gels (Ru@-xH,0), prepared by sol-gel technique, in comparison to that prepared by
other methods because of increased specific area (porosity) of gel was reported [128].

7) Sol-gel coating for corrosion protectioithe application of sol-gel-derived

stable oxide films on metal surface protects it against corrosion. The sol-gel process is
also used to manipulate both chemical and mechanical properties of metal surface. The

inorganic and organically-modified silicates are used for this purpose [128].

3.3 Carbon ceramic electrode
In this chapter the physicochemical properties, voltammetric characteristic and
applications of CCEs are described and compared with other classes of carbon based

electrodes. These electrodes comprise of carbon powder homogeneously dispersed in
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non-modified or organically modified silica matrix. For the first time they were
introduced by Lev and co-workers in 1994 [114].

What are CCEs like? They are prepared by mixing carbon black or graphite
powder with the sol-gel precursor and solvent. After gelation and drying the porous
composite material with electron percolation pathways is formed. The choice of carbon
particles and its fraction affect significantly the electrical properties of the CCE [114].
The dependence of its conductivity on type and fraction of loaded carbon is presented
on Fig. 3.4.

& Acetylene black (Chevron)

1
~

X Ketjenblack (Akzo)
6 — A Graphite (Fluka)
¥ Graphite (Aldrich)
® Graphite (Bay Carbon)

Volume conductivity, (Q*cm)

0.1 1 10 100
Carbon loading, wt. %

Fig. 3.4. Dependence of the conductivity on carbon loading for different methyl-silicate CCEs

[119]. The list inside presents the name of carbon powders and their producer.

Carbon paitles used in experimental present on Fig. 3.4 differ in size. It increases from
Acetylene black, Chevron and Ketjenblack, Akzo (30 nm) through graphite, Aldrich and
Fluka (<20um) and Bay Carbon (4@m). It is clearly seen, that this parameter affects
both conductivity and the maximum accessible carbon loading, from 15% for carbon
black (Chevron) to 90% for large size graphite powders (Bay Carbon). If CCE consists
more than this limit, the rigid material cannot be formed. All types of CCE have high
electrical conductivity (> X2 cmi‘) [114]. For some carbon loading a little increase of
the amounbf carbon powder the conductivity of composite electrode grows up sharply.
It is probably the region of percolation threshold.

The choice of sol-gel precursor also affects the physicochemical properties of
CCE. So the wettability of CCEs by aqgueous phase depends substantially on the
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structure of selected precursors. Their appropriate choice is the simplest way to control
the wettability characteristics of final material. The Table 3.2 presents the water-wetting

angle of CCEs prepared with different organofunctional precursors.

Table 3.2. The water-wetting angle of CCEs made from different precursors. A constant molar
ratio C : Si = 14.7 was used for all electrodes. Bay Carbon graphite/M) was used for electrode

preparation [119].

Silicate precursor Chemical jormula Molecular weight Wetting angle

Methyltrimethoxysilane [CH4]Si{OCH, )y 136 78
Ethyltrimethoxysilane [CHiCH; [Si(OCHa ) 150 72
Pheny ltrimethoxysilane [CeHs]SI{OCH,), 198 76
(3-Glycidoxypropyljtimethoxysilane [CHAO)CHCH:0(CH2):]Si{OCH3)3 235 21
(3-Glycidoxypropyljtimethoxysilane / [CHAO)CHCH:0(CH2):]Si{OCH3)3 235

methyltrimethoxysilane 1 : 1 (molar ratio) [CH4]Si{OCH, )y 136 45
n-Octyltrimethoxysilane [CH5(CH; )4]Si{OCH, )y 234 72
3-Methacryloxy propyl-timethoxysilane [CH2 =C(CH3)C(O)O(CH2 1]Si(OCH1 248 63
Tetramethoxysilane Si{OCH; ), 152 Totally wetted
3-Cyanopropyltriethoxysilane [CN(CH2)3]81(0C;Hs)a 231 Totally wetted

For the extremely non-wettable CCEs that are prepared with hydrophobic
precursor such as methyltrimethoxysilane the water is repelled from electrode. Only
segregated islands of carbon at their outer surface are in contact with the electrolyte. On
the opposite side for extremely wettable CCEs prepared from tetramethoxysilane
precursor the electrolyte easily penetrates inside electrode. In this case the large part of
internal surface is completely wetted. These electrodes are useful, for example as a
reference electrodes and for electrocatalysis [119].

There are also other ways to control the wetted section of CCEs [119]. They
include incorporation hydrophilic additives, e.g. hydrophilic dopants or catalysts, into
the hydrophobic precursors [121, 129]; the use of the mixture of hydrophilic and
hydrophobic organofunctional precursors in appropriate ratio; and the use of the
hydrophobic or hydrophilic carbon powder or modified graphite grains [130, 131].

In comparison to other carbon-based electrodes CCE exhibits good rigidity,
porosity and stability. They are easily chemically modified and have a renewable
external surface [114]. The wetted section of CCE is very stable and remains constant
even after several months of immersion in the aqueous electrolyte [121, 129]. More
differences between CCEs and other classes of graphite electrodes can be also found.

The high conductivity, relative inertness and wide potential window of graphite
in an aqueous phase represent typical advantages of carbon-based electrodes. Such

monolithic carbon electrodes as glassy carbon, graphite rods, carbon paste and solid
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composite electrodes, where graphite powder is dispersed in organic polymers, are
commonly used in electrochemistry [132-135]. Apart of advantages mentioned above
these electrodes have a lot of limitations, for example the use of carbon paste electrodes
is confined to aqueous solutions. Moreover, carbon paste electrodes have low
operational stability and reproducibility. The voltammetric characteristics of carbon-
based electrodes are also different. Fig. 3.5 presents the comparison of potential window

in the aqueous solution for different classes of carbon electrodes including CCE.
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Figure 3.5. Voltammograms of carbon electrodes in deoxygenated 1 Mdi@mCCE (A, dotted

line represents deoxygenated electrode body), glassy carbon (B), carbon paste (C), graphite rod (D)

electrodes, scan rate 100 mV/s [136].

There @ae some obvious advantages of CCE. The oxygen evolution on CCE takes place
at the more negative potential than on other electrodes. The cathodic overpotential of
the CCE is smaller than for glassy carbon, significantly larger than for graphite rod and
similar to the carbon paste electrode, CPE [136].

The magnitude of background current of carbon-based electrodes is connected
with double layer charging and faradaic reactions involving surface oxide groups [137].
Despite rough surface of CCEs, the estimated capacity of these electrodes is comparable
to that of the glassy carbon electrode and intermediate to that of CPE and graphite rod

electrode. The edge planes of the graphite structure involve surface functional groups,
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such as ketones, enols, carboxylic groups and quinones (Fig. 3.6). Especially quinone
groups make substantial faradaic contribution to the background current.

Figure 3.6. Schematic view of the functional groups on a graphite surface.

The poous structure seems to be the most important feature of CCE. This is
because of composite character of the material, which makes possible to produce large
area for electron transfer. This property is also exploited in experiments described in
this thesis, namely in modification procedure. Actually, CCE are more amenable to
chemical modification than monolithic carbon electrodes [114]. Therefore, in order to
introduce specific interactions between CCE and reactants dissolved in solution, this
electrode can be modified in five routes. In particular, redox active groups can be
immobilized by:

1) doping of the redox modifier to the sol,

2) modification of carbon particles with redox-active groups;
3) bonding of redox-active group to silicate precursors;

4) adsorption of the redox modifier on the electrode surface;
5) impregnation with the redox modifier.

A number of publications were already devoted to modified CCEs [113, 114,
119, 121, 122, 138-140]. The selected examples of modified CCEs and their
applications are presented below.

Doping of the modifier to the sol

The first example is organic molecule (9,10-phenanthrenequinone) modified
CCE prepared by incorporation of redox probe along with the sol-gel precursors. It can

be alternatively used as voltammetric pH sensor [114]. The electrodes exhibited an
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almost Nerstian dependence of the anodic peak current on pH, 59 mV/decade pH over a
wide pH range (0-7) [114, 119]. Fig. 3.7 shows the effect of pH on the voltammograms
obtained with this CCE.
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Figure 3.7. Voltammograms of CCE modified with 9,10-phenanthrenequinone by doping. The

measurements were conducted in 1 mof gimosphate buffer at different pH [119].

Inorganc molecule modified CCE prepared from sol doped witlype 2:8-
molybdodiphosphate ¢Rlo:g) represents another example. The electrode has shown
catalytic activity for the electrochemical reduction of bromate in an acidic aqueous
solution (Fig 3.8) [139].
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Figure 3.8. Cyclic voltammograms of aNRo;g-doped CCE in 0.5 mol diH,SQ, + 0.1 mol dn?

Na,SQ, aqueous solutions containing 0 (b), 1 (c), 2 (d), 5 (e), 10 (f), 15 (g) and 20 (h) mridNadm

BrO;, respectively, and an unmodified CCE (a) in the same solutions as (e). Scan rate is 4p1L89Y.s

42



Chapter 3. Sol-gel materials

Modification of carbon patrticles with redox-active groups.

There are many ways of linking redox group to carbon grains. Among them is
the self-assembling method. The carbon particles are first coated with gold, material
suitable to thiol adsorption [113]. Then they react subsequently with cystamine,
glutaraldehyde, dialkylamine, and at the end with ferrocene acetic acid to form
ferrocene appended carbon grain (Fig. 3.9).
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Figure 3.9. Scheme of structure of ferrocene-modified carbon particle [113].

In this particular example ferrocene functional groups are responsible for the
signal transduction from the active center of the enzyme to the electron conductive
surface.

Carbon particles can be also modified by adsorption of redox active compound.
The CCE made of carbon particles covered with cobalt phtalocyanine or cobalt
porphyrin showed noticeable electrocatalytic activity toward the reduction, @n®
CO andoxidation of SQ and H [121]. The porous structure of the CCE is useful,
becauseof its gas permeability and hydrophobicity preventing flooding electrolyte
through the electrode (Fig. 3.10).
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Figure 3.10. Scheme of a CCE gas sensor [121].
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Bonding of redox-active group to silicate precursors.

Lev and co-workers [141] proposed to use ferrocene appended precursor to
immoblize ferrocene group in silicate matrix. The copolymerization of N-[3-
(trimethoxysily)propyl]-ferrocenylacetamide, methyltrimethoxysilane and

aminopropylsilane results in multifunctional silicate redox polymer (Fig. 3.11).
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Figure 3.11. Scheme of structure of a ferrocenyl-modified redox silicate [113].

In this case ferrocene functional groups also were responsible for the signal
transduction from the active center of the enzyme to the electron conductive surface.

Adsorption of the redox modifier on the electrode surface.

Salimi group has modified CCE with complex [Ru(bpy)(tpy)CHPBr
chlorogent acid using adsorption of modifier at CCE [142, 143]. In first case a bulk-
modified CCE with Nafion] was prepared, then thin film of Ru-complex was adsorbed
at the electrode surface. The modified electrode has been shown to be promising for L-
cysteine detection with many desirable properties including high sensitivity, low
detection limit, and fast response time [142]. In the second case, bare CCE was
modified with thin film of chlorogenic acid. It is adsorbed strongly and irreversible on
the surface of electrode. The modified electrode showed electrocatalytic activity toward
NADH (nicotinamide adenine dinucleotide) oxidation.

Impregnation with a redox modifier.

Recently Opallo and co-workers have proposed the new way of CCE
modification, namely impregnation with liquid redox probe or diluted redox probe [20,
21, 40]. The modification procedure involves immersion in water-immiscible liquid
redox probe or solution of redox probe in hydrophobic non-polar solvent, which easily
penetrates inside a bulk of hydrophobic electrode. CCEs modified in this manner have
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advantages over carbon paste electrodes, because of the CCEs can be prepared not only
with very viscous binder like Nujol, silicone oil or higher liquid hydrocarbon [137,
144]. Also electrodes modified with pure redox liquid lieet-butylferrocene exhibits
large faradaic current due to extremely large surface concentration of redox groups.

This way of modification was used in the presented study. From pure redox
liquids or redox probe solutions in non-polar or polar solvent, which were proposed in

earlier studies [20, 40], the latter group was selected.
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Goal

The objective of this work is the understanding of the electrogenerated ion
transfer reaction across liquid / liquid interface supported by carbon ceramic electrode.
The redox probe solution in hydrophobic polar solvent filling the hydrophobic silicate
matrix and aqueous electrolyte solution represent both sides of this interface. In
principle two reactions are possible: the cation ejection to the aqueous phase or anion
insertion from the aqueous to organic phase. The contribution of these reactions in
whole electrode process was studied using electrochemical methods at different
conditions. They were changed by appropriate selection of experimental factors. The
type of redox probe, organic solvent and anion present in the aqueous phase seem to be

among the most important.
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Experimental results and discussions
Chapter 4. Methods

Here, an overview of finite-current controlled-potential techniques used in these
thesis, is presented. The last part deals with scanning electron microscopy that has been
used to obtain images of CCEs surface.

4.1  Electrochemical techniques

The most common instrumentation required for controlled-potential experiments
iIs an electrochemical cell connected to a potentiostat. Typical electrochemical cell
consists of the three electrodes i.e. counter electrode (CE), reference electrode (RE) and
working electrode (WE) all immersed into an electrolyte. The potentiostat controls
potential difference between RE and WE with minimal interference from IR (ohmic)
drop [81]. The basis of all controlled-potential techniques is the measurement of the
current response to an applied potential [81, 145, 146].

4.1.1 Cyclic votammetry

The cyclic voltammetry (CV) provides considerable information on the
thermodynamics of redox processes; the kinetics of heterogeneous electron-transfer
reactions, coupled chemical reactions and adsorption processes.

CV technique is based on the use of a triangular potential waveform [81, 145,
146] (Fig. 4.1, a).

EA a LA b
forward scan
E forward scan backward scan
¢ \ A loa -
0 |
p,c backwad scan
t E, E.c Ep: E.E
Figure 4.1. Plots of the potential program applied in CV (a), applied potential (E) vs. time (t) and

resuting current response (1) vs. E (b). Initially only Red is present in solution. Other abbreviations are

described in text below.
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The Fig. 4.1 (a) presents single cycle starting from inijato final potential E;, being

equal n this caseEe is the end potential, where the sweep is reversed. This sequence
can be epeated using a repetitive triangular potential excitation. During the potential
sweep, the potentiostat measures the resulting current. The plot shows expected single

cyclic voltammogram for one electron reversible process (Fig. 4.2, b):
Ox + € - Red (4.2)

Such pek shaped voltammogram appears when radius of electrode is much larger than
diffusion layer thickness. Thg,c. and |, are peak current&, . and E,, are peak
potentids for the cathodic and anodic processes, respectively. For process (4.1) the
formal potential E®, is assumed to be equal the mid-peak poterfigh, = Yo(Bpc +

Epa) (With acceptance the equality of diffusion coefficienOofandRed forms: Doy =

Dred [81]. E® in CV has the same meaning as in direct current polarography (DCP), as
consequencéhe mid-peak potential in CV corresponds to half-wave potential in DCP.
For one-electron reversible processes the rhtiflp . is equal unity and the peak
separdbn, AE, = Ep - By, is 57 mV at 25 €[81].

The shape of the voltammogram depends on the reversibility of the
electrochemical reaction. In electrochemically reversible systems the electron transfer
rate at all potentials is significantly greater than the rate of mass transport, and therefore
Nernstian equilibrium is always maintained at the electrode surface. When the rate of
electron transfer is insufficient to maintain this equilibrium, the shape of the
voltammogram changes to that of an electrochemically irreversible system. The terms
“reversible” and “irreversible" refer to limiting cases, where the electrode kinetics is fast
or slow relative to the mass transport conditions of the electrode [147]. There is also
another meaning of reversibility, namely chemical one. After an electrode reaction the
product can undergo consumption, for example a further chemical reaction or transfer to
other phase. In this case the most marked feature of a cyclic voltammogram of a totally
irreversible system is the absence of a reverse peak.

For diffusion-controlled processes the peak currignts proportional to square
root of scan ratey"?, and can be calculated with Randles-Sevcik equation (1.18). Thus
lp is proportional to the concentration of electroactive species and to the square root of
the swep rate and diffusion coefficient. The reducing of size electrode (microelectrode)

leads to a situation in which the radial diffusion becomes dominant. In this case current
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magnitudes are independent of the scan rate and voltammograms have a sigmoidally

shape.

