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Perry and Denuault reported the presence of an oxygen species that adsorbed on Pt mi-
croelectrodes after the electrode was exposed to dissolved oxygen [1, 2, 3]. This species
could only be detected at the millisecond scale and when using a neutral and unbuffered
media. Although they suggested that the species was oxygenated in nature, its true
identity and relation with Oy remained unknown. In the present work, the species were
studied with the use of Pt microelectrodes of different sizes, in different electrolytes
and with sampled current voltammetry and scanning electrochemical microscopy. The
results show strong evidence that the adsorbed species are oxides formed under a higher
local pH, where OH™ is being produced by the oxygen reduction reaction proceeding
through the alkaline path. This was observed by exploiting hindered diffusion in the
presence of Oy, where the oxide formation region appeared as a continuous wave, simi-
lar to results in bulk alkaline media. Furthermore, a diffusion controlled oxidation wave
appeared that was limited by the local concentration of OH . Throughout this work,
sampled current voltammetry was exploited to study the oxygen reduction reaction
and the reduction of adsorbed oxygen species, and as such, methodologies to obtain
kinetic information were proposed. An equivalent Koutecky-Levich analysis was ap-
plied to sampled current voltammograms of the oxygen reduction reaction, obtaining
Tafel slopes similar to those reported in the literature, and an analytical solution for
sampled current voltammograms of adsorbed species in the absence of diffusion was

also derived; comparison with established methodologies is also presented.
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Chapter 1

Introduction

1.1 Structure of the Thesis

Perry and Denuault have reported the detection of adsorbed oxygen species that are
left on Pt microelectrodes after exposure to molecular oxygen [1, 2]. They observed
that the adspecies were affected by the electrode material, spectator species and oxygen
concentration. Even after their thorough study, the identity and source of the adspecies
remained unknown. The present work takes over the project started by Perry [3]
and brings new information related to the adsorbed oxygen species, specifically, their
relation to Pt oxides and pH. In the following paragraphs, a brief summary of the

chapters of this work is presented.

Chapter 1 gives a brief introduction of the techniques and concepts that are used
throughout this work. Section 1.2 presents the microelectrode theory with emphasis
on diffusion and the kinetic parameters that can be obtained at the steady state.
Sections 1.3 and 1.4 presents a short introduction to sampled current voltammetry
and scanning electrochemical microscopy, techniques that are used in this work. In
Section 1.5, a brief review about Pt electrochemistry is presented, with emphasis on Pt
oxide formation and reduction. Section 1.6 presents a brief review about the oxygen
reduction reaction in acidic and alkaline media, its different pathways, dependence on

mass transport and electron transfer kinetics. Section 1.7 shows a summary of the work
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done by Perry and Denuault to lay the foundations of this work. Finally, in Section

1.8, the specific objectives of the project are listed.

In Chapter 2, the experimental details used throughout this work are presented. Special
care is placed on the calculation of the diffusion coefficient and concentration of oxygen,
as they are widely used in this work. The basic potential waveform is also shown, and is

reproduced when needed in the rest of the chapters as a reminder of its structure.

Chapter 3 focuses on the detection of the adsorbed oxygen species with electrodes
that posses high rates of mass transport. The fast establishment of the steady state
response is exploited to ensure that the response of the diffusion controlled current is
known at all times; this is done as an improvement to the experiments reported by
Perry and Denuault where they assumed a constant number of electrons even though
it has been reported that n changes with the mass transfer coefficient [1, 4, 5]. In
this way, the charge for the reduction of the adsorbed oxygen species, Quqs, is better
estimated. This is graphically shown in Figure 1.1, where a small spherical electrode
is used to ensure that the diffusion controlled response is constant at all times; this
is possible since the k,, achieved by this electrode is constant on the timescale of the
experiment and any deviations in the current can be ascribed to the reduction of the
adsorbed oxygen species. Chapter 3 also presents a stripping voltammetric methodol-
ogy that does not rely on the subtraction of a theoretical current transient. Instead,
it exploits the irreversibility behaviour of the adspecies. Briefly, it relies on recording
two consecutive voltammograms, where the first one contains the contribution of the
ORR and the reduction of the adsorbed species while the second one only shows the
ORR. Subtracting both currents allows for the estimation of the coverage of the oxygen
adspecies. Since this method does not rely on the subtraction of a specific theoretical

response, it can be used with any electrode geometry.
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Figure 1.1: Graphical abstract for Chapter 3. A Pt spherical electrode is used to reduce
oxygen and the adsorbed oxygen species. The theoretical diffussion controlled current is

constant in the timescale of the experiment.

Chapter 4 is focused on the effect of pH on the adspecies and their relation with
electrochemically grown oxides. The behaviour of the adspecies in neutral unbuffered
media is compared with those in acidic and alkaline conditions, and it is observed that
the reduction peaks are dependent on the local pH. It is also observed that the formation
of Pt oxide seems to be unaffected by the presence of Oy when working in extreme pH
condition, while in unbuffered and neutral media, the oxide seems strongly affected
by O,. To further test for the effect of Os on oxide formation, hindered diffusion was
exploited to decrease the contribution of the ORR to the total current. It is found
that in neutral and unbuffered media, the local pH is increased during the ORR due to
the production of OH | see Figure 1.2. If an oxidation potential is applied before the
bulk pH is recovered, higher oxide coverages would be formed, according to the local
pH. When the diffusion is hindered by approaching to an insulator, OH™ is confined

in the vecinity of the electrode and so the local pH is even higher compared to bulk
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conditions. The results of this chapter show strong evidence that the adsorbed oxygen

species are Pt oxides that were formed at a higher pH.

o, H,0, H,0,, OH-

272!

Bulk: pH > 7
Hindered: pH >> 7

Figure 1.2: Graphical abstract for Chapter 4. During the ORR, OH ™ is produced increasing
the local pH.