4.1.2 Differential pulse voltammetry

Pulse voltammetric techniques originally were aimed at lowering the detection
limits of voltammetric measurements [81, 145]. The introduction of potential pulse to
the electrode considerably increases the ratio of the faradaic and capacitive currents in
comparison to the linear scan voltammetry [81, 145, 146]. Fig. 4.2 qualitatively
illustrates the currents flowing after the imposition of a potential pulse. It is clear that

the capacitive current decreases much faster than the faradaic one.

1A

Faradaic

~ capacitive
~

-~

——

imposition
of a pulse t
Figure 4.2. Faradaic and capacitive current, |, flowing after the application of a potential pulse

plotted vs. time, t [81]. This plot refers to reaction 4.1.

In mostcases the aim of measurements is to detect the current magnitude when
the influence of capacitive current is negligible. In differential pulse voltammetry
method (DPV) the current is sampled twice: before pulse application and at the end of
pulse (Fig. 4.3, a). In this case the large contribution of capacitive current is eliminated.

The current measured is equal the difference of the current measured before the
beginning of the pulse and close to the end of the pulse. Therefore it has the largest
value at potentials close to formal potential. The Fig. 4.3 (b) presents typical peak
shaped DPV curve corresponding to the reaction (4.1). Ethean be described as
follows [81, 146]:

1/2
E,=E° + Rl (%] - AEy/2 (4.2
Ox

If Drea= Dox and4E, is very small, the potential of maximum current is close’to E
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b)

> -
t E, E

Figure 4.3. Plots of the potential program applied in DPV (a) as a function of time, t, and resulting
current response, | vs. E (b) of the process (4¢1is the point of current detectiodlE, is pulse (step)
height t, is pulse (step) width, % corresponds standard redox potential, &d E have the same

meanirg as on Fig. 4.1.

4.1.3 Chronoampe@metry

In chronoamperometry technique (CA) current is recorded as a function of time.
The method involves stepping the potential of WE from a value at which no faradaic
reaction occurs to a potential at which the surface concentration of the electroactive
species approaches zero (Fig. 4.4). Most frequently double potential step

chronoamperometry is used and will be described below.

E A a) A b)

Ox + € — Red

0 t
-
0 T t
Red -Ox + €
Figure 4.4. Plots of the potential program applied in double potential step CA (a) and resulting

current response, | vs. E (b) for the process (4.1)aid E are potentials, at which reaction (4.1) does

not ocur and occurs, respectively; time of polarization of electrode at.E

E; is in a potential region where faradaic processes do not occur, witgream a
potentialregion where the kinetics for oxidation Rédbecomes so rapid that Redis

present close to the electrode surface [145]. Anodic current decreases subsequently from
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large magnitude to a limiting current, where the interfacial concentration of the reactant
Red falls to zero. After= 7the potential is returned &, where only reduced form is
stableat the electrode. Again, a large cathodic current gradually flows down to fully
rereduced form at the electrode (Fig. 4.4, b).

Similarly to CV and DPV the stationary WE and unstirred solution are required
in CA method. If the mass transport under these conditions is solely by diffusion, thus
the current-time curve is sensitive to the change in the concentration gradient in the
vicinity of the electrode surface. For a planar electrode under the following boundary

conditions for the concentration profileg/x,t).

COX(X,O) = C;

lim Cox(X,t) = Cg;

Cox(0,t) = 0 (for t > 0)
the tme dependence of diffusion-limited current is described by Cottrell equation [145,
148]:
Dox Cox

PR (4'3)

I(t) = zAF

where C;X is bulk concentration of specigdx, Do, — their diffusion coefficientA —

interfacial areaz — charge number of electrochemical reaction.

If the rate of the electrode reaction is controlled by diffusion of redox active
species the linear dependence of the current on reciprocal square root of time can be
observed. CA technique is used for estimation of the diffusion coefficient of
electroactive species or the surface area of the WE. It is also applied to the study of

mechanisms of electrode reactions.

4.2  Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is used for surface characterization and
chemi@l analysis at micro-scale [149, 150]. The topics of SEM research are
microelectronics, agriculture and environmental science, material preparation, optics,
electrochemistry, mechanics and micro-machining, biological science, and innovative
SEM methods.
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Modern SEM with field emission gun (FEGSEM), used for experiments
described in this thesis, is capable of resolution near 1nm on appropriate samples
(conducting itself or covered with conducting material) using the scanning electron
signal. FEGSEM uses a focused electron beam to scan small areas of solid samples i.e.
to study surface topography. The SEM apparatus consists of a carbon cathode with a
very sharp (< 100 nm) tip usually made of a wire of single-crystal tungsten filament
from which electrons are emitted [149]. The small tip radius allows an electric field to
be concentrated to an extreme level ( ¥cm?) at the tip. The electric field applied
at thetip forces electrons to “tunnel” directly through the potential barrier and leave the
cathode without requiring any thermal energy. As the electron beam is produced by a
tunneling process very high vacuum ca*dTorr is needed [150]. The electrons are

acceleated to ca. 10 keV and targeted at the sample (Fig. 4.5).

Electron
Bedam

Electron Gun

LTI h _ Anode

‘ H‘ Magnetic
i |—Lens

ToTY
scanner

scanning
Coils

i
Backscattered \'l"“ﬂ
Electron o/ Wi

\ i Secondary
\\\ = “Ied ron
) Detector

Specimen

Figure 4.5. Schematic view of SEM apparatus ,heart” [151].

A beamof electrons is produced at the top of the microscope by heating of a metallic
filament. The electron beam follows a vertical path through the column of the
microscope. It makes its way through electromagnetic lenses that focus and direct the

beam down towards the sample. Two types of electrons are produced from the
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interaction of the electron beam with the sample surface, secondary electrons and
backscatter electrons.

Secondary electrons are emitted from the sample and collected to create an area
map of the secondary emissions. Since the intensity of secondary emission is very
dependent on local morphology, the area map is a magnified image of the sample. These
electrons were used for analyzing of the electrode surface concerned this paper. Typical
spatial resolution of SEM is 4 nm and in FEGSEM — 1 nm [149, 150].

Backscatter electrons are high-energy electrons from the primary beam that are
scattered back out of the sample by the atomic nuclei. The intensity of the signal is
dependent on the mean atomic number of the area of interaction i.e. backscattered
electrons tell us about surface structure and average elemental composition. The
incident electrons can also generate X-rays. Energy Dispersive X-ray Spectroscopy
(EDX) can utilize these signals for compositional analysis of microscopically small
portions of the sample.
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Chapter 5. Equipment and chemicals

5.1  Equipment

Electrochemical experiments were performed with an Autolab (Eco Chemie,
Netherlands) electrochemical system with dedicated software (GPES v.4.9) in
conventional three-electrode or four-electrode cells. The start potential in CV and DPV
experiments was always chosen as the most negative point in the potential window. An
Ag|AgCI|KCI sat. electrode (Ag/AgCI) or saturated calomel electrode (SCE) were used
as reference. A platinum wire (diameter 0.5 mm) was used as a counter electrode.
Various type of CCE, carbon paste electrode (CPE) or bppg electrode was used as a
working electrode. In some experiments Au disk (diametes 2 mm) as second

working electrode was also used in bipotentiostatic conditions (Fig. 5.1).

Au-WE2

micromanipulato

CE RE
B 3 mm
A
CCE-WE1
Figure 5.1. Schematic view of the electrode cell with two working, WE, counter, CE, reference, RE,

electodes. The distance between WE1 and WE2 was controlled by micromanipulator.

Unless it is not otherwise written, a scan rate in cyclic voltammetry
measurements is equal 0.01 V% sSince electrooxidation reactions were studied

voltammearic scan starts at most negative potential.

5.2 Chemicals
Electrode substratemethyltrimethoxysilane (MTMOS) (99%, Aldrich, Strem);
tetramethoxysilane (TMOS) (99+%, Aldrich); graphite powder (MP-300, average

particle size 2Qum, Carbon GmbH) and graphite powder (UPC-1-M, average size 1
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um, Graphite Pold). Bppg (Le Carbone Ltd., UK) and carbon nanofibers (CNFs)
(average diameter 100 nm) were obtained from Loughborough University, UK. The
latter were grown by chemical vapour deposition (CVD) following a published
methodology [152].

Redox probesSubstituted ferrocene derivatives (SFc): Fc (98%, AldriByi-c
(99%, Strem), DMFc (97%, Aldrich), ferrocenedimethanol (Fc{@H),) (98%,
Aldrich). N,N-didodecyl-N’,N-diethylphenylenediamine (DDPD) was obtained from
Loughborough University, Loughborough, UK. It was synthesized and purified as
described in [153].

Solvents NB (+99%, Aldrich), NPOE (99+%, Fluka), 2-nitrophenylphenyl ether
(NPPhE) (99+%, Fluka), bis-(2-ethylhexyl)hydrogen phosphate (HDOP) (97%,
Aldrich), methanol (MeOH) (analytical grade, POCh), acetonitrile (ACN) (for
spectroscopy, Merck)._ RTILs Cymim(PF), CimimN(Tf);, CiomimN(Tf), were
obtained érm Laboratoire d’Electrochimie et Chimie Analytique University Pierre et
Marie Curie, Paris, France.

Acids, Alkalines, SaltsH3PQ4, NaF, NaCl, NaCl@Q NaSCN, NaSO, KBr,
KNO3, KOH (analytical grade) were from POCh; KPEP8+%) was from Merck.
Tetrabuylammonium perchlorate (TBAP) was prepared by metathesis foJ{DIBr

(Fluka)with HCIO, (Aldrich) in water. The product was recrystallized twice from water
and dried undereduced pressure at 100° C for 24 h.
All chemicals were used without further purification. Water was filtered and

demineralised with an ELIX system (Millipore).
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Chapter 6.  Selection of studied systems

Although the list of chemicals used in this thesis was presented in previous
chapters, the rules of the selection of redox probes, solvents and aqueous electrolytes
are described below.

Special attention was paid to selection of the redox probes used in this research.
They have to undergo facile one-electron reaction in appropriate potential range, where
no another electrode processes are presented. Moreover, these redox probes should have
good solubility in polar organic solvents and be insoluble in agueous solution.

Ferrocene and its alkyl-substituted derivatives, SFc, seem to be good candidates
for this purpose. Their structures of these redox probes are presented below (Fig. 6.1).
The ferrocene is substituted with ortertbutyl) or ten (methyl) groups. Therefore
hydrophobicity of these compounds increases in the order tBukc < DMFc and
systematic study of the role of this factor in the mechanism of electrogenerated ion
transfer is possible. Additional redox substrate, -Nidddecyl-N’,N=
diethylphenylenediamine, which does not belong to above group, was used in
experiment with liquid acid-base complex. The presence of N-atom with electron donor
properties gives possibility of such complex formation.

I

c— CH, H,C CH,
\

Fe CHs
a) Fe b) Fe C) HC
C,H
2 S\N/ CHg
d)
N
C12H25/ \C12H25
Figure 6.1. Structure of ferrocene (a), tert-butylferrocene (b), decamethylferrocene (c) and N,N-

didodecyl-N’,N’-diethylphenylenediamine (d).
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No less important concern was paid to selection of solvents. The choice
obviously was restricted to polar hydrophobic solvents. According to Table 2.1 the
transfer of anion from aqueous to organic phase following the electrogeneration of
cation in the latter is possible only where organic phase is polar. Obviously liquid /
liquid interface has to be stable. This is possible only with hydrophobic solvents. Three
structurally similar hydrophobic polar solvents, NB, NPOE and NPPhE (Fig. 6.2) were
employed. First two were frequently used in electrochemical studies of liquid / liquid
interface [13]. The presence of alkyl or phenyl substituents connected to nitrobenzene
moiety increases the hydrophobicity and viscosity of last two. The first parameter was
expected to affect the stability of the electrode. Their different viscosities helped us to
study the effect of reactant transport inside the organic phase. The most viscous polar
solvent NPOE as well as;gnimN(Tf), were also employed for preparation of CPE
used to sidy the effect of silicate matrix.

For experiment with liquid acid-base complex the hydrophobic acid HDOP (Fig.
6.2) was selected. As ionically conducting solvents two RTILs one relatively
hydrophilic - GmimPFK and other hydrophobic -,@nimN(Tf), (Fig. 6.3) were used.

The propeties of all solvents used are presented in Table 6.1.

NO O /OH
O
C8H17 |
C H17 C H17
a)
Figure 6.2. Structure of solvents used in experiments: nitrobenzene (a), 2-nitrophenyloctyl ether (b),
2-nitrophenylphenyl ether (c) and bis-(2-ethylhexyl)hydrogen phosphate (d).
A 4
PF; O .0
1N
C F:}_ﬁ ﬁ—i_, F,
O
C,mimPF, ComimMN(TT),
Figure 6.3. The structural formula of ionic liquids used in the experiments.
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Table 6.1. Selected physicochemical properties of polar solvents and RTILs used in experiments of
thesetheses
- ' Relative _ ) | Solubility
Solvent Boiling | Density, | . Viscosity, Solubility
_ 5 |dielectric . of water
[Ref.] point, °C | g/cm o n, cP in water |
permittivity in solvent
NB 1.196 1.5 x107 |0.2
210-211 34.8 1.80 3
[154,155] (25 °C) mol dnm® | mol dmi
NPOE 1.041 2.0 x10° 4.6 x10?
197-198 24.2 12.35 5 5
[154-156] (25 °C) mol dm” | mol dm
NPPhE 1.098
177-178 - 7.58 - -
[156,157] (20 °C)
HDOP 0.965
[155] (25 °C)
CsmimPFRs 397 2.4 % 2.7 %
- - 11.4
[158-160] (25°C) [(B0°C) |(30°C)
[161] (20 °C)

As the anion transfer from the aqueous to the organic phase was expected to play
important role in electrochemical process, the aqueous solutions of salts of anions

having different hydrophobic-hydrophilic properties were used as electrolytes. The
standard transfer potential across agueous phase / organic phase intéjjm;e,(see
p. 21) describes the ability of the anion to be transferred across water / organic solvent

interface and therefore its hydrophobicity. Below, the anions of selected salts, their radii

and standard transfer potentials from water to NB or NPOE are presented in Table 6.2.

0

The anions having smaller values 8¢5 or AL°¢"_ are easier transferred

to organic solvent. These parameters also correlate well with the radii of an anion. In the
discussion of obtained results the valuesat}jqbi, were used for all systems. This is
becausel;*“¢;_ were determined only for some anions and the transfer potentials of

ion transfer across water / NPPhE interface are not reported in literature. This procedure

is justified, because the order of this parameter is similar for both NB and NPOE (Table
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6.2). It is also expected to be similar for NPPhE, because of similar structure of these

solvents.

Table 6.2.

aqueos solution to NBANa2¢?(_ ,and to NPOEA220E¢

0
N

The anion radii, r, and the standard transfer potentials of anion transfer from the

Anion r, pm[Ref] Neogs  VI[Ref] |AYL95 .V [Ref]
PRy 0.245 [51] 0 [50] -

ClO; 0.236 [163] 0.083 [18] 0.175 [130]

SCN 0.213 [163] 0.161 [18] 0.260 [130]

NOs 0.189 [163] 0.270 [18] 0.372 [130]

Br 0.182 [163] 0.290 [18] -

Cr 0.167 [163] 0.324 [18] 0.521 [130]

F 0.136 [164] 0.720 [18] -

soZ 0.230 [164] 0.920 [18] -

Expecting that the size of conductive particles may affect the efficiency of the
electrode process [13], the different carbon based fillers were chosen for electrode
preparation. There were graphite particles with average sipgn2@ 1um and CVD-
grown CNFs with ca. 100 nm diameter. Most experiments were performed with CCE
prepared with 2Qum size graphite particles; therefore, if it is not otherwise mentioned,

the presented results were obtained with this type of CCE.
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Chapter 7.  Electrode preparation and its SEM images

7.1  Electrode preparation procedure

The hydrophobic CCE was prepared as described elsewhere [114, 136]. The
hydrolyzed sol was made by mixing 1.5%afi methanol, 1.0 crhof MTMOS and 0.05
cm® of 11 ol dm® aqueous HCI as catalyst and than it was sonicated for 2 min. Next,
1.25 g of gaphite powder (average size Pn) was added and the mixture was
sonicated for another minute. The resulting mash was immediately placed into 2 mm
deep cavity of 2 mm inner diameter glass tubing filled tightly with copper wire. The

electrode was left for drying for at least 48 hours at room temperature (Fig. 7.1).

—>
graphite powder mixture CCE
|
Teflon tape >
b)

Glass tube >
Copper wire, d =2 mm

Cauvity for gelled mixture, d = h =2 mm

Figure 7.1. Scheme of CCE preparation procedure (a) and sketch of CCE (b) used in the

measuements (d and h are diameter and height of the cavity respectively).

Firstelectrode was polished on emery paper (grit 800) and then with smooth paper. The
geometric surface area of its intersection is equal 0.031 cm

Modification of CCE was achieved by immersion to a hydrophobic redox liquid
(Fig. 7.2) [20, 21]. The ingress of redox liquid into CCE can be observed even with the
naked eye. The body of CCE becomes wet and the amount of the redox liquid in the

beaker decreases.
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— > — >
unmodified CCE redox liquid modified CCE
Figure 7.2. Scheme of the modification of hydrophobic CCE with redox liquid.

In the studies of CCE modified with ionic liquids the sol was prepared by
mixing hydrophobic (MTMOS) and hydrophilic (TMOS) precursors with different
ratio. This electrode was modified by pipetting gflZedox probe solution in RTIL on
the top of electrode.

In some experiments a graphite powder with smaller average size of particles
1 um, CNF, or mixture CNFs with graphite powder (@) were used. For these
electrodes, instead of 1.25 g the 0.17 g of graphite powdenjlor CNF and graphite
particles (20um) mixture were added to sol, in order not to lose the rigidity of the
electrode body.

CPE was prepared as follows: 0.17 g of | #0 graphite powder or CNF was
mixed with 100pum of the redox probe solution in NPOE or RTILs. The resulting
mixture was placed into an electrode body used for CCE. The electrode surface was
polished with a smooth paper.

Bppg embedded in Teflon holder with geometric surface area being equal
0.188 cmi was modified by pipetting of correspond amount of redox liquid solution in
volatile solvent. After evaporation of solvent it was immersed into an aqueous solution.

The surface of electrode was renewed by polishing on emery paper (grit 1000).

7.2  SEM images of CCE

All images of CCE were obtained with a Leo 1530 Field Emission Gun
Scanning Electron Microscope, FEGSEM, system at Loughborough University, UK.
The images of hydrophobic CCE prepared withp®® graphite powder and CNF are

shown on Figs. 7.3 and 7.4, respectively.
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Detector = QBSD M.!DM
Photo No. = 8572

EHT = 2000 kv Detector = QBSD  Date :19 Jan 2004
|—| WD= 11mm Photo No. = 8574

10y EMT=2000k  Detector = 0BSD Date 119 Jan 2004

— WD= 11 mm Phota Na. = 9573

Figure 7.3. FEGSEM images of the surface of hydrophobic CCE prepared witim 2§raphite

particles at different magnification.

Similarly as it was reported in literature [130], one can observe (Fig. 7.3), that on the
surface of the CCE small aggregates of graphite particles (approximate diameter = 20-
40 um [131]) (dark areas) are present within a mesoporous matrix of the hydrophobic

silicate (bright areas).

1Apm W01 Smm

].}.'I'l'l W0 1 5mm

Figure 7.4. FEGSEM images of the surface of CCE composed of CNF at different magnification.
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A dense network of CNF formed within silicate matrix can be seen on Fig. 7.4. Particles
of hydrophobic silica appear as bright areas with typically 200-500 nm size. At larger
magnification the fibers are easily visible electrode surface. In comparison to CCE

based on 2Qum carbon particles (Fig. 7.3), the smaller number of cracks and less
extended silica regions are formed.
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Chapter 8. lon transfer across hydrophobic polar solvent / aqueous
solution interface supported by carbon ceramic electrode

This chapter concerns mainly with electrochemical behavior of unmodified and
modified CCEs under impact of different factors. The major attention is paid to
electrogenerated ion transfer across liquid / liquid interface, because of the main goal of
this PhD thesis. The composition of CCE body, the type and concentration of the redox
probes, polar solvent and ions present in the agueous solution are among studied factors
influencing this process. The redox liquids used for modification of CCE do not contain
any electrolyte. The studies of CCE modified with ionically conducting redox liquid are
presented in Chapter 11.

8.1 Electrochemical behavior of unmodified CCE in agueous solution

Although electrochemical behavior of CCE containing graphite particles of
different size and immersed in solution of redox probes was presented in literature [103,
110], the application of CNF for CCE preparation is reported here for the first time. The
material based on CVD-grown CNFs is expected to be a high surface area carbon with
high porosity. Therefore the electrochemical properties of these electrodes in the
absence of liquid modifier are compared below.

The cyclic voltammograms obtained during continuous scanning of the potential
applied to a CCE containing mixture of CNF and graphite particles or exclusively
graphite particles immersed in the aqueous solution are presented in Fig. 8.1, a.

The value of the current is approximately linearly dependent on scan rate (Fig.
8.1, b). The value of capacity calculated from capacitive current is equalFZ30is
consistent with 121g of active CNF (the capacitance of CNFs is 60" Etp5]). The
capadiive current is by almost one order of magnitude larger than that observed at CCE
prepared with 2Qum diameter particles (Fig. 8.1, a). Therefore the presence of CNFs is
responsible for larger capacitive background current. These results indicate that some
penetration of liquid into the porous CNF based CCE structure occurs. The electric
contact in the composite materials seems to be good and that conventional voltammetric

measurements are possible.
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Figure 8.1. Cyclic voltammograms obtained with CCE composed of CNF and graphite particles

(1:3 ratio) (dashed) and only graphite particles (solid) (a) and cyclic voltammograms (scan rate = 0.01,
0.02, 0.04, 0.08 and 0.16 V})sobtained with CCE composed of CNF and graphite particles (1:3 ratio)
(b) immersed into 0.1 mol diraqueous KN@

Experiments conducted with neutral redox probe - FG{GH), dissolved in the
agqueous elctrolyte solution using the same electrodes results in the well-defined nature

of voltammetric responses (Fig. 8.2).
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Figure 8.2. Cyclic voltammograms obtained with CCE composed of CNF and graphite particles

(1:3 ratio) (dashed) and only graphite particles (solid) (a) and cyclic voltammograms (v = 0.01, 0.02,
0.04, 0.08 and 0.16 Vs obtained with CCE composed of CNF and graphite particles (1:3 ratio) (b)
immergd in 0.001 mol difhiFc(CH,OH), solution in 0.1 mol difiaqueous KN@

One camobserve, that the CV curves have a well-defined peaks for both oxidation and
reduction processes with a midpoint potential at 0.23 V vs. Ag/AgCI and peak-to-peak
separation only 40 mV. Such behavior of voltammograms as well as non-linear
dependence of peak current on square root of scan rate (nhot shown) can indicate partial
adsorption of redox species on CNFs. The peak current for the diffusion controlled
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oxidation of Fc(CHOH), under these conditiond(= 1 x 10° m® s* [166], v =

0.16 V &Y lp , calculated from Randles-Sevcik equation (1.18), is equal .5t is

larger han the measured peak currdpts 6.6 pA, indicating that only fraction of the
geometic electrode surface is electrochemically active for this redox reaction. This is
understandable because of heterogeneous structure of CCE (see Fig. 7.3). As a results
only fraction of the surface is electronically conductive and accesses by the redox probe
molecules present in the aqueous solution. Interestingly, the replacement of fraction of
graphite particles with CNF having much larger apparent surface leads only to moderate
increase of the current (Fig. 8.2, a). This indicates that electrical double layer builds up
at larger surface not necessary accessible by the redox probe molecules present in
solution. The further increase of CNF fraction failed because of the mechanical
instability of the electrode material.

Further studies were performed with CCE modified with redox liquid. Below,
the stability of cyclic voltammograms, its features and proposed mechanism of the
electrode reaction are shown. At the end of this Chapter, this mechanism will be proven

and the factors affecting an ion transfer across liquid / liquid interface will be presented.

8.2  Stability of cyclic voltammograms

To obtain conditions of electrode where the ion transfer across liquid / liquid
interface are in dynamic equilibrium, the special attention was paid to the stability of the
voltammetric response of CCE. As an example, the first few CV cycles obtained with
CCE modified with BuFc solution in NB are presented on Fig. 8.3.

The voltammogram obtained with pure solvent modified CCE is characterized
by the absence of peaks. Therefore, the peak shaped form of voltammograms obtained
with CCE modifiedtBuFc solution in NB is connected with the electrooxidation of this
redox probe (8.1) [85]:

tBuFQOrg)_ e o BUFC+(0rg) (8.1)

The peakcurrent gradually decreases during subsequent cycles with the largest
difference between first and second cycle. A constant value is reached after 5-7 cycles.
The increase of current magnitude after keeping the electrode at open circuit potential is
caused by morphology of the electrode body. This effect will be described later (see p.
74).
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Figure 8.3. Cyclic voltammograms obtained with CCE modified with 0.0045 mdl tBuFc

soluion in NB immersed in 0.1 mol dnaqueous KN@ 1, 3, 5, ¥ cycles are presented and the arrow
showsincreasing number of cycles. The flat curve with current much below/Wwas obtained with
CCE modified with pure NBThe dotted curve was obtained aftdt &cle and 15 min at open circuit

potental.

It was observed that the stability of voltammograms in subsequent cycles is
affected by four important factors. These are type of the redox probe, anion present in
the aqueous phase and their concentration. The effects of all these factors are presented
below.

Fig. 8.4 shows subsequent cyclic voltammograms obtained with CCE modified
with ferrocene and its derivatives, SFc, solution in NPOE. Electrooxidation of SFc is
observed in all cases. It is easily seen that the shape of the voltammetric signal depends
on the type of SFc dissolved in the organic phase. The magnitude of the current
decreases on repeated oxidation and reduction cycles. In the case of DMBuknd
solution modified electrode (Fig. 8.4, b and c) a stable voltammogram is obtained after
7-10 scans. For electrode modified with Fc solution, even aftép@rization cycle a
furthercurrent decrease is observed.

One can analyze the stability of voltammograms in terms of the electric charges
passed during the anodiQ,, and cathodicQ)., processes as well as their rati@/Q..

They abko decrease during the first few cycles (Fig. 8.5).
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Figure 8.4. Cyclic voltammograms obtained with CCE modified with 0.01 midlRin{a), tBuFc

(b) and DMFc (c) solution in NPOE immersed in 0.1 molHagueous KCIQ 1%, 2" 5" 7" and 1d'

cycles are presented and the arrow shows increasing number of cycles.
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Figure 8.5. Plot of the ratio of anodic to cathodic chargeg@ vs. number of cycle, n, for a CCE

modified with 0.01 mol difiFc (), tBuFc @) and DMFc @) solution in NPOE immersed in 0.1 mol dm
aqueows KCIQ;, (condition as at Fig. 8.4).
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Thevalues of Q,, andQ. were obtained by the integration of peak shaped responses in
voltammograms. FortBuFc and Fc the values of rat@,/Q. are quite similar and
alwaysmuch larger than unity, whereas for DMFc starting from the second cycle this
value is closed to unity. Evidently, the stability of voltammetric curves increases going
from Fc andBuFc to DMFc.

It is important, that the shape of the voltammograms and the @@ may
depend on thend potentialk,, (see Fig. 4.1), which in a given experiment is arbitrarily
seleced. After a few cycles, when stable voltammogram was obtaihedas shifted
by +0.05V increment and procedure was repeated. The selectiBpal$o affects the

current nagnitude over all potential range (Fig. 8.6).
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Figure 8.6. Cyclic voltammograms (a) with different end potentialpBtained with CCE modified

with 0.045 mol dnif tBuFc solution in NB immersed in 0.1 moldaqueous KN@ The plot of @Q; vs.

E. (b) was obtained from the data presented on (a).

The rato Q./Q. intensely increases from 1.6 to 5 t&rgoing from 0.3 V to 0.7 V. For
E. more positive than 0.7 this effect is reversed. Obviously, the more poSititres
smaller fraction of BuFc' is reduced during the backward scan.

Since here is some mutual solubility of NB in water and water in NB (see Table
6.1), the influence of the presence or absence of NB in the aqueous solution on
voltammetric results was checked. This problem seems to be less important for NPOE
or NPPhE modified electrodes, because of smaller solubility of these solvents in water
(see Table 6.1). For this purpose, the voltammetric experiments in the aqueous solutions
saturated with NB were performed. It was observed that the degree of systematic

decrease of the current during first few cycles did not much differ from that obtained in
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theabsence of NB in aqueous phase. Thus, the initial decrease of the current magnitude
(Fig. 8.3) is not connected with dissolution of NB in the aqueous phase or enrichment of
the organic phase with water. Moreover, it seems to that despite the larger density of
NB than water, the gravity force is compensated by the capillary forces and
hydrophobic interactions with silicate matrix. One can conclude, that although the
voltammetric response of CCE depends on its history, the conditions for stable
voltammograms can be found. From these reasons in further experiments the aqueous
phase was not saturated with polar organic solvent, as well as the organic phase was not

saturated with water.

8.3  Features of cyclic voltammograms

To understand the nature of electrode process the experiments at different scan
rates were carried out. As an example, the CV curves obtained with CCE modified with
tBuFc in NB are presented. The shape of the voltammograms recorded at larger scan
rate (Fig. 8.7, a) apparently claims that there is a quasi-reversible heterogeneous
electron transfer reaction, because of the increasing difference between peak potentials,
AE,.
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Figure 8.7. Cyclic voltammograms obtained with CCE modified with 0.045 mbtBinfFc solution

in NBimmersed in 0.01 mol diraqueous KN@for different scan rate, v: 0.00125v < 0.64 V & (a)

and 000125sv <0.020 V & (b). The arrows show increasing scan rate.

At slower scan rate (Fig. 8.7, b) the anodic peak current does not significantly depends

on scan rate, opposite to the cathodic peak current.
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The linear dependence of anodic peak currépton square root of scan rate,
V2, (Fig. 8.8, a) indicates that electrode reaction is controlled by diffusion of reactants.
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Figure 8.8. The plot of anodic peak current,Js. square root of scan rat¢’?y (a) and the plot of

anodt to cathodic charge ratio, §Q. vs. V2 (b). The latter parameter was obtained from data presented
on Fig. 8.7 (a).

The notieable deviation for anodic peak current at smallésim linear dependence is
concomitant with the appearance of poorly developed peak at more negative potentials.
In the case of cathodic process this deviation does not occur. Thedglug larger
than 0.059 Vfor v = 0.01 V & and it is proportional te. It indicates some kinetic
control of the electrode reaction at faster scan rates. The @glQgis larger than unity
and itdepends orv indicating that the fraction aBuFc rereduced during reverse scan
is affected by this parameter (Fig. 8.8, b). At some faster scanQi#®R becomes
independent of but still is larger than unity.

It is reasonable to expect that size of conductive particles and composition of
CCE affect the features of cyclic voltammograms. The beneficial effect from the use of
CNF can be seen after modification with redox liquid. The corresponding cyclic
voltammograms are presented in Fig. 8.9. The effect of the nature of conductive
particles on the efficiency of electrode process is visible. Efficiency of the electrode
process is defined as the ratio of observed charge passed during the electrode process to
theoretical charge calculated on base of amount of electroactive substrate. In the
presence of CNFs significantly higher peak currents are observed. This can be explained
with the extended length of the three phase junction electrode / organic liquid / agueous
solution present in the highly porous CNF composite material.
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Figure 8.9. Cyclic voltammograms obtained with CCE composed of CNF (solid), CNF and graphite
particles (1:3 ratio) (dotted) and graphite particles (dashed), modified with 0.01 midDdviFc solution
in NPCE immersed into 0.1 mol dhaqueous NaCl.

Although the highest current was detected for CNF-based CCE, we observed that
addition of graphite particles improves the mechanical stability of the electrodes.
Therefore for further studies the electrode prepared with CNFs and graphite particles

ratio equal 1 : 3 was used.

8.4  Mechanism of the electrode reaction

It seems to that from this point the obtained results can be discussed in terms of
the most possible and foreseen mechanism of the electrode reaction. It appears to be
similar to that previously proposed for electrodes modified with drop or droplets of
redox probe solution in polar hydrophobic solvent [15] presented in Chapter 2.

In general, the polarization of the electrode towards positive potential results in

electrochemical oxidation of SFc in the organic phase:

SI:C(org) — Qelectrode) < SI:C'-(org) (8-2)

In orderto maintain electroneutrality with organic phase, this reaction generates the

transfer of the anion from the aqueous phase:

SFCorg) + Xag) » SF(org) + X org) (8.3)
or/and theransfer of the electrogenerated cation to the agqueous phase:

SFC (org) — SFC'aq) (8.4)

The decease of the voltammetric response with consecutive potential cycles (Fig. 8.4)
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and large value ofQ4/Q. (Fig. 8.5) can be attributed to the loss of SiFem the organic
to the aqueous phase (8.4). This process seems to dominate for less hydrophobic redox
probes: Fc anBuFc.