Chapter 5 focuses on the analysis of sampled current voltammograms to study surface
processes and the ORR. The chapter starts by showing that the SCV of Pt oxides are
peak-shaped, contrary to the sigmoidal wave obtained when studying species in solu-
tion. Then, the ORR is studied, observing that under certain conditions, the waves
are peak-shaped, demonstrating the presence of oxides. The sigmoidal waves obtained
for the ORR, as well as the varying rates of mass transfer that can be obtained in
transient conditions, makes SCV a good candidate to replace the rotating disc tech-
nique. This could be useful when dealing with materials that can not be converted
into RDEs or when higher rates of mass transport are needed. In this chapter, sam-
pled current voltammograms obtained with microelectrodes are turned into equivalent
Koutecky-Levich and Tafel plots. The different regimes where the analysis is valid are

discussed.
Chapter 5 ends with an analytical derivation of the response of SCVs when study-

4
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ing quasi-reversible adsorbed species in the absence of diffusion. The theory for the
coverage is derived assuming simple conditions and converted into charge and current
transients. It is found that sampled current voltammograms of adsorbed species are
peak shaped, see Figure 1.3. The analytical expression for the current is linearised to

extract kinetic information.

j= QO kf exp[-(kf + kb)t]

200 — /

fuy
wn
o
1
—

=

o

o
1

w
o
1

0.05

7| / pA cm

o
—o
\

Figure 1.3: Graphical abstract for Chapter 5. Sampled current voltammograms of adsorbed

species are peak shaped.

Finally, Chapter 6 presents the conclusions and summary of this work, with special
emphasis on the novel contributions related to the adsorbed oxygen species and the

use of sampled current voltammetry.
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1.2 Microelectrodes

Microelectrodes are defined as those where their properties are a function of a char-
acteristic size [6]. Some of these properties are a low IR distortion, fast charge and
discharge of the double layer capacitance and high mass transfer coefficients. The
most typical geometry used is the disc (¢ < 50 pm) but other geometries have been
developed (spheres, hemispheres, rings, bands, etc.) [7, 8]. In this work, the theories
for the sphere and the disc microelectrodes have been used and only these will be

discussed.

1.2.1 Diffusion

Consider a typical chronoamperometry experiment, where the potential is changed
from one where a reaction is not driven to one where the current is mass transport
controlled. If the general reaction O + ne — R is assumed, the second potential will
ensure that the concentration of O at the electrode surface is effectively zero. The
current at a spherical electrode of radius r can be obtained after solving Fick’s laws of

diffusion for this case with the appropriate boundary conditions [8]:

1 1

Two limiting cases exist. If r — oo, the current will eventually decay to zero, this
corresponds to the current obtained when an infinite planar electrode is used and is

formally known as Cottrell equation:

nFACD'/?

bplanar = 1505 (1.2)

~1/2 should produce a straight line and the slope can be used to

A plot of i against ¢
measure any of the electrochemical parameters provided the others are known. If now,
t — oo, the planar diffusion term becomes negligible, and the current only depends

on the size of the electrode; this current is called the limiting current of the electrode:

Uiim = 4mnF DCr (1.3)

6
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In general, a mass transport controlled current can be defined as:
1 =nFACk, (1.4)
where k,, is the mass transport coefficient, which in the case of the spherical electrode:

DY* D
T1/241/2 + o

km(t,r) = (1.5)

that is, k,, is a function of time and radius, where the lowest k,, that can be obtained

is that of the second term.

For the case of a microdisc, the theory is more complicated. Mathematically, it can
be shown that Equation 1.1 predicts the diffusion controlled current at an equivalent
sphere of radius r = a/m, where a is the radius of the disc; nevertheless it was already
proven that this is only true for short and long times, where planar and hemispherical

diffusions dominate respectively [9]. At long times, the limiting current of a microdisc

is then:
lim = 4nF'DCa (1.6)
with k,, at the steady state:
4D
km = — 1.7
— (1.7)

At intermediate times, the description of the current is more complicated due to the
evolution of the diffusion field. At those timescales, the edges of the electrode receive
material linearly and radially, increasing the flux compared to the centre of the disc; this
is known as the edge effect and it has been observed when electrodepositing metals at
a diffusion controlled rate, where a higher current density promotes thicker deposited
films at the edges [10, 11]. After a certain time, radial diffusion overcomes planar

diffusion, forming the hemispherical diffusion field!.

An analytical solution to the Fick’s laws of diffusion for a microdisc can not be obtained,
instead, simulations and empirical equations [12, 13] are normally used. Equation 2.8

was proposed by Shoup and Szabo and it was found to be exact within 0.6% at all

IThis assumes that the disc is sealed in an infinitely large insulator that prevents back diffusion.

7
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times [9, 12]:

T 71.1/2

o T o1/2 _ 8r—3/2
=in 3+ gpr + (- D)o (~ gomepmmm)

(1.8)

The mathematical form of the Shoup-Szabo equation has been exploited to measure
the diffusion coefficient of species in solution [9]. The normalised current i/, is only
dependent on a, D and t, and so, if a is known, D can be measured directly. This
methodology is very powerful, since a single transient experiment can be used to obtain
D without the need of knowing the number of electrons and the concentration of the
species beforehand. In Section 2.6.3, this methodology has been used to measure the

diffusion coefficient of Oy in different electrolytes.

Mahon and Oldham proposed a more precise model for predicting the current of a

microdisc electrode at all times and is shown in Equation 1.9 [13]:

i=mEFDCaf (o) (1.9)
1 [ 30 303/2
—ﬂ_g—|—1+ E_%_‘_ 296 0'§1281
flo) =4 ¥ v (1.10)

250.—3/2 0.—5/2 o—7/2

4 8
Tt Tt e T 30 o0 02 1.281

where 0 = Dta~? and with k,,:

ko = — f(0) (1.11)

Figure 1.4 shows current transients obtained with the Mahon-Oldham equation for
different microdisc sizes. The red solid lines show the expected currents for planar and
hemispherical diffusion. The plot shows that smaller electrodes can reach the steady
state faster. In contrast, larger electrodes can retain planar diffusion for longer periods
of time, and the current transients can be described with the Cottrell equation. De-
scription of intermediate times require the use of either Shoup-Szabo or Mahon-Oldham

equations; in this work, the latter was preferred as its error is minimal [13].
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---a =25 pum

i / nA

t/s

Figure 1.4: Current transients obtained with the Mahon-Oldham equation. The parameters
used were n = 1, D = 2.5x107° cm? s~! and C = 0.25 mM. The red solid lines represent the

expected current for planar and hemispherical diffusion at short and long times respectively.

Figure 1.5 shows the mass transfer coefficient for different microelectrode sizes calcu-
lated with Equation 1.11 (transient, markers) and Equation 1.7 (steady sate, red solid
line). The lowest value of k,, that can be obtained with a microdisc is that given by
the steady state; working in transient conditions results in an increased k,,,. With the
timescale used here (1 ms to 1 s), the mass transfer coefficients for the 25 and 12.5 pum
electrodes are similar; in order to have an appreciable increase, smaller electrodes are
needed. It can be seen that the steady state k,, for the 2.5 um electrode ? corresponds

to the k,, obtained at approximately 2 ms for the 5 um electrode 3.