To confirm the significance of expulsion reaction (8.4) few experiments with the
second electrode positioned close to CCE surface (Fig. 5.1) and polarized at a potential
of the SF¢ reduction were performed. Both CV (Fig. 8.10) and CA (Fig. 8.11)

techniquesvere applied.
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Figure 8.10. Cyclic voltammograms obtained with CCE (solid) modified with 0.1 mbdltBiafc
soluion in NB and Au disk electrode (dotted) in 0.1 mofdmueous KN@ (see Fig 5.1 for details of

expermental setup). The arrows show corresponding axis. First scan (a) and stable scan (b).

The seond electrode (Au disc) was positioned in the aqueous phase 0.3 mm from CCE
surface according to Fig. 5.1 and it was polarized at 0.2 V, potential enabling detection
of tBUFC cations in the aqueous phase. The cathodic current recorded at Au electrode
follows with some delay to the voltammogram obtained on CCE. During the first cycle
(Fig. 8.10, a) it starts to increase from zero at potential more positive than anodic peak
potential,E, o, and it passes a minimum at potential more negative than cathodic peak
potential E, . The observation of cathodic current indicates ejectiaiBolFc” caions

into theaqueous phase (Fig. 8.10, b). When the shape of voltammogram recorded at
CCE became stable during subsequent scans it is approximately followed by curve
recorded at Au electrode with maximum and minimum shifted towards more positive

and negative potentials. Since, the current magnitude of the stable cycle is smaller in
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compaison to the first cycle, smaller amountt&uFc escapes from the organic phase
during the stable cycle. The results of CA experiments (Fig. 8.11) show the cathodic
current recorded at Au electrode, which was polarized at potentBUBE™ reduction,
sharply increases when CCE is polarized at the potential correspondinButec

electrooxidation.
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Figure 8.11. The | vs. t plot obtained with CCE (solid) modified with 0.1 mdItBaFc solution in
NB ard Au disk electrode (dotted) in 0.1 mol daqueous KN@ The CCE was polarized steeply at 0.1,
0.6 ard 0.1 V vs. Ag/AgCI during 100, 1000 and 1000 s, respectively. The arrows show corresponding

axis.

One can conclude, the ejection tBuFC into aqueous phase at beginning of
polarizaion is the highest, then it reaches an almost stable value. Further decrease of
cathodic current after potential step back to 0.1 V vs. Ag/AgCl is connected with
electrolysis of tBuFtcations presented in the aqueous phase.

With regard to above experiments one can conclude the part of electrogenerated
tBuFc dissolves in the aqueous phase. The ejection of organic cations to the aqueous
phase prolaly results in continuous developmenttBuFc concentration gradient in
the organic phase, perpendicular to the organic / aqueous interface (Fig. 8.12). The
decrease of “effective” bulk concentration of neutral form of redox probe probably
occurs. Therefore, the diminishing anodic current during first cycles is caused by
decreasingtBuFc concentration gradient. The stable voltammogram as well as the
steady state current obtained at longer time in CA experiment at CCE indicates that after
a few cycles the concentration gradienttBiFc near the liquid / liquid interface

becomes constant. It means that from this moment the same amount of electrogenerated
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cation is expelled from the organic phase during every subsequent CV cycle.

Figure 8.12. Schematic representation of SFc (black) and G¥tte) concentration as a function of
the dstance from the organic / aqueous interface at CCE. The dashed and solid lines represent
concentration profile at the most negative and the most positive potential, respectively. a and b

correspond to first and stable voltammetric cycles, respectively.

Interesingly when CCE is kept for some time at open circuit potentialtBud-c is
oxidized) the current magnitude increases (Fig. 8.3) as a consequence of the increase of
tBuFc “effective” concentration. This result supports the evidence of a continuous
supply of redox probe molecules from the CCE bulk.

As a consequence of the above conclusions, it is reasonable to assume that the
redox liquid fills the opened pores of the matrix close to the electrode surface and
chinks between graphite aggregates and the matrix (see Fig. 7.3). Due to attractive
interaction between hydrophobic electrogenerated cations and free electron pair of
oxygen atom of silicate matrix (Fig. 3.1) the stabilizing effect of the organic phase in
the mesoporous silica host was previously suggested [22, 21, 61]. This can be also the
case of the studied electrode.

8.5  Redox probe concentration effect

Some CV data enabling to analyse the redox probe effect has already been
presented in Chapter 8.2. There is an evidential influence of SFc hydrophobicity on
stability of voltammetric response obtained at CCE. The potential for the redox process
(8.1), Erediox Can be determined froBqg of stable cycles. From data shown on Fig. 8.4
Eredgiox (FC) = 0.30 V vs. Ag/AgCIERegiox (tBuFc) = 0.28 V vs. Ag/AgCIl anéreqox
(DMFc) = -0.06 V vs. Ag/AgCl are obtained. These potential values are consistent with

literature reports for the oxidation in continuous organic solvent phase [167, 168].
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However, different stability of voltammograms for all three SFc indicates at least two
competing reactions (8.3 and 8.4). The expulsion process (8.4) seems to dominate for
the least hydrophobic redox probe, Fc. The competition between insertion (8.3) and
expulsion (8.4) is most probable ftBuFc. Finally, the transfer of the anion from the
aqueous phase seems to dominate for DMFc, the most hydrophobic redox probe.

In order to investigate the effect of the redox probe concentration in the organic
phase the experiments with different concentrationsBofc in the organic phase,

Cisurc(orgy Were performed (Fig. 8.13).
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Figure 8.13. Cyclic voltammograms obtained with CCE modified with 0.0045, 0.045, 0.45 thol dm
tBuFc solution in NB immersed in 0.001 (a) and 0.1 (b) mol®dmueous KN@ The arrows show

increasing of tBuFc concentration.

The shap@f the cyclic voltammograms and the current magnitude depeng ffiorg)
The voltanmograms are peak-shaped with noticeable exception for those obtained for

the largest rati@gurceorgf C,- , Where ¢ is the concentration of salt in the aqueous

X~ !
phase. More about this phenomenon can be found in Chapter 8.7. Interestingly, no

significant effect 0Eniq ON Cigurc(org) IS Visible.

8.6  Solvent effect
It is no wonder that organic solvent affects the rate of transport of reactants,
either of redox probe or counter ions within organic phase. As a consequence the

current is expected to depend on the type of solvent (Fig. 8. 14).
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Figure 8.14. Cyclic voltammograms {1Gcan) obtained with CCE modified with 0.01 mol*dm
DMFc solution in NB (s = 1), NPOE (s = 5) and NPPhE (s = 5) immersed into 0.1 mdlatmeous

KNOs.

For spheical molecule [169] its diffusion coefficiem in a solvent of viscosityy, can

be calculated from Stokes-Einstein equation [170]:
D = kT/67ma (8.5)

wherek and a are Boltzman constant and radii of molecule, respectively.

The value ofn of solvent influences on the value @fof species moving in this
solvent. In turn the latter parameter affects magnitude of the current, thus from Randles-
Sevcik equation (1.18) one would expect that the peak currents in these solvents will
decrease in the order NB > NPPhE > NPOE. This trend is indeed observed (Fig. 8.14).
One can conclude, the mass transport of ionic species in the organic phase affects the
rate of electrode process. However, additional factors such as the mutual solubility of
the solvent in aqueous environments and the interfacial tension may also affect observed
dependence.

To continue the mass transport calculation it is possible to estimate diffusion
coefficient of reactant in polar solvent, such as NB, using equation (8.5)XBike
radius is assumed to be 0.37 nm, value appropriate for metallocenes [171]. The value of
diffusion coefficient oftBuFc is equal to 4.& 10° cn? s'. According to Randles-
Sevcikequation (1.18) peak current obtained with CCE modified 0.01 mol iBaFc
solutionNB is expected to be equal 54\. The estimated value is close to observed
experimentally (Fig. 8.14). However, the surface of CCE is rough and real area is larger

than geometric one, the observed magnitude of current is smaller than expected. The
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reason of this effect is that, the electrode reaction occurs at only areas where three
phases: graphite particle, organic and aqueous phase are in contact, namely at three-

phase junction.

8.7  Anion concentration effect

The dependence of the current magnitude on concentration of the redox probe is
comprehensible. However the dependence of the current magnitude on anion
concentration is more surprising. If mechanism of the electrode reaction, namely the
insertion of anion into the organic phase, is taken into account the influence anion
concentration on the current magnitude becomes to be clear. The CV curves obtained
with modified CCE immersed into the aqueous solution at different salt concentration

are presented on Fig. 8.15.
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Figure 8.15. Cyclic voltammograms obtained with CCE modified with 0.45 mbtBafrc solution
in NBimmersed into 0.0001, 0.001, 0.01, 0.1 and 1 mol dqueous KN@ The arrow shows increasing

KNGQO; corcentration.

The curent magnitude is proportional ®_ and becomes larger for more concentrated

SFc solution. Apparently, the ratio of anodic to cathodic peak current also depends on

c,- - This effect may be discussed on the basisf0Qiependence oo, for different

concentration of redox probe in the organic phase (Fig. 8.16).
This plot can be analyzed in terms of the ratio of the redox probe and electrolyte

concentration Cgurc(orgf C,- - FOr largest raticieurcorgf C,- the largest ratiQ/Qc is
observed ad vice versa for the smalleslgurceorgfC, - the smallestQ/Qc is also

observed.
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Figure 8.16. Plot of @Q. vs. logarithm ofCX, , log (CX, ). Q/Q. values were calculated from

cyclic voltammograms obtained with CCE modified with 0.0045 §.045 ¢) and 0.45 ¢) mol dn?
tBuFc solution in NB immersed into aqueous KNOhe solid lines connect the points for the same

Cisurc(org)Cx- Fatio. The dashed lines connect points for the same redox probe concentration.

The valueof Q./Q. ratio (Fig. 8.16) is also proportional &&urc(org) indicating that for

the lager ceurc(org) the larger fraction ofBuFc is expelled to the aqueous phase. One
can al® conclude, that for the more dilutéeBuFc solution and more concentrated
electrolyte the smaller fraction aBuFc is expelled to the aqueous phase and
contributon of anion insertion (8.3) in overall electrode reaction becomes more

significant. This is opposite to the case of the larggstcorg)C,- , Where the influence

of the reaction (8.4) is dominating. One may conclude, in the absence of kinetic
constrain for ion transfer across the liquid / liquid interface any deviatiQa/Qt from
unity can ke explained by contribution of cation expulsion reaction (8.4).

Another way to estimate the contribution of reactions (8.3) and (8.4) in the

overall electrode process can be based on thermodynamics by studying of the
dependencé&reqiox0n ¢, and A2§¢§, (see p. 83). For an electrode process involving

the anion transfer from the aqueous to the organic phase electrogenerated by the
electrooxidation of SFc in the organic phase, described by reaction (8.2) and (8.3), the

Eredioxis expected to show a Nernstian dependence o thelescribed by equation

similar to (2.6) [13]:

RT RT. Cer
—_ 0 NB 40 Gorg
Erediox= ESF%,SF% + AP - ?m C.- + ?InT’ (8.6)
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where E;’F@ sk, 1S the standard redox potential of SFc/SFedox couple in the

organic slution, ¢ . and C*qu),g are the initial concentrations of ¥ the aqueous and

SFc in theorganic phase, respectively.

The example of anion concentration effect is presented on Fig. 8.17.
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Figure 8.17. Cyclic voltammorgams obtained with CCE modified with 0.01 midDdwiFc solution

in NPOE immersed in 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05 and 0.1 rifchgimous KCIQ The
arrow shows decreasing KCl@oncentration.

One carpbserve that the mid-peak potential systematically shifts towards more positive

potentials as concentration of GIGn the aqueous phase is decreased. This effect can

be anagyzed in terms 0EgredioxVs.log ¢, plot (Fig. 8.18), where the values Bkedox

were obtaed from cyclic voltammograms as equal mid-peak potentials in Fig. 8.17.
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Figure 8.18. Plot of Rediox VS. l0g (CX,) for KCIO, (#) and KCI @). The straight lines were

obtained by linear regression. The dotted line indicates a slope -0.059 V per decade change in
concentration.
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The approximately linear dependences are observed with sub-Nernstian slope (-0.038 V
/ decade) for CI@ and (-0.030 V / decade) Glnion. The change &reg/0xas function

of ¢ . is more significant for more hydrophobic anion, €l®or more hydrophilic Cl

anion thelarger deviation from Nernstian behavior is observed. Therefore, one can
conclude that the larger contribution of cation expulsion reaction (8.4) is expected for
anion with more hydrophilic properties. This deviation from Nernstian slope rather
should not be attributed to the presence of the silicate matrix close to the liquid / liquid
interface (see p. 88). The results of experiments with large number of anions with
different hydrophobic-hydrophilic properties are presented in Chapter 8.8.

The electrolyte concentration also affects the peak currents, ngmehnearly

dependent o, with positive slope (Fig. 8.19).
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Figure 8.19. Plot of logglvs. log C,- for CCE modified with 0.0045 mol dhtBuFc solution in NB

immer®d into KNQ aqueous solution.

This efect was also observed for CCE impregnated with pure redox probe,
tBuFc [40, 61]. It can be explained (at least in part) by the presence aqueous anions
within the reaction zone and participation them in electrode reaction. The diffusion of
the anion to the three-phase boundary becomes rate-limiting and therefore the peak
currents are reduced.

8.8  Anion effect
To claify the effect of anion on the direction of ion transfer across liquid / liquid
interface, the experiments with CCE modified with SFc solution in hydrophobic polar

solvent and immersed to the aqueous solution containing anions with different
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hydrophobt-hydrophilic properties were done. The selection of anions was already
presented in Table 6.2.

It was observed, that for some systems the shape of cyclic voltammograms is
complex. In the presence of some anions in the aqueous phase the voltammetric peaks
are not well-developed, making reliable estimation of the vakiggox difficult.

Reliable Ered/ox Values can be obtained frolp [81, 145] of DPV curves, which are
generdly peak-shaped. Fig. 8.20 shows selected examples obtained with CCE

composed of graphite particles (a) and mixture of CNF and graphite particles (b).

0.0 0

-0.50 -0.25 0.00 0.25 0.50 06 04 02 o0 0.2 0.4 058
E /V vs Ag/AgCI E/V vs. Ag/AgCI

Figure 8.20. Differential pulse voltammograms (step potential 0.01 V, modulation amplitude 0.01 V,
moduktion time 0.05 s, interval time 1 s) obtained with CCE composed of graphite particles (a) and CNF
with graphite particles (1:3 ratio) (b) modified with 0.01 mol #@MFc solution in NPOE immersed

into 0.1 mol dn? aqueous solution containing: KRRAKCIO,, KNG;, KCI or NaF.

For bothtypes of CCE one can observe that a shift of the voltammetric signals depends
on the nature of the anions. Very similar effect is observed for other studied systems.
The magnitude of the DPV peaks is larger for more hydrophobic anions. In this case the
concentration of ions in the organic phase is larger and reaction zone can extend from
triple-phase boundary into the organic phase. This is probably the reason that much
higher current is detected. Whereas, the cation expulsion does not cause the build-up of
ionic charge carries in the organic phase and voltammetric signals remain small. The
similar influence of anions on the magnitude of DPV peak current was observed for
cylindrical microelectrode immersed into two immiscible liquids: DMFc solution in NB
and the salt aqueous solution [29].
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The effect of anion orEgregioxCan be analysed in terms of equation (8.6). Figs.

8.21- 8.23show the potential shift by plotting the measured peak potentials assumed to

be equal Regioxpotential (see p. 49) as a function&)ﬁq)i, or ANO5g
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Figure 8.21.  Plot of RegoxVs. A @ obtained with CCE modified with 0.01 mol Hrc (),

tBuFc (o) and DMFc @) solution in NB (a) and NPPhE (b). The sequence of anions is indicated on the

top of the plot. The slope of dotted line is equal unity. Solid line was obtained by linear regression.
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Figure 8.22. Plots of FgioxVs. Aaq¢x, (a) and A, ¢X, (b) obtained with CCE modified with

0.01 mol drif Fc (m), tBuFc @) and DMFc (e) solution in NPOE. The sequence of anions is indicated on

the top of the plot. The slope of dotted line is equal unity. Solid line was obtained by linear regression.

The pointscorresponding to some anions are not shown due to poor data quality.

83



Chapter 8. lon transfer across hydrophobic polar solvent / agueous solution interface supported by
carbon ceramic electrode

0.154 . - - - ~ - - 3
PF, CIO, SCN" NO, Br cl F $0, NO-
0.10 m’
0.104 . . cr
_ )
% 0.054 g -
5 5
< <
g 0004 2
2 > 0.05 SCN’
s T ] Br
& -0.05 5}
B 3 -
u i
-0.10 s (a)
clo;
- 0.00 . (b)
-0.15
00 02 ;.48 . 06 08 1< o2 33 o4 o5
Dog O x-1V Do O 1V
. NB 40 NPOE 40
Figure 8.23. Plots of Fd/oxVS. Aaq¢x, (@) and Beqiox Vs Ay, ¢X, (b). Ereqox Values were

deternined from DPV with CCE obtained with CNF, modified with 0.01 mof @MFc solution in
NPOE and immersed into 0.1 mol dhaqueous salt solution. The sequence of anions is indicated on the

top ofthe plot. The slope of dotted line is equal unity. Solid line was obtained by linear regression.

A purely thermodynamic explanation of the potential shift observed for different
anions can be based on the Gibbs energy of transfer (see equation 8.6). For the coupled

electron- and ion-transfer reaction steps (8.2 and 8.3) the linear depebgensers.

N9, is expected. Although the points in Figs. 8.21 - 8.23 are somewhat scattered, it

is clear that in the presence of more hydrophobic anions, DMFc is oxidized at more
negative potentials and the approximately linear dependﬁiﬁtﬁ, with unity slope is

observed (dashed lines). By including more data points a line with smaller slope (solid)
can be drawn. It is reasonable to conclude that more hydrophobic anions are
predominantly inserted into the organic phase after electrooxidation of the redox probe.
On the other hand, the deviation of the slope from unity is caused by the more
hydrophilic anions and indicates that the contribution of electrogenerated Didfian

ejecton from the organic into the aqueous phase becomes important (equation 8.4).

This cation transfer process clearly dominates in the presence of more hydrophilic

B

anions like Fand SG”. A smilar dependence dEreq/ox0ON Ny

¢, was reported for

experiments with pig electrode modified with a drop of DMFc solution in NB (Fig.
2.14) [38] and for bppg electrode modified with droplets of THPD solution in NB (Fig.
2.8) [15, 51].

For less hydrophobic redox probes, Fc #wlFc solution in NB or NPOE and
tBuFc solution in NPPhE (Figs. 8.21 and 8.22), the similar but less pronounced effects

84



Chapter 8. lon transfer across hydrophobic polar solvent / agueous solution interface supported by
carbon ceramic electrode

are observed, indicating a preferable more hydrophilic electrogenerated cation expulsion
to the aqueous phase (reaction 8.4). Interestingly, the lack of anion eftegiq@nwas

also observed for undilutedBuFc droplets deposited on bppg electrode [47]. Whereas
some effect was observed for CCE impregnated with this redox probe indicating the

influence of silicate matrix [21].

On the basis of the above results preliminary conclusions about mechanism of

electrogenerated ion transfer studied can be drawn (Fig. 8.24).

carbon based SFc silicate matri
material
SEEL X org
aq SFc........ X-
Figure 8.24. The scheme of the three-phase junction and possible ion transfers across liquid / liquid

interface supported by CCE modified with redox probe solution in organic polar solvent.

As it was already examined by SEM small aggregates of graphite particles or CNFs
(Fig. 8.24) within a mesoporous silicate matrix are present on the surface of CCE. They
act as a source or sink of electrons. Redox liquid fills hydrophobic pores of the matrix
close to the electrode surface. The redox probe undergoes the electrooxidation at
potential close tdEregiox€XChanging electrons with graphite particles being in contact
with the aqueous phase. Two types of ion transfer reaction across liquid / liquid
interface occur in order to maintain the electroneutrality of the organic phase. Their
contribution depends on the hydrophobic / hydrophilic properties of redox probes and
anions present in the agueous phase. The insertion of anion from the aqueous to organic
phase is preferred for the most hydrophobic redox probe: DMFc and less hydrophilic
electrolyte anions. The ejection of electrogenerated cation to the aqueous phase
dominates for less hydrophobic redox probes: Fc @#hw-c and more hydrophilic
electrolyte anions: Fand SGQ*. The hst process leads to the loss of redox probe but it

is compasated by the continuous supply of redox active molecules from the bulk of the

electrode (see Fig. 8.12).
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In orde to qualitatively estimate the influence of redox probe on mechanism of
ion transfer across liquid / liquid interface the slop&@fyoxvs. A ¢, dependence

obtained in the presence of more hydrophobic anions can be compared (Table 8.1).

Table 8.1. The slopes ofk&joxVs. ANa2¢?(_ dependence for different types of CCE and different

redox liquid systems. Data for FFCIO,, SCN, NO;, Br and CI anions were arbitrarily selected.

Electrode Redox system Slope
Fc 0.39+£0.19
NB tBuFc 0.74 £0.29
DMFc 1.22 +0.21
CCE
_ Fc 0.50 +£0.16
(20 um graphite
) NPOE tBuFc 0.32+0.18
particles)
DMFc 0.87 £0.21
tBuFc 0.43 £0.05
NPPhE
DMFc 0.90 £0.03
CCE
(20 um graphite NPOE tBuFc 0.56 +0.16

particles with CNFs)

It is clearly visible that unity slope is observed only for DMFc-based system. As it was
mentioned before this redox probe is highly hydrophobic and insertion of anion to the
aqueous phase is preferable. It means, that for DMFc based redox liquids the transfer

counterion from the aqueous to organic phase dominates for all types of CCE. On the
other hand the strong deviation of the slopeEgfuox vs. Ay >~ plot from unity
indicates that electrogenerated cation ejection is important for FaBarkt based
systems. Clearly, the less hydrophobic electrooxidized redox probe is more easily

ejected to the aqueous solution. This reaction seems to dominate for all studied

electrodes immersed into hydrophilicdt SQ* electolyte solutions.
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solution supported by carbon paste electrode

To comprehend whether the silicate matrix affects the voltammetric response of
electrode modified with redox liquid and mechanism of ion transfer across liquid /
liquid interface, it was eliminated from the electrode. For this purpose the redox probe
solution in viscous organic polar solvent — NPOE was directly mixed with graphite
powder. This mixture was used for preparation of electroactive CPE in analogous way
to that introduced four decades ago by Kuwana and French [172]. Although the use of
NPOE as a binder in CPE was once reported [154], no electrogenerated ion transfer
across liquid / liquid interface was detected.

The formation of the three-phase junction on the surface of electronically
conductive particles present close to the liquid / liquid interface formed by organic
phase at CPE can be related to that formed at CCE modified with the organic phase

(Fig. 9.1). The absence or presence of silicate matrix seems to be the only difference.

A A
Ox Ox
@ B o HR
Figure 9.1. The schematic drawing showing electrochemistry of redox probe dissolved in an

orgaric solvent deposited into CCE (a) and dissolved in a viscous organic solvent acting as a binder of
CPE (b).

9.1 Featurs of cyclic voltammograms

The importance of the presence of the three-phase junction at CPE is confirmed
by experiments with different size of graphite particles. Obviously, the decrease of their
size causes the increase of peak current (Fig. 9.2). This is caused by the increase of
efficiency of the electrode process by the presence of smaller graphite particles or
CNF’s.

This effect can be explained by extension of the length of triple-phase boundary

in the presence of smaller conductive particles. The significant increase of the peak
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current in the presence of CNFs is qualitatively similar to results observed with CCE
(Fig. 8.9) prepared with mixture CNF and graphite particles in the same ratio.

L0 (b)
54
0.5
£l <
0.0 ol .
-0.5
-5 r T T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4
-0.4 -0.2 0.0 0.2 0.4 E /V vs. Ag/AgCI
E /V vs Ag/AgCI
Figure 9.2. Cyclic voltammograms obtained with 0.01 mof @MFc solution in NPOE modified

CPE omposed of graphite particles having diametgmi (solid line) and 2@m (dotted line) immersed
in 0.1 mol dni aqueous KCI (a) and CPE composed of CNF (solid), CNF and graphite particles
(1:3 ratio) (dotted) and graphite particles (dashed) (b) immersed into 0.1 mdadmeous NaClQ

Obviously he effect of silicate matrix on this phenomenon seems to be not important.
Therefore one may conclude that similarly to the drop or droplets based system
the electrode process occurs at the three-phase junction (Fig. 9.1, b). It is presumably

formed at circumference of graphite particles or CNFs at the surface of CPE.

9.2  Stability of cyclic voltammograms

Typical cyclic voltammograms obtained during continuous potential scanning of
CPEs containing FcBuFc and DMFc solution in NPOE are presented in Fig. 9.3.

One can observe, that similarly to CCE modified with redox probe solution in
NPOE (see p. 67) the stability of CV curves depends on hydrophobic / hydrophilic
properties of the redox probe dissolved in the binder and anion present in the aqueous
phase. For the most hydrophobic redox probe, such as DMFc, and the less hydrophilic
studied anion, such as CIdFig 9.3, c), the magnitude of the current is changed only
slighty on repeated oxidation and reduction scans. This is not the case for less
hydrophobic redox probetBuFc and Fc where decrease of the current during first few
scans is observed (Fig. 9.3, a, b). Also for a given cycle the largest ratio of anodic and
cathodic peak current being larger than unity, is observed for less hydrophobic redox
probe Fc present in the binder. In the case ofS@ig. 9.4) - the most hydrophilic
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among studied anions, even after the™polarisation cycle with the least hydrophobic
redox probe Fc, present in the binder a further current decrease is observed (Fig. 9.4).

2
(a) 1% scan 3 (b) 15! scanf
2 3
1t
< g
= =17
of 10" scan 1 of 10" scan|
-1r
-1
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.8
E /V vs Ag/AgCI E /V vs Ag/AgCI
15 (©
<
3
=~ 00
-15
-0.6 -0.4 -0.2 0.0 0.2 0.4
E /V vs Ag/AgCI
Figure 9.3. Cyclic voltammograms obtained with CPE prepared with 0.01 mdlFdnga), tBuFc

(b) and DMFc (c) solution immersed into 0.1 mol draqueous NaClQ The £, 2™ 5" 7" and 1§’

cyclesare shown and arrows indicate the increasing number of.scan

The decease of the voltammetric response during consecutive potential cycles
and the difference between anodic and cathodic charges can be attributed to the partial
loss of electrooxidized redox probe from NPOE into the aqueous phase according to
(8.4). Similarly to CCE the redox process observed in studied system is connected with
the electrochemical oxidation of SFc (8.2). In order to maintain the electroneutrality two
following processes (8.3) and (8.4)are possible. The last one is typical for electroactive
CPE based on the redox probe solution in non-polar viscous oil [137]. This is because
of low polarity of liquid binder, the expulsion of electrogenerated charged product of

the electrochemical reaction (8.2) is the only way to maintain local neutrality.
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0.6 lSt scan
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I/ pA
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-0.2

04 ' : :
0.4 0.2 0.0 0.2 0.4

E /V vs Ag/AgCI

Figure 9.4. Cyclic voltammograms obtained with CPE prepared with 0.01 mdDdfrc solution
immesed into 0.1 mol dift N&SQ,. The £, 2" 5" 7" 10" and 2¢" cycles are shown and arrow

indicates the increasing number of scan.

The reation (8.3) is possible only for the electrode modified with polar binder (see
Table 2.1).

One may conclude that CPE prepared with solution used as modifier for CCE
shows voltammetric responses quite similar to CCE. Other likenesses are described

below.

9.3  Anion concentration effect

The concentration dependenceEptqoxwas examined for CPE modified with
DMFc solution and immersed in perchlorate aqueous solution. On the basis of
voltammograms (Fig. 9.5) it can be seen that this parameter systematically shifts to
more positive potentials as the Gl@oncentration is decreased. As it was already
discussd in Chapter 8, for electrochemical electron transfer reaction followed by
reaction (8.3) the anion dependenceEatyox can be described by Nernstian type
equation 8.5). Therefore, if there is no contribution of reaction (8.4) one should expect
linear Ereqiox VS. 10g - dependence with -0.059 V / decade slope. However, the
approxinmately linear dependence with less negative slope (-0.036 V / decade) is
observed in Fig. 9.6.

Such deviation was also observed for CCE (see p. 80). It is now clear, that the
deviation from Nersntian slope is not connected with the presence of the silicate matrix
in CCE.
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Figure 9.5. Cyclic voltammorgams obtained with CPE prepared with 0.01 mdl BIMFc

immesed in 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05 and 0.1 mdlatmeous NaClQ The arrow
showsdecreasing NaCl@concentration.
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Figure 9.6. Plot of kegioxVs. log (CX_ ). EregioxValues were determined from cyclic voltammograms

(Fig. 9.5) obtained with 0.01 mol dhDMFc solution in 0.1 mol dthaqueous NaClQ The straight line

was oltained by linear regression. The dotted line is indicating Nernstian slope.

It hasto be emphasized that close to Nernstian behavior was reported for single drop of
DMFc solution in NPOE deposited onto bppg, where the slope of the linear relationship
betweenEredqoxandlog ¢ . close to —0.060 V / decade was observed [69]. The reason
of this difference is not clear. Obviously, the deviation from Nerstian slope is possible
due to competing cation expulsion (8.4). For example, this process may be promoted,

for example by adsorption of anions close to the three-phase junction [47] being more
extended for graphite particles based system.
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9.4

The analysis of anion effect is similar as in the case of CCE. In order to

Anion dfect

discriminate between anion transfer and electrogenerated cation expulsion the values
Eregiox Obtained in the presence of different anions in the aqueous solution were
compaed. For some systems where cyclic voltammetric peaks were not well developed

reliable Egeqioxvalues were obtained by DPV. Figs. 9.7 and 9.8 show the dependence of

NB +0 H POE +0
Eredqiox ON A, ¢, for two types of CPE. For anions Whené:q ¢, data were
available the second plokEioxvs. AL, °“¢;_ was also prepared.
- - - - - 2.
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Figure 9.7. Plots of RgioxVS. ANa§¢§, (a) and ﬁed,ons.A':§OE¢§, (b) dependences obtained

with CPE modified with 0.01 mol dhirc (o), tBuFc @) and DMFc (e) solution in NPOE. R.qoxvalues
were cetermined from DPV. The solid line was obtained by linear regression. The dashed line indicates

unity slope. The sequence of anions is indicated on top of the plot.

Although he points inEredioxVs. Ay @5 andEreqioxVs. Ay @, plots are somewhat

scattered, it is clear that anion transfer (8.3) across the liquid / liquid interface generated
by electrochemical redox reaction dominates for DMFc and the less hydrophilic anions.
On the other hand electrogenerated &uwtBuFc™ catons (Fig. 9.7) rather escape from
the organighase for all studied electrolytes.

Summarizing all results presented in this Chapter one can conclude that the

mechanism of electrode reaction strongly depends on the anions present in the aqueous

phase. For more hydrophobic anions the dependefiggiox vs. AL @, s

approximately linear (Figs. 9.7 (a) and 9.8 (a), solid line) with some deviation from

unity slope (dashed line) as expected from Nernstian equation (8.5).
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Figure 9.8. Plots of Regiox VS. A2§¢§, (@) and FRegiox VS. ANaEOE¢?(, (b) obtained with CPE

prepared with CNF and 0.01 mol &nDMFc solution in NPOE. The o, Vvalues were determined
from DPV. The solid line was obtained by linear regression. The dashed line is indicating unit slope.

The sequence of anions is indicated on top of the plot.

The tansfer of these anion to the organic phase is more preferred than transfer
of cation to the aqueous phase. However, in the case of more hydrophilic anions, such

as F and SQ@, the tansfer of electrogenerated DMFcation to the aqueous phase

(8.4) dominzes. Similar situation is observed for the depend&iggoxVs. AL, @) .

The slopes of this dependence obtained with CPE are grouped in Table 9.1.

Table 9.1. The slopes ok&joxVs. ANa2¢?(_ dependence for different types of CPE and different

redox liquid systems. Only data £FCIO,, SCN, NG;, Br and CI anions were arbitrary selected.

Electrode Redox system Slope
Fc -0.07 £0.09
CPE (20 raphite
_ (20 m grap NPOE tBuFc 0.31 £0.13
particles)
DMFc 0.86 £0.10
CPE
NPOE tBuFc 0.59 £0.10
(CNFs)

The slope 0fEreqoxVs. Ay @, decreases from close to unity for DMFc to close to

zero for Fc organic solution. The tendency is very similar as for CCE. It indicates
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gradud transition from anion to electrogenerated cation transfer from more hydrophobic

to more hydrophilic redox probe, respectively.