2Given by the red line.
3Each data point on Figure 1.5 represents 1 ms; in the scale given by k,,, time increases in the

negative direction.
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0 0.05 0.1 0.15 0.2
kn / cm s

Figure 1.5: Mass transport coefficients calculated with D = 2.5x1075 em? s~!. The markers
show the transient k,,, obtained with the Mahon-Oldham equation between 1 ms and 1 s while

the red solid line shows the dependence of k,, on a.

The different mass transport regimes can also be seen when varying the scan rate in
a typical cyclic voltammetry experiment. Figure 1.6 shows simulated voltammograms
obtained with a microdisc electrode (¢ = 5 pm). At low scan rates, a sigmoidal
voltammogram is obtained, where the plateau represents the diffusion limited current,
Equation 1.6. At high scan rates the voltammogram is peak-shaped, indicative of

planar diffusion and similar to voltammograms recorded with macroelectrodes.

1
O Y AP o iivoilieetlierTl T
<4
~
SN
2 | v =0.001 Vs 1|
---v=01Vs!
-3 — v =1Vgs!
-0.2 0 0.2 0.4
n/V

Figure 1.6: Cyclic voltammograms simulated with DigiElch 8 with E° =0V, n =1, a =
0.5, ks = 10000 cm s~', D = 2.5x107% cm? s! Cp, = 5 mM and a = 0.5 pm.
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Figure 1.7: Simulated voltammograms for different electrode sizes with v = 1 mV s~! and

ks = 0.008 cm s~ !, see Figure 1.6 for the rest of the simulation parameters.

1.2.2 Kinetics

Microelectrodes are generally used to measure rates of electron transfer of fast reac-
tions [7, 14, 15]; voltammograms at the steady state reveal kinetic limitations as shifts
in the half-wave potential. Figure 1.7 shows simulated voltammograms for different
microelectrode sizes at the steady state. The limiting currents are proportional to
the radius, as predicted by Equation 1.6. The shift in potential due to kinetic limi-
tations is evident when normalising the voltammograms with their respective limiting

currents.

To measure the kinetic parameters a and k,, it is common to construct a Tafel plot;
a straight line would indicate an electron transfer step. According to Butler-Volmer
theory, the current of a fully irreversible system can be expressed as [8]:

F
i, = nFACk exp( - fz_T”) (1.12)

and after linearisation:
oF

In(ix) = In(nFACky) — ="

(1.13)

that is, the standard rate constant and transfer coefficient can be obtained from the
intercept and slope respectively. If the current is affected by mass transport, a cor-
rection that accounts for the change in reactant concentration at the surface of the

electrode needs to be used. This is normally done when using rotating disc electrodes

11
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1 —-1/2

through the Koutecky-Levich equation, where a plot of i7" against w should pro-

duce a straight line with the intercept given by 4, .

The Koutecky-Levich equation
can be generalised to any diffusion controlled technique by noting that the second term

corresponds to the limiting current:

- =—++ (1.14)

solving for :
iy = —tim (1.15)

Uim — 1

With the limiting current for a microdisc, Equation 1.6, i can be expressed in terms

of the mass transport current.

Figure 1.8 shows Tafel plots from the voltammograms in Figure 1.7. The linear region
observed at high potentials corresponds to the kinetically limited region, Equation 1.12,
while at low potentials the current is influenced by both, mass transport and electron
transfer until the diffusion controlled region located at more negative overpotentials.
Table 1.1 shows the calculated values of a and ks by fitting Equation 1.13 to the kinetic

limited region of the simulated voltammograms.

Figure 1.8: Tafel plots constructed from Figure 1.7.

Table 1.1 shows that the transfer coefficient is under estimated, while the value of k;
varies considerably. This error has been ascribed to electrodes that are not uniformly

accessible, as it is the case for microdiscs, where the flux of reactant at the edges is

12
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25 pm | 5 pum | 12.5 pm | 25 pm

o} 0.43 0.43 0.43 0.43
ks / em s~ | 0.041 | 0.022 | 0.009 0.005

Table 1.1: Parameters obtained by fitting Equation 1.13 to the Tafel plots shown in Figure

1.8. The values used in the simulations were a = 0.5, ks = 0.008 cm s~ L.

higher than at the centre of the electrode [16, 17, 18]. Even with this error, microelec-
trodes are continuously used to measure kinetic parameters, specially when the rate of
electron transfer is high and can not be measured with commonly used techniques; in

this case, electrodes in the sub-micron scale are normally used [5, 19].

To better observe the error in the measurement of the transfer coefficient, Figure 1.9

shows the value of « calculated by taking the derivative of Equation 1.13:

RT d1n(iy)
— = TR 1
« F (1.16)

and the mass-transport corrected coefficient from Equation 1.15:

(1.17)

Qcorr = — 0~ —In

i’T ddn ( L >

Tim — 1
In agreement with the results shown in Table 1.1, the smallest error is obtained at
low overpotentials, and even though the mass-transport corrected coefficient shows an
improvement at higher overpotentials, the value of « is still greatly under estimated.
Better estimates of kinetic parameters with microdisc electrodes are obtained when
using tabulated data after finding the quartile potentials [18]. In Chapter 5, Tafel
plots are constructed from microelectrode sampled current voltammograms and tested
for the ORR, the results show that SCV is a promising technique to test for kinetic

limitations of electrochemical reactions.
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0.5

- Qcorr

—‘—’

Figure 1.9: « calculated from Equations 1.16 and 1.17 from Figure 1.8.

1.3 Sampled current voltammetry

Sampled Current Voltammetry (SCV) is a technique which produces an i(7) — E curve
by applying different potential steps and sampling the data to construct a sampled
current voltammogram [8]. Figure 1.10 shows how the construction of SCVs is per-
formed. Briefly, different potential steps are applied and the current is recorded, then
a sampling time is selected and the magnitude of the currents are plotted against their
respective potential. If only the last data point is recorded for each current transient,
the technique is called normal pulse voltammetry and the result is a single voltammo-
gram; this technique was commonly used in combination with polarography, where the
current was sampled just before the detachment of the mercury drop [8]. With the ad-
vent, of programmable instruments, the procedure can be automated and the different
current transients can be completely recorded, allowing for the construction of a large
number of sampled current voltammograms limited only by the sampling time of the

instrument.
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Figure 1.10: Construction of sampled current voltammograms. a) Different potential steps
are applied, b) the current is sampled at a specific time, c¢) the sampled currents are plotted

against their respective potential. Figure used with permission from [8].