On the basis of obtained results the scheme of possible reactions closed to three-
phase junction seems to be identical to that presented in Fig. 8.24. Therefore the
mechanism of electrode process for CPE and CCE modified with polar solvent is quite
similar. It seems to be not affected by the presence of silicate matrix.

It is also important to say that although easy and quick preparation procedure is
an advantage of CPE and the electrochemical behavior of NPOE solution based CPE
and CCE is similar, the mechanical stability of the latter is better. This may be a

advantage when less viscous organic solvent is used.
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Chapter 10. Proton transfer across liquid acid-base complex / liquid
interface supported by basal plane pyrolytic graphite, carbon ceramic and

carbon paste electrodes

The electrodes described in Chapters 8 and 9 were modified with redox probe
solution in polar solvent. The results presented in this chapter were mainly obtained
with CCE and CPE modified with mixture of liquid redox probe and liquid complexing
agent. Highly water insoluble acid-base complex formed by HDOP and DDPD was
chosen for this experiments. It was expected that N-atom of DDPD with free electron
pair creates hydrogen bond with H-atom of HDOP [173]. The electrochemical
properties of HDOP-DDPD complex modified electrode and sensitivity of this electrode
to pH are presented in this Chapter. As before special attention was paid to
electrogenerated ion transfer across liquid / liquid interface.

The electrochemical behavior of this type of liquid deposit was not studied
before. Therefore at first this system was studied at bppg electrode. This electrode
material is suitable for the voltammetric studies of droplets deposited onto surface of the
electrode [17]. The surface of this electrode is rough, owing to this fact the oil droplet
keep stick to the surface.

10.1 Microdroplets of acid-base complex deposited on basal plane pyrolytic

graphite electrode

Mixture of HDOP and DDPD were deposited in the form of microdroplets onto
the surface of bppg by evaporation of its acetonitrile (ACN) solution. The resulting
electrode was immersed in the aqueous electrolyte solution. The experiments with pure
DDPD deposit were performed to compare its electrochemical behavior with that
HDOP-DDPD complex.

The voltammogram of DDPD is characterized by sharp and well-defined anodic
and cathodic peaks, with a midpoint potentBieqox= 0.12 V vs. SCE (Fig. 10.1,
curveA), which is consistent with previous study [57]. The process is highly reversible
and the valueEregiox is affected by the concentration of perchlorate in the agueous
solution & expected for Nernstian behavior [51]. Approximately linear dependence of

peak current on scan rate indicates the absence of diffusion control [153].
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0.0 0'_3: 06
E/V vs. SCE

Figure 10.1. Cyclic voltammograms obtained for bppg electrode modified with microdroplets of
1.3 /g of DDPD (2.6 nmol) (A) and 1,4 of DDPD together with 439 of HDOP (133.5 nmol) (B) and

immersed into aqueous 0.1 mol &xaClO,.

The eletrooxidation process is connected with the following reaction [17]:
DDPD(org) + C|O4_(aq)— é(electode) o [DDPD+C|O4_] (org) (10.1)

Addition a little amount of HDOP to DDPD deposit dramatically changes the
voltammetric curve (Fig. 10.1, curve B). HDOP may be regarded as a highly
hydrophobic acid and the interaction of this acid with DDPD leads to liquid acid-base
complex (Fig. 10.2).

Figure 10.2. The proposed structure of HDOP-DDPD complex.

The fomation of this complex at the flat surface was proven by FTIRRAS
experiments [173]. It is also possible that HDOP molecules in contact with aqueous
phase dissociate and the ion pair DDPEMPO is formed. This may occur because of
surfae dissociation of HDOP molecules (surface,@KHDOP is equal 2.9 [174]).
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The electrode process can be identified as a one-electron oxidation of the
HDOP-DDPD complex accompanied by proton expulsion into the unbuffered aqueous

solution:
[H DOP'DDPDIorg) - Qe|ectr0de) > [DPO_'DDPD+] (org) + H+ (102)

For a 11 acid-to-base ratio in the deposit, the voltammetric response associated with
process (10.1) is diminished and process (10.2) dominates. The dhiffyeikto more
positivepotentials (Fig. 10.1, B) is connected with the replacement of the anion transfer
(10.1) with proton transfer (10.2) in a wide pH range. It indicates, that mechanism of the
electrode reaction is changed, because the new acid-base complex is formed. However,
during repeated potential cycling, depletion of HDOP and a reappearance of signal
connected with process (10.1) are observed, probably due to loss or slow hydrolysis of
the organic phosphate at the liquid / liquid interface. Increasing the amount of HDOP
(not shown) does not significantly change the electrochemical process.

To find optimal mass ratio HDOP : DDPD with maximum of conversion in the
electrode process the experiments with different mass ratio HDOP : DDPD in buffered

solution systems were performed (Fig. 10.3).

E/V vs. SCE

Figure 10.3. Cyclic voltammograms obtained with bppg modified witha & DDPD (1 nmol) and
0 g (0 nmol) (i), 1tg (3.1 nmol) (i), 2.9 (6.2 nmol) (iii) and &g (24.8 nmol) (iv)g of HDOP
immersed into aqueous 0.1 mol dphosphate buffer (pH 7).

In voltammograms obtained in absence of HDOP (Fig. 10.3, i) the phosphate
electroinsertion reaction (10.3) is detectedatisx= 0.35 V vs. SCE.

DDPDorg) + KHPQl_(aq)_ €(eledrode) < [DDPD+KHPO4_] (org) (10.3)
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This process is more complex and here tentatively assigned to a process associated with
simultaneous potassium coinsertion [56]. In the presence of HDOP in liquid deposit the
voltammetric response changes dramatically (Fig. 10.3). A total charge obtained from
curve 3 (iv) is equal ca. 30C that is consistent with a one-electron electrolysis of 30%
of the 1 nmol of DDPD present on the electrode surface. The charge under the
voltammetric response increases with addition of more HDOP uputpl®it decreases
with its further addition (not shown). It can be concluded, that the addition of HDOP
improves mass transport via diffusion in the organic phase. Further addition of HDOP
increases the droplet size and decreases the concentration of DDPD and leading to
reduced currents and conversion.

In order to prove the participation of proton in the electrode reaction (10.2) the

effect of pH on the voltammetric response was investigated (Fig. 10.4).
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Figure 10.4. Cyclic voltammograms obtained with bppg modified withyg.5f DDPD (1 nmol)

with 8 1g (24.8 nmol) of HDOP immersed in aqueous phosphate buffer at different pH. The inset shows
EredioxVs. pH plot.

The Eregox Values for the voltammograms systematically shift to more positive potential

side wth increasing proton activity (Fig. 10.4, inset). This behavior can be described by
the appropriate Nernstian equation derived for process (10.2):
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RT, [DPO - DDPD](0rg _ RT

E=E" + 2.303— pH (10.4)
F  [HDOP- DDPDJ( org F

However,the observed lineaEregi0x VS. pH dependence exhibits sub-Nerstian slope
equal —0.041V / pH unit. This deviation from the value predicted by the Nernstian
equation, -0.059 V / pH unit (10.4), can be tentatively attributed to a weak coupling of
the proton activities in the agueous and organic phase, e.g., by a pH-dependent surface
potential of the reduced form of the microdroplets. The similar dependeiggy@ion

pH was #&o0 observed for THPD deposited onto bppg [52]. This amine can be
protonated, but in that casé Ebmes from water [45] (see Fig. 2.10).

10.2. Liquid atd-base complex supported by carbon ceramic and carbon paste

electrodes

Next, electrogenerated ion transfer reaction across liquid acid base complex /
liquid interface was studied using CCE and CPE. Liquid DDPD and its solution in
HDOP were immobilized into CCE by two ways: through impregnation and deposition
from solution of the redox liquid in volatile solvent. In the case of CPE solution of
DDPD in HDOP acts as a binder. These experiments were performed to understand
whether the form of three-phase junction and presence of silicate matrix affects the
voltammetric response obtained with the acid-base complex and the mechanism of
electrode process.

Similar to bppg electrode modified with microdroplets of redox liquid, modified
CCE or CPE provides the formation of the three-phase junctions on the electrode

surface, however their geometries are different (Fig. 10.5).

A
A A
Ox Ox
(a) (b) (c)
Figure 10.5. The schematic drawing showing electrochemistry of redox liquid deposited on a bppg

electode (a), in CCE (b) or acting as a binder of CPE (c).
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Moreover CCE and CPE are bulk-modified electrodes. They consist excess of liquid
modifier present in the electrode body.
For CCE modified with DDPD droplets immersed into an aqueous perchlorate

solution sharp voltammetric oxidation responses are observed (Fig. 10.6).

4.0

(B)
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E/V vs. Ag/AgCI

Figure 10.6. Cyclic voltammograms obtained with CCE modified with 1.9 nmol of DDPD undiluted
(A) and diluted (1:8) with HDOP (B) and immersed into 0.1 mol*dmueous KCIQ

The eficiency of the electrode process is 12 times below than that observed for bppg.
However, the modification of the CCE with DDPD solution in HDOP leads to an
increase in the current — opposite to the effect observed at bppg (Figs. 10.1 and 10.6).
The substantial shift dEreg/oxin positive direction indicates a change of the mechanism
of the process from (10.1) to (10.2). Interestingly, the anodic charge is about 10 times
larger than that obtained on Au and Au covered with silicate thin film electrodes [173]
indicating more effective “microphasing” — extension of the length of three-phase
junction in the presence of the composite silicate carbon material structure. The
efficiency of the electrode process is in the range of few percent and therefore larger
than that for thin film silicate electrodes. It is because of the higher surface area of
embedded graphite particles that is responsible for this effect (Fig. 10.5, a).

For experiments at different pH, CCE was modified with DDPD solution in
volatile solvent (1.9 nmol of DDPD diluted with hexane) or impregnated with a mixture
of DDPD and HDOP in the same volatile solvent (the amount of DDPD is unknown,

but it is larger than 1.9 nmol). ACN was replaced by hexane because it was noticed that
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theformer destroy CCE. Some differences in behaviors of these electrodes are observed
(Figs. 10.7 and 10.8).
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Figure 10.7. Cyclic voltammograms obtained with CCE modified with 1.9 nmol (a) and continuous

phase(b) of DDPD diluted (1:8) with HDOP and immersed into 0.1 mofgiosphate buffer at pH 2, 3
and 6.
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Figure 10.8. Plot of kegioxVs. pH obtained with CCE modified with microphas@safid continuous
phase &) of DDPD diluted (1.8) with HDOP and immersed into 0.1 mof gimosphate buffer.

Obviously, the voltammograms obtained with microdroplets modified CCE are better
defined. For both electrodes approximately linear dependence befyggsxand pH

with subNernstian slopes (-0.046 and -0.035 V / pH unit for microphases and bulk
modified electrodes, respectively) are observed. Microphase modified CCE is more
sensitive to pH. However, a possible application of the studied electrode as a pH sensor
is limited to the acidic and neutral pH range due to the known silicate decomposition in

alkaline media. It has to be emphasized that the modified CCE has been already
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proposd as pH sensors [114] (see Fig. 3.7). In that case sol was doped with modifier
during preparation of CCE.

Similarly to polar solvent modified electrodes (Chapter 9) the effect of matrix
was studied preparing CPE from graphite powder directly mixed with DDPD solution in
HDOP. This acid is fortunately a viscous liquid at room temperature and preparation of
CPE with HDOP as a binder was possible. The obtained cyclic voltammograms with
CPE prepared with DDPD solution HDOP as a binder are presented in Fig. 10.9 (a).
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E /V vs. Ag/AgCI E /V vs. Ag/AgCl

Figure 10.9. Cyclic voltammograms (a) and differential pulse voltammograms (b) obtained with
CPE pepared with DDPD solution in HDOP in 1:9 volume ratio and immersed into 0.1 mdl dm
phosplate buffer.

The anodigeaks on CV curves (Fig. 10.9, a) are poorly defined. This makes difficult to
determineEgreg/oxSimilarly as for other electrodes. In order to more clearly estimate the
valuesof Egreqioxthe DPV technique was used (Fig. 10.9, b). Relatively well-defined
peaks ar@bserved followed by current increase at more positive potentials are observed
on DPV curves. The further oxidation of the acid-base complex probably results in
decomposition of DDPD similarly to THPD [52].

The dependence &, on pH has can be divided into two parts (Fig. 10.10). In
pH 1-7 range one can observe approximately linear dependence with sub-Nernstian
slope (-0.029 V / pH unit). The deviation from Nernstian behavior is larger than
observed for CCE modified with microphases and continuous phase of acid-base
complex (see Fig. 10.8). At pH above 7 the valuggpf almost insensitive to variable
pH. Due b possible destruction of silicate matrix at higher pH, it is impossible to

compare the behavior both electrodes at pH above 7.
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Figure 10.10.  Plot of Fvs. pH obtained with CPE prepared with DDPD solution in HDOP in 1:9
volurre ratio and immersed into 0.1 mol dnphosphate buffer at different pH. The valugswere

obtained from DPV curves. Solid line was obtained by linear regression.

In orderto understand the mechanism of reaction at electrodes modified with
DDPD-HDOP complex all above results were taken into account. This is summarized in

schematic drawing in Fig. 10.11.
pH <7 pH=7

HDOP-DDPD

HDOP-DDPD graphite

DOP-DDPD*

DOP-DDPD* HDOP H,PO, / HPO,+

ad H* H,PO, / HPO2>

Figure 10.11. The scheme of the mechanism of the electrode reactions connected with
electooxidation HDOP-DDPD complex supported by CCE or CPE immersed into buffer solution.

When pH ofthe aqueous buffer is lower than 7 the electrode is sensitive to proton

concentration. In these conditions proton are transferred into the agueous phase after
electrogenerated electron transfer. For more basic aqueous solution in order to maintain
electroneutrality of the organic phase, the anions have to be transferred to the HDOP
from the aqueous phase. Taking into account dissociation equilibriums and the values of

pK, of dissociation of phosphoric acid [175]:
HsPO, » HoPOy + HY pKa=2.12 (10.5)

H,POy o HPO, + H' pKa=7.20 (10.6)
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HPO,* PO+ H' pKa=11.9 (10.7)

one mayconclude that at pH above 7 two dissociated form&Q4d and HPG?, are
insertel after electrogenerated cation formation.

All above experiments concerned to the electrochemical studies of the electrodes
modified with acid-base complex, HDOP-DDPD. Also an attempt was made to check
whether HDOP based CPE is sensitive on the concentration of proton in the aqueous
phase in the absence of acid-base complex. For this investigation DDPD was replaced
by tBuFc, which does not form a complex with HDOP.

Interestingly, the pH dependent shift gf:Roxon potential scale is also observed
for CPEprepared fromBuFc solution in HDOP (Fig. 10.12).
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Figure 10.12.  Cyclic (a) and differential pulse (b) voltammograms obtained with CPE prepared from
0.01mol dm?® tBuFc solution in HDOP and immersed into buffer solution at different pH marked on the

figure.

It is clearly visible, that for larger pH the more negative valuEgQfioxis observed. As
before,DPV technique was used for more accurate determinati@regbx(Fig. 10.12
(b)). Fig. 10.13 presents the dependenceadrEpH.

The shap of E;, vs. pH dependence is similar to that observed in the case of
acid-bae complex. However the change in the mechanism of the electrode process from
proton expulsion to anion insertion occurs at lower pH, equal about 5. Therefore it can
be concluded, the formation of acid-base complex with redox probe and solvent is not
necessary to promote the voltammetric sensitivity of CPE on pH aqueous solution. The
possible mechanism of electrode reaction is presented in Fig. 10.14. This scheme is
similar to that presented on Fig. 10.11, with important difference.
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Figure 10.13.  The plot of fvs. pH obtained with CPE prepared with 0.01 mol’dBuFc solution in
HDOP and immersed into 0.1 mol dhphosphate buffer at different pH. The valugswere obtained
from DPV curves (Fig. 10.12).

pH <5 pH=5
HDOP

tBuFc
CtBUFC HDOP graphite C
tBuFc*  DOP tBuFc:  HPOs/HPOS

aq e+ tBuFct  H,PO, / HPOZ

Figure 10.14.  The schematic drawing of possible electrode reactions connected with electrooxidation

tBuFcsolution in HDOP supported by CPE immersed into buffer solution.

First the value of pH, where proton transfer across liquid / liquid interface is
replaced by ion transfer, is smaller. The second, the ejection of electrogenerated cation
from the organic to the aqueous phase is also possible at pH above 5. This is possible in
the presence hydrophilic anions likeR®,, HPQ?, PQ¥ in theaqueous phase. At the
moment 1 is impossible to say whether cation ejection to the aqueous phase or anion
injection to the organic phase is preferred. The understanding of contribution these

transfers to mechanism of the electrode reaction requires more experiments.

The above results lead us to the following conclusions about electrochemical
behavior of studied system:
1. Water-insoluble redox liguid DDPD deposit undergoes electrochemical
oxidation accompanied by anion insertion. An acid-base HDOP-DDPD complex
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deposted onto bppg or present in CCE or CPE undergo oxidation accompanied by
proton expulsion. However, the range of pH, where the latter reaction occurs depends
on the electrode material. It is equal 1 — 10 for bppg, 1 — 9 for CCE and 1 — 7 for CPE.
In this respect some effect of silicate matrix is observed for bulk modified electrodes.

2. Bppg and CCE modified with microdoplets of HDOP-DDPD complex are more
sensitive to pH of the aqueous phase than CCE modified and CPE prepared with the
same acid-base complex.

3. The acid-base complexation of the redox probe in CPE binder is not essential to

induce proton transfer reaction across liquid / liquid interface.
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Chapter 11. lon transfer across ionically conductive organic phase /
aqueous solution interface supported by carbon ceramic and carbon paste

electrodes

In experiments described in previous chapters the organic phase filling CCE
body was ionically non-conductive. As a consequence the electrochemical reaction of
the dissolved redox probe starts at three-phase junction: electrode / organic phase /
aqueous phase. When organic phase contains dissolved salt or is exclusively composed
of ions, such as room temperature molten salt, the electrochemical reaction is expected
to be not restricted to the three-phase junction [79, 82-84]. Still the ion transfer across
liquid / liquid interface has to occur. The results of electrochemical studies of CCE
modified with redox probe solution in salt containing organic liquid or room
temperature ionic liquid, RTIL are presented below. All voltammograms presented in
this chapter were obtained in conditions when they were not affected by subsequent

scanning.

11.1 Carbon ceramic electrode modified with salt containing nitrobenzene

For this studytBuFc solution in NB containing dissolved tetrabutylammonium
perchlorate (TBAP) was used as the modifier. Cyclic voltammograms obtained with
modified electrode change during first subsequent scans, namely both anodic and
cathodic current decrease (not shown). However, after 5-7 cycles they become stable,
similarly as it was observed for CCE modified wiBuFc solution in pure NB. Also
their shape is similar to voltammetric response of CCE modified with this organic phase
(see p. 66). However, the peak current magnitude obtained with CCE modified with salt
containing redox liquid is approximately 3-4 times larger (Fig. 11.1).

Typically, in CV experiments with these systems during polarization towards
anodic direction the not well-developed peak is formed, whereas during backward
direction the peak-shaped curve appears. The redox process is attributed to the oxidation
of tBuFc within NB phase according to (8.2). It is expected the presence of ionically
conducting organic phase enlarges the reaction zone from the three-phase junction to
two-phase junction: graphite particle / salt containing organic phase. Therefore one may
expect that the active electrode surface correspond to the surface of all graphite particles

forming percolation paths within the electrode body.
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Figure 11.1. Cyclic voltammograms obtained with CCE modified with 0.45 mdtBinfrc (dotted)
and 045 mol dnif tBuFc and 0.1 mol dfh TBAP (solid) solution in NB immersed into 0.1 mol*dm
aqueoss KNG,

The estimated geometric surface of all graphite particles filling CCE, assuming
their pherical shape and hexagonal close-packed structure arrangement, is equal 13.9
cn.Then, the theoretical peak current for the diffusion controlled oxidatitBusic in

salt containing system under these conditions (geometric area = 13,9Dcm
4.78% 10’ cnt s (see p. 77)y = 0.01 Vs?) can be calculated from Randles-Sevcik
equation {.18) as 116 mA. It is almost three orders of magnitude larger than observed
(Fig. 11.1). There are three reasons expected to cause these effect: (i) the almost
complete covering of graphite particles by silicate matrix making them inaccessible for
redox liquid; (ii) only graphite particles being close to the liquid / liquid interface
participate in the electrode reaction, due to slow ion transfer kinetics or to the ohmic
drop; (iii) sharing of diffusion layers near neighboring graphite particles. Interestingly,
(see Fig. 2.11) in studies of conductive redox liquid containing teifa-
alkylphenylenediamine deposited on the flat electrode surface [30] it has been proven
that the electrode reaction takes place at the whole organic / aqueous interface. This
may indicate that for CCE the reason (i) seems to be most probable.

As for CCE modified with organic phase (see p. 76 and 78) the shape of the

voltammograms and the current magnitude system depend ortk@tig and c, -

(Figs. 11.2, 11.3). The voltammograms are wave-shaped with noticeable exception for

the smallestigurcorgy FOr a givenc,  the current magnitude is proportionalctgurc(org)

that isanalogous with behavior of CCE modified with NB phase (Fig. 8.19), however
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this dgpendence is not linear. It probably results from the availability of anions at liquid

/ liquid interface and their transfer to the organic phase according to (8.3).
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Figure 11.2. Cyclic voltammograms obtained with CCE modified with 0.045 (a) and 0.0045 (b) mol
dm® tBuFc and 0.1 mol dMTBAP solution in NB immersed into 0.001, 0.01, 0.1 and 1 mdladmeous

KNGQs. The arrows show increasing KN@oncentration.
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Figure 11.3. Cyclic voltammograms obtained with CCE modified with 0.45, 0.045 and 0.0045 mol
dm?® tBuFc and 0.1 mol difi TBAP solution in NB immersed into 0.01 mol dagueous KN@ The

arrow shows increasing tBuFc concentration.

The shapeof CV curves, especially anodic scan, may indicate significant
contribution of radial diffusion. To answer the question whether this is the case the
potential step experiments were performed. The dependence of clirvsnttime,t
obtained from anodic step for longer times has positive intercept, whereas that obtained

from cathodic one seems to approach zero (Fig. 11.4).
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Figure 11.4. Plot of | vs. t (a) obtained from CA experiment with CCE modified with 0.45 Mol dm
tBuFcand 0.1 mol d TBAP solution in NB immersed into 0.1 molHagueous KN@ The Cottrell

plot (I vs. £ (b) of anodic €) and cathodic ¢) current obtained from the CA experiment.

This indicates ultramicroelectrode like behavior for anodic process [176, 177]. The
positive deviation from this dependence at shorter times may be connected with
transition from linear to semiinfinite diffusion regime.On the other hand the deviation
from linearity observed for cathodic step at longer times is typical for diffuse layer
depletion in ultramicroelectrode assembly [176, 177] and it was already observed for
CCE modified with pure redox liquid [61]. The ultramicroelectrode like behavior is
connected with the small size of graphite particles and their aggregates (see Fig. 7.3).
They probably act as an assembly of microelectrodes having not well-defined geometry
and size distribution. This result also indicates that only graphite particles placed close
to liquid / liquid interface are electrochemically active, even for ionically conductive

organic phase (Fig. 11.5).

Figure 11.5. The scheme of cross section view of CCE modified with redox liquid and immersed in
aqueas solution. Dotted and dashed lines represent the size of diffusion layer at shorter and longer times

respectively [61].
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Summarizing, in the case of CCE impregnated with redox probe and salt
solution in hydrophobic polar solvent only small fraction of carbon particles acts as
electronic conductor for the electrode reaction. It seems to that similarly as CCE
modified with ionically non-conductive redox liquid, the oxidation of salt containing
redox liquid is followed by anion insertion into the organic phase and/or cation ejection
to the aqueous phase. It is not inconceivable that T&#ion is also ejected to the
agueoussolution instead of or together witBuFc™ [37]. This point was further studied

with RTIL modified electrodes (see below).

11.2 Room-temperature ionic liquid modified electrodes

The room-temperature ionic liquids are molten salts. Due to their ionic
conductivity it is expected that the electrode process at the electrode modified with
redox probe solution in RTILS not necessary starts at the three-phase junction, similarly
to the electrode modified with salt containing redox liquid (see p. 107). RTIL is in fact
room-temperature molten salt without any solvent.

Below, the electrochemical properties of CCE modified and CPE prepared with
redox probe —tBuFc solution in hydrophobic &/imPFR or more hydrophobic
CiomimN(Tf), will be described.

11.2.1 Carbon aamic electrode modified with room-temperature ionic liquid

We observed that CCE prepared from MTMOS-based sol is not well wetted by
RTILs mentioned above. This occurs despite the hydrophobic properties of both silicate
matrix and RTIL. Probably the difference between their polarity plays important role.
Silicate matrix prepared from MTMOS is non-polar, whereas TMOS based one is polar.
Indeed, the penetration of silicate matrix by RTIL was improved, when this hydrophilic
precursors (TMOS) was main component of the sol. Therefore CCE further modified
with RTIL were prepared from the mixture of hydrophilic and hydrophobic precursor
(TMOS:MTMOS = 99:1).

The CV curves obtained with this CCE modified withm@nPF based redox
solutionand immersed in the aqueous solution saturated withslIREE GmimPF; are
presentd in Fig. 11.6. The aqueous solution was saturated with RTIL in order to
diminish the solubility of the latter in the aqueous phase. The voltammograms are
symmetric and its shape resembles that of quasi-reversible heterogeneous electron

transfer reaction with both anodic and cathodic peaks not well-defined.

111



Chapter 11. lon transfer across ionically conductive organic phase / agueous solution interface
supported by carbon ceramic and carbon paste electrodes

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4
E /V vs. Ag/AgCI

Figure 11.6. Cyclic voltammograms obtained with CCE prepared from TMOS:MTMOS (99:1)
mixture modified with 2.4 0.01 mol dri? tBuFc solution in gmimPR. CCE was immersed in saturated
aqueos KPR, The f' (a), 2 (b) 30" (c) and 108 (d) cycles are shown. Voltammograms obtained for
CCE mdlified with pure GmimPF; (e). Inset shows current, at E = 0.206 V vs. Ag/AgCI vs. time, t,

depeneénce.

The compason CV obtained with CCE modified with pure RTIL alFc solution in
RTILs indicates that the peak-shaped voltammogram results from electrooxidation of
tBuFc dissolved in RTIL:

tBUFGRTIL) — Qelectrode) < tBUFC (rTIL) (11.1)

During continuous scanning after initial decrease some increase of the cathodic
and anodic current is observed (Fig. 11.6, inset). This can be explained by viscosity
decrease caused by dissolution of some amount©fikl RTILS phase. The solubility
of wate in CymimPFR and solubility GmimPF; in water constitute few percent (see
Table 6.1) In these experiments the dissolution of RTIL in the aqueous phase is
avoided by saturation of aqueous phase with RTIL. The effect of hygroscopic properties
of CymimPF; was also observed during electrochemical experiments performed in the
presenceof water vapors [88]. In fact the dissolution of some amount of water in RTIL
phase may lead to two effects: the decrease of RTILs viscosity enhancing diffusion of
tBuFc in RTIL phase and decreasetBfiFc concentration. The observed change of

current magnitude indicates that first effect is more significant.
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Thevalue of Ereqioxis equal to 0.13 V vs. Ag/AgCl and similar to that obtained
on Au dectrode modified with the same amount Btifc solution in gmimPFK; (0.14 V
vs. Ag/ACI) (Fig. 11.7).
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Figure 11.7. Cyclic voltammograms obtained with CCE prepared from precursors mixture:
TMOSMTMOS (99:1) modified with 21 of 0.01 mol drif tBuFc solution in @nimPFR; (dashed) and Au
disc dectrode modifiedvith 2 /4 drop of the same solution. Both electrodes were immersed in saturated

aqueous KPE(solid).

The curent magnitude obtained with CCE is about 10 times larger than that
obtained at Au electrode having the same apparent surface (Fig. 11.7). The
hydrophobic-hydrophilic porous structure of CCE and its more developed surface seems
to be responsible for this effect. Possibly, the silicate matrix promotes formation of
RTIL microphases similarly to CCE modified with polar organic solvent (Chapter 8.2)
and even more to salt containing polar organic solvent (Chapter 11.1). Thus the
extension of the length of three-phase boundary is provided by dispersion of conductive
particles within silicate matrix.

Despite of poor wetting of MTMOS based silicate matrix bynhPF next
experments were performed at CCE prepared from pure MTMOS to compare with that
obtained with polar organic solvent modified CCE.

The peak current obtained with CCE modified wiuFc solution in RTIL is
one order of magnitude larger than that for CCE modified with the same redox probe
solution in NPOE (Fig. 11.8). The viscosity ofimPF is more than one order of

magnitudelarger than the viscosity of NPOE (see Table 6.1). This implies slower mass
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trangoort in RTIL and smaller current. However, the opposite effect is observed (Fig.
11.8).
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Figure 11.8. Cyclic voltammograms obtained with CCE prepared from MTMOS and modified with
244 0.01 mol dri? tBuFc solution in gmimPR; and immersed into saturated aqueous KRfashed) and

CCE madlified with 24 0.01 mol drif tBuFc solution in NPOE and immersed into 0.1 molPdPF;
(solid).

Assumingthat only viscosity plays important role, replacement of NPOE with
RTIL induces more than two orders of magnitude enhancement of the efficiency of the
electrode process. There are many possible reasons of this effect. They include much
faster formation otBuFc in RTIL than in NPOE and/or much faster anion transfer
acrosRTIL / aqueous solution interface than across NPOE / agueous solution interface.
The latter may be affected by potential drop at RTIL / aqueous solution interface. Due
to ionic conduction of RTIL the larger effective electrode surface represents another
possibility. As it was in the case of CCE modified with polar organic solvent with added
salt, the electrode reaction may occur not only close to the three-phase junction. The
estimated,, for this redox system is equal 4@8. It was calculated in the same manner
as in Chapter 11.1, assuming tBapf tBuFc in GmimPF; is equal 1.5< 108 cn? st
(see p.77). The calculated peak current is one order of magnitude larger than observed
(Fig. 11.8). Therefore reaction does not take place at whole electrode surface, namely
geometric area of all graphite particles filling CCE.

Thus, it is reasonable to say that electrode process occurs mainly close to the
three-phase junction formed at graphite particle / organic phase / aqueous solution. The
observed current difference between organic polar solvent system and ionically
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condudive polar solvent system (Fig. 11.8) may indicate that only fraction of the
electronic conductor surface (graphite particles or gold) covered by RTIL are
electrochemically active due to ionic conductivity of the organic phase.

The replacement of SimPFR with more viscous mIimN(Tf), results in

similar voltammetric response (Fig. 11.9).
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Figure 11.9. Cyclic voltammograms obtained with CCE prepared from TMOS:MTMOS (99:1)
mixtwre and modified with 24 0.01mol dri? tBuFc solution in GmimN(Tf) and immersed into
saturaed aqueous KPE The # (a), 2¢ (b), 30" (c) and 108 (d) cycles are shown. Voltammogram
obtained for CCE modified with pure;@nimN(Tf)} (e). Inset shows current (at E = 0.326 V vs. Ag/AgCl)

vs. tdependence.

The shit of Ereqiox0f C1omimN(Tf), based system into positive direction by 0.06 V in
compari®n to GmimPFK based system indicates th@&uFc disolved in this more
hydrophobic RTIL is more difficult to electrooxidize. This is understandable because
CiomimN(Tf), is expected to be less polar thaym@nPF. Moreover, contrary to CCE
modified with CymimPF based solution the current magnitude obtained with CCE
modified with C;omimN(Tf), based solution gradually decreases during subsequent
scans. Ater 30 scans, it reaches a constant value. This change seems to be connected
with some rearrangement of the liquid / liquid interface during continuous scanning or

expulsion of part of electrogenerat&lLFc cation to the agueous phase:
tBUFC ®TiL) — tBUFC (ag) (11.2)

This reaction also occurs in the case oinimPRK modified electrode. Since the

concentation of non-electroactive im* (n = 4, 10) cations is almost three orders of
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magnitude larger than that of the redox probe, their ejection to the aqueous phase is

more probable:
Comim* gy » Comim® g (11.3)

Similarly to organic polar solvent system the ion transfer across RTIL / aqueous
solution interface is caused by electrooxidation tBuFc in RTIL phase. After
electrogeneration aBuFc local deficiency of charge within RTIL occurs. Therefore,
reacton (11.1) has to be followed by ion transfer across RTIL / aqueous solution
interface. Except of two types of cation transfer across liquid / liquid interface (11.2 and

11.3), the anion insertion from the aqueous phase may also take place:
tBUFC rTIL) + X (ag) — tBUFC rTIL) + X (RTIL) (11.4)

In orderto determine whethéBuFc' cation is ejected to aqueous phase or counterion is
injected into RTIL phase, the experiments in presence of different anions were
performed. Fig. 11.10 presents DPV curves obtained for CCE modifiedtButfhc

solution in GemimN(Tf)..
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Figure 11.10. Differential pulse voltammograms (step potential 0.01 V, modulation amplitude 0.01 V,
moduhtion time 0.05 s, interval time 1s) obtained with CCE modified with @.01 mol dri? tBuFc
solution in GgmimN(Tf} and immersed into 0.1 mol draqueous solution separately containing: KPF
NaBF,;, NaClO,, NaNG.