Sampled current voltammograms for the reaction of species in solution are sigmoidal in
nature independently of the diffusion regime and are said to reach a quasi-steady state,
due to the dependence of the limiting current on the sampling time. In contrast, sweep
voltammetry with macroelectrodes produces a peak-shaped voltammogram where the
peak current is proportional to »*/2. With microelectrodes, the shape of the voltam-
mogram depends on the timescale of the experiment; at low scan rates a sigmoidal
waveform is obtained, indicative of hemispherical diffusion, while at high scan rates
the voltammogram is peak-shaped as diffusion is affected by the planar component.
Perry and Denuault noticed this and decided to perform sampled current voltammetry
with microdiscs [20]. While SCV allowed them to construct quasi-steady state voltam-
mograms independently of the time regime, microelectrodes allowed them to record
currents at short times, massively increasing the already high rate of mass transfer
and accessing timescales where larger electrodes would be influenced by non-Faradaic

currents.

As can be seen from Figure 1.10, the magnitude of the currents depends on the sam-
pling time, where shorter sampling times give higher currents. In order to compare the
voltammograms irrespective of the timescale of the experiment, Perry and Denuault
normalized the current transient with the theoretical current for a microdisc electrode
proposed by Mahon and Oldham [13], Equation 1.9. Since Equation 1.9 predicts the
diffusion controlled current at all times, after the normalization procedure, the sampled

current voltammograms fall on top of each other, provided the reaction under consid-
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eration is diffusion controlled. More importantly, if the value of n in Equation 1.9 is
set to 1, the plateau at the voltammograms falls into an apparent number of electrons

Napp that are involved in the reaction.

Perry and Denuault showed that the slope of the voltammograms reveals kinetic in-
formation of the reaction, they studied the reduction of Fe(ClOy4); at short timescales
and observed that the curve was drawn towards more negative potentials. Similar to
steady state voltammetry, this is an indication of a more irreversible wave. Faster
reactions, as it is the case for the reduction of Ru(NHj3)sCls, require higher rates of
mass transport to extract kinetics information. They also modified an equation first
proposed by Oldham et al. [21] and fitted it to the SCVs; the results showed a good
agreement with simulations and literature values. In Chapter 5 of this work, an equiv-
alent Koutecky-Levich methodology is proposed with SCV, simplifying the estimation

of kinetic parameters and improving the work done by Perry and Denuault.

1.4 Scanning electrochemical microscopy

Scanning electrochemical microscopy is a powerful electrochemical characterisation
technique based on microelectrode theory [22]. Its more fundamental modes are nega-
tive and positive feedback, where a microelectrode is approached towards a substrate
while driving a reaction at the diffusion controlled rate. Negative feedback occurs when
the hemispherical diffusion field gets blocked by an insulator, decreasing the current
as the electrode is approached towards the substrate; for this reason, this mode is
also called hindered diffusion. In contrast, positive feedback occurs when a conductive
substrate regenerates the reactant. Figure 1.11 shows a schematic of both modes of

operation.
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Figure 1.11: SECM operation modes. a) hemispherical diffusion in the bulk, b) hindered
diffusion close to an insulating substrate, c) positive feedback close to a conductive substrate.

Figure used with permission from [8].

An important parameter in SECM is the distance between the microelectrode tip and
the substrate of interest. To calibrate the distance, an approach curve is recorded
where the electrode is held at a potential where the current is limited by diffusion
and moved towards a substrate at a low speed. Equations for the cases of positive
feedback and hindered diffusion exist in the literature [23, 24] and depend on the RG
of the electrode, where negative feedback is greatly affected by higher values of RG.
For positive feedback and RG values between 1.1 and 10:

I(L) = ki + ko/L + ks exp(ka /L) (1.18)

while for hindered diffusion:

1
N kl + k?g/L+ k’gexp(k4/L)

I(L) (1.19)

where [ is the current normalised by %5, at the bulk, L is the distance normalised by
the microelectrode radius and k; are tabulated parameters that depend on RG. Figure

1.12 shows approach curves for both cases with different values of RG.
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Figure 1.12: Approach curves for conductive and insulating substrates. RG = 1000 (circles),

10 (squares), 5 (triangles), 1.5 (stars). Figure used with permission from [23].

The approach curves shown in Figure 1.12, reflect the accessibility of the reactant
to the microelectrode tip, and are an indication of the variation of the mass transfer
coefficient as a function of the distance. In hindered diffusion, k,, is lowered at short tip-
substrate distances due to the difficulty of the reactant to diffuse towards the electrode.
In positive feedback, although reactant from the bulk is also hindered, the substrate
can transform the product formed by the tip back to the reactant. The result is an
increased mass transfer rate that can be exploited to study quasi-reversible reactions
[22, 25]. The positive feedback mode is used as the base for the generation/collection
mode of SECM, where any of the surfaces (microelectrode or substrate) can act as

generators or collectors [26, 27].

In Chapter 4 of this work, hindered diffusion is exploited to study the effect of Oy on
oxide formation. The blocking of Oy due to the close proximity to the substrate results
in a decreased current contribution from the ORR. This methodology can be used to
separate the current responses of adsorbed and diffusion controlled species, specially

when their redox potentials are similar.
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1.5 Pt surface processes

Pt is considered one of the best catalysts for many electrochemical reactions. As such,
it is important to understand its processes since they can compete with the reaction
of interest. Pt electrochemistry has been studied intensively for the past decades and
although the surface processes on polycrystalline Pt is known, new properties are con-
tinuously found. In this section, a short review regarding the polycrystalline Pt surface
processes is presented, with emphasis in the Pt oxide section as it is of great importance

in this work.

The typical voltammogram of a polycrystalline Pt electrode in 1 M H5S0, is shown
in Figure 1.13. The surface processes seen are 1) double layer region, 2) Pt oxide
formation, 3) oxygen evolution, 4) Pt oxide reduction, 5) hydrogen adsorption, 6)
hydrogen evolution and 7) hydrogen desorption. The presence of well define peaks is
generally accepted as a sign of the clean experimental conditions, this is due to the
processes being severely affected by poisoning from trace amounts of contaminants and
anion adsorption [28, 29, 30]. The following sections present a short review of the main

processes.

0 02040608 1 1214 16
E vs RHE / V

Figure 1.13: Cyclic voltammogram of a Pt electrode (¢ = 25 pum) in a 1 M H2SO4 solution
saturated with Ar, v = 200 mV s~!. 1) double layer, 2) oxide formation, 3) oxygen evolution,

4) oxide reduction, 5) hydrogen adsorption, 6) hydrogen evolution, 7) hydrogen desorption.
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1.5.1 Double layer and hydrogen regions

The double layer region consists on an electrode-solution interface where charge can
accumulate on both sides [8]. At any given time, the electrode would have an excess
or deficiency of electrons, while the solution would have an excess of cations or anions
[8]. The charging current of the double layer can be modelled with the equations for

the charging of a capacitor. For a potential step:

- Rgexp(—t/RSCd) (1.20)

that is, the current decays exponentially with time constant R;Cy. Linearisation of
Equation 1.20 allows for the estimation of the solution resistance and capacitance from

the intercept and slope of Equation 1.21 respectively:

In(i) = 1n<R£S) - R:Od (1.21)

For a potential sweep, Equation 1.22 is used:
i = vCy[l — exp(—t/RsCy)] (1.22)

that is, the current is proportional to the scan rate used, and at long times, when the
capacitor is fully charged, the maximum current is given by vCy. This constant value
is what is observed in the double layer region shown in Figure 1.13. A plot of ¢ against
different v would produce a straight line with slope Cy and if the specific capacitance

is known (in F em™2), the electroactive area can be estimated [31].

The hydrogen region consist on the adsorption and desorption of H", where the peaks
observed give information about the crystalline structure of the surface [32]. In acidic

and alkaline solutions, the reactions are [33]:

Pt + H30" 4+ e~ == PtH,q, + HyO (1.23)

Pt + HyO 4+ ¢~ = PtHyq, + OH™ (1.24)

The hydrogen adsorption region is extensively used to measure the electroactive area
of Pt electrodes [31]. The charge of adsorption can be related to a coverage of 0.77
monolayers of hydrogen, equivalent to 210 uC cm=2 [34].
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1.5.2 Pt oxide

Electrochemical oxide formation and reduction are continuously being studied due to
their importance in other electrochemical reactions; oxidised surfaces are a requirement
for the oxygen evolution reaction, while they are detrimental for the oxygen reduction
reaction and the hydrogen peroxide oxidation and reduction reactions [35, 36, 37, 38|.
It is well known that the type of oxide formed as well as its coverage are dependent
on potential, pH, the presence of spectator species, among others [33, 39, 40]. Here, a

brief review of some of this factors is presented.

It is commonly accepted that at low oxidation potentials (£ < 1 V vs RHE), PtOH is

formed according to the reaction [33, 41]:
Pt +2H,0 — PtOH,4 + H;O1 + e~ (1.25)

This has been validated with the use of spectroscopic techniques [42, 43, 44, 45]. The
identification of adsorbed species is important in the context of electrocatalysis, as they
occupy active sites that could be used to drive the catalytic reaction. The group of
Wakisaka used XPS and identified four types of oxygen species adsorbed on Pt-based
electrodes, the species corresponded to OH 445, Ouqs and two types of water [44, 45].
They observed that the binding energies of the species were independent on the crystal
structure of the electrode and were constant in the potential region studied; in contrast,

the measured coverage strongly depended on potentical and crystal orientation.

For a polycrystalline electrode, oxide formation and reduction are considered irre-
versible reactions [46], and their study is more complicated due to the so called place
exchange mechanism and the formation of multilayered oxides. Initially, at low oxi-
dation potentials, OH™ is adsorbed at the Pt surface. At potentials between 1.1 and
1.2 V, OH,4s and the Pt site change places, leaving the latter free for another OH;
this promotes the formation of multiple oxide layers [39]. This process is commonly re-
ferred to as the place exchange mechanism and is responsible for the roughening of the
surface due to Pt dissolution observed at higher potentials [39, 47]. At more positive

potentials, thicker oxides are formed, probably PtO and even PtO, [36, 47, 48].
Sweep voltammetry and chronoamperometry are normally used to quantify oxide cov-
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erages. The procedure normally consists on holding the potential in the oxide formation
region and stripping it by either sweeping or stepping to a negative potential. Sweep
voltammetry is normally preferred since the peak potential of the stripping can pro-
vide information about the different oxide species present [37]. Due to the possibility of
forming multiple oxide layers with multiple oxide species, charge densities are used as
a replacement for coverages. Historically, on Pt this has been done by integrating the
current under the oxide reduction peak and normalising it with the charge obtained
for the hydrogen adsorption region; a value of 2 would correspond to an equivalent
monolayer of oxide [49]. It was observed that at high potentials, the oxide to hydrogen
ratio was 2:1, leading to the generally used value of 420 uC cm™? for oxide formed at
high potentials (F > 1.4 V). In fact, it has been widely reported that the charge has a
linear dependency on the oxide formation potential [37, 46, 50|, while oxide formation
time has a logarithmic effect, requiring long times to increase the charge appreciably

39, 51].

Technologically, it is important to know if the presence of molecular oxygen influences
the oxide formation region; an oxidised surface can be detrimental for certain reactions
(oxygen reduction, hydrogen peroxide reduction, etc. [35, 36, 37]). Interestingly, little
attention has been put into this issue. The groups of Kongkanand and Liu have studied
this with quartz crystal microbalance and flow cells [52, 53]. The use of flow cells
allowed them to oxidise the surface in the presence of O and strip it in its absence by
changing to an Os-free solution. Their methodology seems to suggest that Os does not
affect oxide coverages, although it is worth noting that oxide formation and stripping
were performed in different conditions. In Chapter 4 of this work, hindered diffusion
is exploited to study the effect of O5 on oxide formation and reduction, and contrary
to the work done by the groups of Kongkanand and Liu, here, oxide formation and

reduction are performed in the presence of O,.

Being a surface process, oxide formation is strongly affected by species that can compete
for active sites. Anion adsorption on Pt has been intensively studied and the results
point towards ClO4  having the less effect [54]. On the contrary, Cl" and Br~ block

the surface in a greater extent, where Cl  concentrations in the micromolar scale
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can prevent PtOH formation while Br~ can completely cover the surface [29, 55].
In addition, Cl™ is also known to promote Pt dissolution [56]; it has been reported
that intensive cycling and stepping between oxide formation and reduction leads to the
roughening of the surface [49, 57]. Overall, special care has to be taken when studying
surface processes; clean conditions are required to prevent blocking of the active sites
[58, 59]. In Chapter 2, an intensive cleaning procedure is used to minimise the presence

of contaminants that could affect the results.