Similarly to organic polar solvent system the shifttafqoxiS consistent with the order

of hydrophobtity of anions, namely it is easier to electrooxidiBaFc in RTIL in the
presence of more hydrophobic anion in the aqueous phase. This behavior is observed
only for hydrophobic anions, like EFBF,, ClIO,. For very hydrophilic ones like ler
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SO,%, suchdependence is not detected (Fig. 11.11). Although the points in Fig. 11.11
are somwhat scattered, the approximately linear dependence for all points, except
points corresponding to Bnd SQ%, with slbpe much below unity (0.28) is observed.

- - - - . - - - 2
PF, BF, CIO, SCN NO, Br Cl F so,

0351 ) "

0.30

E.o./ V V5. AG/AQCI

0.20 4

00 02 04 06 08 10

AP 1V

Figure 11.11.  Plot of Reyoxvs. Al; @ obtained with CCE modified with£20.01 mol drif tBuFc

solution in GgmimN(Tf}. The dashed line is indicating unit slope. The solid line was obtained by linear

regresion. The sequence of anions is indicated on the top of the graph.

RTIL

The unityslope of dependendgredoxVs. A,

@, is expected from a Nernstian

type equdon [13] (see p. 21):

RT RT,  Ceur
_ 0 RTIL 40 RTIL
Erediox= EtBqu;T,L/tBch;QTIL aq ¢x‘ } ?In C- + _InT (11.5)
where Ef; e is the standard redox potential of ttRuFctBuFc couple in
UFGery / tBUF Gy

RTIL, A;7"¢;_ is the standard transfer potential of flom water to RTIL. The latter

parameter is unavailable and it was replaced \mﬁwi as a measure of the anion

hydrophobic-hydrophilic properties. Actually the strong deviation of the slopgegbx

NB

0 . . .
vs. A, ¢, dependence from unity may be caused by selection of this parameter.

Therefore, one can conclude that in presence of hydrophobic anions in the
aqueous phase the reaction (11.1) is followed by counterion injection into RTIL phase
according to (11.4). However the competition between reactions (11.2 or 11.3) and
(11.4) is possible. For hydrophilic anions, such aarfél SG@, the reaction (11.1) is

probably followed by reaction (11.2 or 11.3). This mechanism and its anion dependence
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is similar to that observed for CCE supported organic polar solvent / aqueous solution

interface.

11.2.2 Carbon paste electrode based on room-temperature ionic liquid

Analogously to CPE prepared with redox probe solution in NPOE (Chapter 9)
RTIL-based CPE was prepared and studied. Such electrode was never reported in
literature. It can be used to elude the effect of silicate matrix on electrogenerated ion
transfer across RTIL / aqueous interface. Additionally the electrochemical behavior of
redox probe modified CPE with polar non-conductive solvent (NPOE) and ionically
conductive solvent could be compared. This electrode was prepared using
C1omimN(Tf), as a binder. It is a good candidate, because it is even more viscous than
NPOE (see Table 6.1). It can be expected that, the formation of the three-phase junction
on the surface of electronically conductive particles present close to the liquid / liquid
interface formed by RTIL phase at CPE is compared to that formed at CPE prepared
with organic polar phase (Fig. 9.1).

Typical cyclic voltammograms obtained during continuous scanning of CPE

containing BuFc solution in gmimN(Tf), are presented in Fig. 11.12.

30
201
101
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01

101

-201

01 00 01 02 03 04 05 06 07
E /Vvs. Ag/AgCI

Figure 11.12.  Cyclic voltammograms obtained with CPE prepared with 0.01 nmbiRirfc solution
in CiomimN(Tf), (1 and 10" scans (solid)) and pure ;@nimN(Tf) (dashed) and immersed into
0.1 md dm? aqueous NaClQ

There & slight difference between the shape and the current magnitude of CV curves

obtained at ¥ and 2° scans, wheread®and 18 scans are almost identical. Since more

than 10 gcles were not measured, one can conclude that some period of stability of
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cyclic voltammograms is observed. Similarly to CCE modified with the same solution,
the voltammetric response obtained with CPE is characterized by similar magnitude of
the current, symmetric and not-well defined both anodic and cathodic peaks. They result
from reversible electrooxidation duiFc in RTIL phase according to reaction (11.1).

The value of peak current obtained with CPE prepared tBiifrc solution in
RTIL is one order of magnitude larger than for CPE prepared from the same redox
solution in NPOE (Fig. 11.13).

30

204 - 7

0

1/ puA

-20

0.1 00 o4 02 03 04 05 06 07
E /V vs. Ag/AgCI

Figure 11.13. The effect of solvent on cyclic voltammograms obtained with CPE prepared with
0.01 mol dm? tBuFc solution in GmimN(Tf) (dashed) and CPE prepared with 0.01 mol diBuFc
solution in NPOE (solid) and immersed into 0.1 mol*dxacClQ,.

Contraryto voltammetric results obtained with analogous CCE (Fig. 11.8), there is
almost no difference between midpoint potential obtained with RTIL and NPOE based
electrodes. However, the similar difference between their current magnitudes is visible.
The reason for such voltammetric response seems to be the same as for CCE electrode
modified with RTIL-based solution (see p. 113). Namely, due to ionic conductivity of
RTIL the efficiency of electrode process is larger than in the case of non-conducting
NPOE phase. Probably, in the case of RTIL-based CPE the larger amount of graphite
particles are active in the electrode process. It has to be also emphasized, that the
presence of silicate matrix has no important influence on ion transfer across liquid /
liquid interface. One can conclude, that this matrix does not hinder redox probe access
to graphite patrticles.

Next experiments were performed in order to more clearly understand the
mechanism of electrode reaction involving the ion transfer across RTIL / aqueous

solution interface.
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According to equation (11.5) for anion transfer (11EQeq0xiS expected to
depend on concentration of anion present in the aqueous phase. Fig. 11.14 shows
normalized DPV curves for electroactive CPE immersed into aqueous solutions at

different concentration.
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E /V vs. Ag/AgCI E /V vs. Ag/AgCI

Figure 11.14. Normalized differential pulse voltammograms (step potential 0.01 V, modulation
amplitude 0.01 V, modulation time 0.05 s, interval time 1s) obtained with CPE prepared with
0.01 mol dnif tBuFc solution in GmimN(Tf) and immersed into aqueous KPFfa) and KNQ (b)

solution. The voltammograms were normalized adjusting their background currents.

It canbe seen that the midpoint potential systematically shifts to more positive potential
side as concentration decreases (Fig. 11.15).
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Figure 11.15. Plot of RgoxVs. log & obtained with CPE prepared with 0.01 mol drBuFc
soluion in GeMIimN(Tf} and immersed into aqueous KPEgeqoxValues were determined from DPV
curvesin Fig. 11.14. Solid line was obtained by linear regression for five points. The dotted line is

indicating Nernstian slope.
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A linear dependence dEregioxVS.l0g G- with sub-Nernstian slope (-0.043 V / decade)

is observed only for points corresponding to more concentrated aqueous solutions. For
lower cx- less negative slope is observed. This deviation is probably connected with the
increase of contribution of cation transfer to the aqueous phase according to reactions
(11.2) or (11.3). This can be explained by the laxggJ/cx- ratio. It causes the lack of
counteron to compensate electrogenerated cation and as a consequence not
compensated cation is ejected to the aqueous phase.

Interestingly, as for other redox systems studied at CCE and CPE, the effect of
the electrolyte concentration is visible on the reduction in peak current with decreasing
concentration of the aqueous electrolyte (Fig. 11.14). The dependencds) log. (
log (cx-) hasbarely visible S-shaped feature (Fig. 11.16).
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Figure 11.16.  Plots of log {) vs. log (&) for CPE prepared from 0.01 mol dhBuFc solution in
CiomimN(Tf} and immersed into aqueous Kf@) and KNQ (b) solutions. The valuesWere estimated
from normalized DPV curves in Fig. 10.14.

Similarly as in the case ofdggoxthe deviation from linearity for less concentrated KPF
solution @n be connected also with the influence of cation ejection from RTIL to the

aqueous phase. As for CCE modified with redox probe solution in organic polar solvent

(see p. 79) for the largest value @furcrmiC, - the influence of reactions (11.2) or

(11.3) is dominating. The deviation observed for more concentrated electrolyte solution
is difficult to explain.

To study the competition between cation and anion transfer the results of
experiments with different anion present in the aqueous phase were compared (Fig.
11.17).
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As for previously studied systems the shift of the voltammetric signals depends
on the nature of the anions present in the aqueous phase (Fig. 11.17).
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Figure 11.17.  Differential pulse voltammograms (step potential 0.01 V, modulation amplitude 0.01 V,
moduktion time 0.05 s, interval time 1s obtained with CPE prepared with 0.01 nibtBinfFc solution

in CyomimN(Tf), and immersed into 0.1 mol &aqueous solution separately containing: kPRaClQ,
NaSCNor KNG,

The dataobtained in the presence of all studied anions are summarized in Fig. 11.18,
which presents the measured peak potential as a funcmﬁﬁ(&ﬁ_ .
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Figure 11.18. Plot of Regiox VS. Aaq ¢?( obtained with CPE prepared with 0.01 mol drBuFc

solution in GemimN(Tf}. The dotted line is indicating unit slope. The sequence of anions is indicated on

the t@ of the plot.

0

The linar correlation betweerEreqiox and AP@)_ for all studied anions, except

strongly hydrophilic anions, like Fand SQ, is visible. The points are much less

scatered and deviation of the slope (0.47) from unity is smaller than it was observed for
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CCE modified with the same RTIL-based solution. Obviously, the silicate matrix has
some influence on the voltammetric response. Interestingly, almost unity slope was
observed for Au electrode modified with droplets obimN(Tf), [79]. However,

from theemodynamic point of view the type of the electrode surface should not affect

the dependencerBuoxVs. Ay, @, - -

Summaizing all results obtained at CCE and CPE electrode based on salt
containing NB and RTILs solutions several the most important points should be
distinguished.

At first, these electrodes exhibit electrochemical signal connected with electrode
reaction of the salt containing redox liquids. In addition, for all types of electrodes and
both RTIL-based solutions some period of stability of cyclic voltammograms is
observed.

Second, both electrodes modified with RTILs-based solution show sensitivity
towards the hydrophobicity of the anion present in the aqueous phase and their
concentration. The possible mechanism of electrode reaction involving ion transfer

across RTIL / aqueous phase interface is presented in Fig. 11.19.

carbon based tBuFc org
material

tBuFc’/C.mim* X

\ A

aq tBuFc*/C,mim*  X-

Figure 11.19. The schematic drawing of possible reaction pathways connected with electrooxidation
of tBuFc solution in the RTIL supported by CCE or CPE immersed into aqueous solution.

Third andlast, the efficiency of the electrode process is much larger than that
observed for CCE and CPE modified with the redox probe solution in less viscous
organic polar solvent. Moreover, it has been shown that heterogeneous material
enhances substantially efficiency of the electrode process in comparison to smooth
electrode support. However only small fraction of conductive particles being close to

liquid / liquid interface is effective for electrode process.
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Conclusions

This thesis presents and discusses results of experimental study of
electrogenerated ion transfer across liquid / liquid interface supported by carbon
ceramic electrode (CCE). This liquid bulk-modified electrode belongs to the class of so
called three-phase electrodes. Graphite particles, which are the source and sink of
electrons, represent one phase of this system. Two other phases are immiscible liquids.
Such system was created using hydrophobic silicate based composite carbon material
impregnated with the organic phase immersed into the aqueous phase. When the organic
phase is not ionically conductive the electrode process has to start at the three-phase
interface. This is not necessary true, when organic phase is ionically conductive.

The main aim of this thesis was to study and understand the mechanism of
electrogenerated ion transfer across redox liquid / agueous solution interface supported
by CCE. For this purpose the influence of different factors on this reaction was studied.
Among them there are stability of voltammograms, organic solvent, type of redox probe
and its concentration, type of anion present in the agueous phase and its concentration.
To study electrochemical properties of unmodified and modified CCE the voltammetric
and chronoamperometric techniques were used. Additionally, to observe the
morphology of CCE surface Field Emission Gun Scanning Electron Microscopy was
applied.

The most important conclusions are as follows:

1. The electrooxidation of redox probe in the organic phase generates ion transfer
across liquid / liquid interface. Two different ion transfer reactions are possible: ejection
of electrogenerated cation to the aqueous phase and/or uptake of anion from the aqueous
phase. In the case of salt containing organic phase or RTIL-based solution the ejection
of corresponding non-electroactive cation can also take place. All transfers occur to
maintain electroneutrality of the organic phase. Their contribution depends on the
hydrophobicity of redox probe and anion present in aqueous phase. For less
hydrophobic redox probe and/or more hydrophilic anion the transfer of electrogenerated
cation to the aqueous phase is preferred. This process dominates for CCE modified with
Fc ortBuFc solution in polar solvent or for all electrodes studied immersed oo F
SO,® aqueoussolutions. On the other hand for more hydrophobic redox probe and less
hydrophilic anion the transfer of latter to the organic phase dominates. This is especially

visible for CCE modified with the most hydrophobic redox probe - DMFc solution. As
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one can judge from the shift of the redox potential this electrode exhibits selectivity
towards less hydrophilic anions present in the aqueous phase.

2. The solution of the redox probe in organic polar solvent fills pores of CCE
because of hydrophobicity of silicate matrix. This material immersed into the aqueous
solution is able to support the liquid / liquid interface. The specific morphology of CCE
permits to create numerous three-phase interfaces: organic phase / aqueous phase /
graphite particle. The use of different size graphite particle gives possibility to change
the length the three-phase boundary and in consequence to change the current
magnitude obtained with CCE.

3. The ejection of electroactive species from CCE to the aqueous phase does not
cause the substantial consumption of redox probe. This is because of its continuous
supply from electrode bulk to the surface. The continuous development of redox probe
concentration gradient perpendicular to liquid / liquid interface exists. The hydrophobic
porous structure of CCE serves as container of redox liquid.

4. The stability and features of voltammograms obtained with modified CCE are
affected by the type of redox probe and its concentration, as well as by the type of the
anion present in the aqueous phase and its concentration.

5. The concentration of anion present in the agueous phase not only affects formal
potential of the redox probe but also the magnitude of the current. The more
concentrated aqueous solution the higher peak current is observed. This proves that
anion is present in the reaction zone and participates in the electrode reaction. It means
that CCE modified with redox liquid is sensitive to non-electroactive ionic species,
especially to hydrophobic anions present in the aqueous solution.

6. In the case of CCE modified with ionically conducting redox liquid the electrode
process is not restricted to the three-phase junction. However, the electrode reaction
does not take place at whole ionically conducting redox liquid / graphite particle
interface and the ion transfer across liquid / liquid interface still occurs. The CCE
modified with redox probe solution in room-temeprature ionic liquid also exhibits some
selectivity and sensitivity towards anion present in the aqueous phase.

The advantage of CCE modified with redox probe solution in organic solvent in
comparison to flat electrode modified with the same solution, used for the study of the
transfer of ions between water and organic solvent, is continuous supply of redox probe
to electrode surface and as a consequence the perceptible consumption of redox probe is

avoided.
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Obvioudy the possibilities of preparation of liquid modified CCE exhibiting
electrogenerated ion transfer across liquid / liquid interface are not limited to these
presented in this thesis. In the case of CCE modified with redox probe anchored to the
silicate matrix the ejection of electrogenerated cation to the aqueous phase can be
eliminated. Thus it seems that electrogenerated hydrophilic anion transfer to the organic
phase can be realized. Also the selectivity of such modified CCE may be enhanced by
addition of hydrophobic ligand capable to form complex with selected anion to the
organic phase. It seems to that future research of these systems should follow these

directions.
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