1.6 Oxygen reduction reaction

The oxygen reduction reaction has great technological importance, participating in fuel
cells, metal-air batteries, biological studies and others [60]. Despite its importance, the
ORR still has several challenges to overcome in order to reach commercial application.
One of the major challenges to overcome is the use of precious metals that greatly
increases the cost of production. Different metals have been used to studied the ORR;
among them, Pt delivers the best performance but the high cost of Pt-based technology
makes its introduction to the market difficult to achieve. Reducing the loading of
the metal is a commonly used strategy to decrease the cost; this is normally done
by embedding nanoparticles in a carbon-based ink, allowing researchers to study the
relation between the nanoparticle crystal structure, size, and loading with the ORR
[36, 61]. The use of nanoparticles has allowed researchers to optimize morphological
properties such as geometry, crystal orientation and surface defects. To reduce the
cost even further, some groups have taken different alternatives and designed Pt-based
alloys, bimetallics and non-noble metal catalysts [60, 62]. Even though these are better
alternatives from an economical point of view, these catalyst are still far from the
efficiency given by Pt. In order to rationally design better catalysts, it is necessary
to fully understand the ORR mechanism, and for this, fundamental studies are still

performed with polycrystalline and single crystal Pt surfaces.

Another challenge to overcome relates to the relatively high overpotential needed to

drive the reaction. At the onset of the ORR, the presence of low oxide coverages
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is known to inhibit the reaction [36, 37] and it is believed that this is the source of
the high overpotential needed. The effect of oxide coverages on the ORR has been
studied in acidic and alkaline conditions, observing similar effects regarding the onset
potential [36, 37]: at higher coverages, a higher overpotential is needed to drive the

reaction.

In general, the onset of the ORR is affected by any site-blocking species, being an
oxide [36, 37], anion adsorption [28, 63] and contaminants [58]. In the case of anion
adsorption, Cl™ concentrations as low as 10 uM have shown to greatly affect the ORR
due to the strong affinity of Cl™ towards noble metals [58]. The ORR in noble metals
is then highly sensitive to contamination and requires intensive cleaning procedures to
ensure that the true catalytic response is obtained. The care taken by researchers into
this, is evidenced by the different cleaning protocols developed that range from the
use of concentrated acids and bases, soaking in piranha solutions, intensive rinsing and

even boiling [58].

1.6.1 Pathways and pH dependence

Despite the importance of the ORR and the many studies performed, its full mech-
anism is still unknown probably due to the difficulty of detecting intermediates that
participate in the reaction. Different complex mechanism have been proposed that in-
volve soluble and adsorbed intermediates as well as radicals [64, 65]. Instead, reaction
paths have been generally used, where the simplest and most commonly used involves
the reduction of oxygen through a direct path with the transfer of four electrons or
through an indirect path that involves the formation of intermediates [4]. In acidic

media, the direct path involves the use of four protons and four electrons:

02 + 4H+ + e~ — 2H20 (126)

while in alkaline media the ORR uses two water molecules as the source of protons:

Oy + 2H,0 + 4™ — 4OH™ (1.27)

24



Chapter1

while the indirect path in acidic media forms peroxide as an intermediate:

Oy 4+ 2H" + 2e~ — H,0, (1.28)
Hy05 + 2H' + 2e~ — 2H,0 (1.29)
and in alkaline media:
Oy +H,O +2e” — HOy™ + OH™ (1.30)
HO;™ +Hy,O+2e — 40H™ (1.31)

From the above reactions, it is evident that the ORR is pH sensitive. The direct path
shows that in alkaline conditions, the local pH increases due to the production of OH ™,
while in acidic conditions the increase in pH is due to the exhaust of H in the vicinity
of the electrode. When using extreme pH or buffered media, these effects are negligible,
since the solutions would have a high buffer capacity. For unbuffered solutions with

intermediate values of pH, this is not the case.

RDE studies at unbuffered media have shown two distinctive behaviours [33, 41].
Voltammograms obtained at pH higher than 6 show that the ORR proceeds trough
the alkaline path, using protons from water molecules and locally increasing the pH
of the solution. In lower pH (up to pH = 3), the voltammogram is split in two dis-
tinctive waves. Results with RDE have shown that the first wave, which appears at
more positive potentials, is limited by the diffusion of H', as evidenced by the linear
dependency of the limiting current with H' concentration. At lower potentials, HT are
exhausted faster and the ORR can not be maintained through the acidic path, instead,
the reaction uses HyO as the source of protons, forcing the alkaline path and forming

the second wave.

In general, the ORR in neutral and unbuffered media is complicated by the reaction

being sensitive to pH. Care has to be taken when working in these conditions. At-
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mospheric CO,y can dissolve into water and react to form carbonic acid, effectively
lowering the pH and possibly changing the reaction path to the acidic one. This can be
minimised by using high purity O,, maintaining a closed cell and purging the solution

with Ar previous to the introduction of Os.

1.6.2 Mass transport and kinetics

Mass transport has also shown to play a role on the reduction of Oy. Steady state
voltammograms recorded in acidic and alkaline conditions show the typical sigmoidal
wave expected for diffusion controlled reactions. From the limiting currents, it is possi-
ble to elucidate the number of electrons that participate in the reaction. This is easily
done by normalising the limiting current with Equation 1.4 assuming n = 1 and by
using the appropriate expression for k,,. The number of electrons has been reported to
depend on pH; acidic conditions show n = 4 while results in alkaline solutions show n =
2 [66]. It is believed that the 2-electron transfer reaction obtained in basic conditions
is due to the presence of OH  in the surface of the electrode that prevents further

reduction of peroxide towards water [67].

The number of electrons is also dependent on mass transport. Pletcher and Sotiropou-
los reported fractional values of n when studying the ORR with high rates of mass
transport [4]. This apparent number of electrons, with values varying between 2 and
4, was attributed to an incomplete reduction of oxygen, where the values of n,,, ob-
tained were in fact averages related to the amount of O, that was completely reduced
to water. Chen and Kucernak later confirmed these results with the use of nanoelec-
trodes [5]. This decrease of ngy, with increase in k,, was explained in terms of the fast
removal of peroxide before it can be further reduced to water. In all cases, the ORR
has been studied under well defined mass transport regimes, generally with RDE and
RRDE. With the latter, it is possible to directly measure the production of peroxide
by oxidising it with the ring, confirming what was observed by the groups of Pletcher
and Chen.

Tafel plots are regularly used to study catalysts performance during the ORR. Results

26



Chapter1

with Pt-based electrodes generally show two Tafel slopes depending on the potential
range studied [60]. At high overpotentials, the Pt surface is presumably oxide-free,

producing a Tafel slope of -120 mV dec™!

while at low overpotentials, the ORR proceeds
with a partially oxidised surface resulting in a Tafel slope of -60 mV dec™!. Studies
of the influence of Pt oxide on the ORR have confirmed that the Tafel slope is highly

affected by the presence of oxides [36].

1.7 Adsorbed oxygen species after exposure to dis-

solved oxygen

Perry and Denuault reported the detection of an adsorbed oxygen species left after
exposure of a Pt electrode to molecular oxygen [1, 2]. The conditions of their study
are quite specific. They used a Pt microelectrode at the transient state which allowed
them to discriminate non-Faraday currents at short times. They also used a neutral
unbuffered media solution (0.1 M KC1Oy); preliminary experiments performed by Perry
showed that the species could not be detected with acidic media [3]. They reported
the use of a pre-conditioning potential waveform to ensure that a reduced Pt surface
was used every time. The potential waveform is shown in Figure 1.14. It consists of
three main parts. First, the electrode is cycled between -0.1 and 1.2 V vs RHE at
0.5 V s7%; the upper cleaning potential was selected to ensure that a small amount of
oxide is formed, while the lower cleaning potential would completely reduce it. The last
positive sweep ensured that the next step started with a reduced Pt surface. The second
section of the pre-conditioning waveform consisted of applying a certain potential for
10 s; this potential was selected at a slightly more positive potential than the onset
for oxygen reduction. Perry and Denuault reported that the rest potential had two
objectives: first, it would allow for the recovery of the bulk O, concentration after
being reduced during the cleaning section of the waveform; at the same time, it would
allow the oxygenated species to adsorb. The third section consisted on the reduction

of the adspecies by either a potential step [1] or a cathodic sweep [2].
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Figure 1.14: Potential waveform used by Perry and Denuault and throughout this work.

Cleaning: sweeps at 500 mV s~ !, rest: potential held for 15 s, step: potential held for 1 s.

Potential and time for the resting and stepping can vary.

Figure 1.15 shows Cottrell plots reported by Perry and Denuault. The plot also shows
a theoretical diffusion controlled current from the Mahon-Oldham equation, Equation
1.9. Perry and Denuault normalised the current transient obtained at the ORR plateau
with the Mahon-Oldham equation assuming n = 1. With a diffusion controlled reaction,
this procedure reveals the apparent number of electrons at all times [20]:

l

Napp = m (132)

For the oxygen reduction reaction, the expected value of n,y,, at the steady state is 3.3
and should decrease in transient conditions as the mass transfer coefficient increases;
this has been observed at the steady state with RDE, microelectrodes and nanoelec-
trodes [4, 5]. Instead, Perry and Denuault observed that the apparent number of elec-
trons increased, suggesting that the process occurring was not diffusion controlled in
nature. They plotted the experimental current transient and fitted the Mahon-Oldham
equation at long times and noted a difference in current at short times. Integration
of the difference allowed them to calculate a charge of adsorption of the oxygenated

species, * Q = 33 uC ecm~2. They also observed a lower current magnitude recorded

4The reported value was @ = 55 #C cm ™! due to an error on the calculation of the electroactive

area. See Chapter 2 for the correct calculation.
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on similar conditions but in the absence of O,, suggesting that the adsorbed species

were related to the presence of molecular oxygen.

120+
100 Y.
< 80'
e o
~ 60
— o
40- o .
20- @j&&a "
0- —TT000-0-0—0 0 o
o 5 10 15 20
t—1l2 /S-1f2

Figure 1.15: Current transients recorded in 0.1 M KClO4 aerated (squares) and in Ar-
saturated (circles) solutions using a Pt microdisc electrode (a = 12.5 pm). The triangles
show the theoretical current calculated from the Mahon-Oldham equation. Figure used with

permission from [1].

Perry and Denuault also constructed sampled current voltammograms and normalised
them with the Mahon-Oldham equation as shown in Equation 1.32. They expected a
constant value of n,,, independently of sampling time; instead they observed that this
was only true at long times, while at short times n,,, increased. More importantly, the
adsorbed species was observed to affect the whole potential range of the oxygen reduc-
tion reaction wave, suggesting that the species were oxygenated in nature. Stripping
voltammetry and comparison with theoretical results confirmed the oxygenated nature

of the species [2].

Perry and Denuault performed a series of experiments to test the behaviour of the
adspecies [1]. They observed an increase in () when increasing the rest time; for rest
times longer than 10 s, () reached a plateau. They also changed the rest potential and
observed that () was independent of F, until around 1.1 V vs RHE; oxide formation
occurred at more positive potentials. They also performed experiments in the presence

of anions with different binding energies; the charge of adsorption decreased with the
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trend Cl0, < ClI” < Br < I". The current transient recorded in the presence of
I" agreed with the expected mass transport controlled current given by the Mahon-
Oldham equation. These experiments led them to conclude that the species being
probed were adsorbed on the surface, as the different anions are known to block Pt
active sites in the same trend observed. The species were also shown to be irreversibly
adsorbed; this was tested by applying the cleaning and rest sections of the waveform
in the presence of Oy, and the step potential in absence of Oy. Even after removal
of molecular oxygen the extra current was observed, proving that the species were

irreversibly adsorbed to the electrode.

The existence of the adsorbed oxygenated species was first reported by Perry and
Denuault. The reduction of oxygen in a neutral and unbuffered media in combination
with the transient response of microelectrodes allowed them to observe the presence of
the species. It is believed that their detection was due to the specific conditions used
in their work that can not be reproduced with other techniques. Generally, the ORR is
studied either in acidic or alkaline media [36, 60]; although some groups have work with
the ORR in neutral and unbuffered solutions, their experiments are performed under
the steady state with RDE and microelectrodes [4, 33]. Perry and Denuault showed
that the adspecies were completely reduced in the millisecond scale and so working in

transient conditions is required.

1.8 Objectives

Even with the thorough study performed by Perry and Denuault, the identity and
behaviour of the adsorbed species is unknown. The present work takes over the project
started by Perry [3] and shows results regarding the origin of the adsorbed species as
well as their interaction with the oxygen reduction reaction and the formation and

reduction of Pt oxides. The list of objectives are as follows:

e To separate the current contribution of the adsorbed species from the total cur-

rent.
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To study the oxygen reduction reaction and the reduction of adsorbed species

independently from each other.
To understand the role of Oy on the detection of the adsorbed oxygen species.

To understand the relation of the adsorbed oxygen species with the oxygen re-

duction reaction.

To understand the influence of pH on the adsorbed oxygen species behaviour.
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Experimental

This chapter presents the experimental details used throughout this work. It has
been divided in different sections. The first sections concern to the list of materials,
the electrochemical setup and the cleaning procedures. Then, the construction and
characterisation of the working and reference electrodes is presented, as well as the
basic potential waveform used; modifications of the waveform are shown when needed
in the results chapters. The next section presents the methodology used to calculate the
concentration and diffusion coefficient of oxygen. Lastly, experimental details about

SECM are presented.

2.1 Materials

This section presents the list of materials used in this work. Table 2.1 shows the list of
gasses used. Both, Ar and O, were obtained from BOC, while air was obtained from an
external compressor; a Dreschell bottle was used to decrease the amount of impurities

(see following section).

Table 2.2 shows the chemicals used throughout this work; they were used as received
without further purification. KClO4 of different purities were used; in Chapter 4, where

better cleaning conditions were needed, the higher purity KClO, was used.
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Gas | Purity Company

Oy 99.5 % BOC

Ar | 99.999 % BOC

Air - external compressor

Table 2.1: List of gasses used.

Chemical Purity Company
H,SO, 95-98 % Sigma-Aldrich
KClO,4 99 % Sigma-Aldrich
KCl104 99.99 % Sigma-Aldrich

HyPtClg 99.9 % Sigma-Aldrich

Ru(NH;)6Cly 98 % Sigma-Aldrich
K4Fe(CN)g 99 % AnalR
KCl1 99 % Fisher Chemical
K5SOy4 99.5 % Fisher Chemical

KMnO4 99.5 % AnalR
H50, 100v > 30% w/v | Fisher Chemical
NaOH 97 % Fisher Chemical
HC10,4 99.999 % Sigma-Aldrich

H>O 18 MQ Purite

Table 2.2: List of chemicals used.

2.2 Electrochemical setup

The setup used in this work is similar to the one used by Perry [3]. The potentiostat
used was the PGSTAT101 from Autolab controlled by Nova 1.11. Voltammograms
of adsorbed species (hydrogen, adsorbed oxygen species) were always recorded with
the procedure Staircase Cyclic Voltammetry Current Integration. In this mode, the
current during the voltage staircase is integrated with internal electronics; the charge

obtained is then differentiated mathematically to obtain a current with less losses
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of information than the normal staircase voltammetry. As an example, Figure 2.1
shows cyclic voltammograms of a Pt microelectrode (a = 25 pm) with and without the
current integration mode. As it can be seen, information about hydrogen adsorption

and desorption processes is lost when regular staircase voltammetry is used.
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Figure 2.1: Cyclic voltammogram in 1 M HySO4 with a Pt disc electrode (a = 12.5 pm)
with the procedure cyclic voltammetry and cyclic voltammetry current integration. The scan

rate used was 0.2 V s~ 1.

Chronoamperometry experiments were obtained with a sampling time of 2.5 ms with
the high speed mode; this mode does not filter the data resulting in the raw values of
the current with the drawback of a signal affected by noise. The noise was minimised
by using a Faraday cage and by grounding all metallic objects required (Faraday cage,
stands, clamps). The current ranges available to the PGSTAT101 can record currents
up to three times their value !. In this work, the appropriate current range was selected;
when overloading occurred, the current range was change to the next value and the

experiment was repeated.

The glass electrochemical cells were constructed by the Glass Section of the School of
Chemistry and consisted on jacketed cells with five necks, The experiments were always
performed under temperature control at 25 °C with the help of a water bath. Either
Ar, Oy or air were introduced in the cell as required by first passing them through a

Dreschell bottle with deionised water; the Dreschell bottle acted as a humidifier for the

LA current range of 10 nA can record currents up to 30 nA without overloading.
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gasses and, in the case of compressed air, as a particle trap to minimise contamination.
The cell was kept closed at all times and a glass neck was connected to a water reservoir

to act as a gas outlet and to prevent air going into the cell.

2.3 Cleaning procedures

Two different cleaning procedures were used. For experiments involving the use of
aerated solutions (Chapter 3 and SECM experiments), all the glassware was soaked
overnight in diluted Decon90, 5% in volume, followed by extensive rinsing with deionised

water. The cells were kept under water prior use.

When using O, instead of air, cleaner conditions were needed. For this, all the glassware
was first soaked several hours in a solution consisting of 0.7 g/L of KMnO,4 with 40
mM H5SOy; this solution oxidizes organic molecules left in the glassware. After rinsing
with deionised water, the glassware was then soaked in a diluted piranha solution for
several hours 2 (30 mM H,0, and 40 mM H,SO,) to remove the traces of organics and
the KMnOy left. After rinsing with deionised water, the glassware was boiled three
times for at least 30 min each. Prior to use, the glassware was kept in deionised water

to minimise contamination.

2.4 Electrodes

This section presents the different electrodes used in this work. The reference electrodes
were homemade previously or obtained commercially, while the working electrodes were

constructed and characterised and the results are presented here.

2.4.1 Reference electrodes

With microelectrodes, a counter electrode is normally not required due to the small

currents that can be supplied by the reference electrode without changes in its poten-

2 Although diluted, this solution is highly corrosive and needs to be handled with care.
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tial; because of this, all the experiments were performed with a two-electrode system

consisting on reference and working electrodes.

Different reference electrodes were used throughout this work depending on the elec-
trolyte used. Experiments in H,SO,4 were performed using a saturated mercury mer-
curous sulfate electrode (SMSE); its potential was measured against a reversible hy-

drogen electrode (RHE) giving £ = 0.673 V.

For experiments concerning the use of Cl ™ as supporting electrolyte, a saturated calomel
electrode (SCE) was used as reference electrode. In Chapter 3, experiments concerning
the ORR were performed by using a SCE; the potential was converted to a RHE

according to:

Experiments in Chapter 4 were performed with a commercial RHE from Gaskatel, this
was done to avoid CI™ leakage from the SCE that could interfere with the adsorbed
species. To test for chloride contamination, cyclic voltammograms and current tran-
sients at the oxygen reduction reaction plateau were recorded vs a SCE and a Pt mesh
as a quasi reference electrode (Pt QRE). Since the potential of a QRE depends on the
species in solution, the difference in potential between the SCE and the Pt QRE on
both, air and Ar saturated solutions was recorded for 30 min while the cell was off.
New solutions were used each time to prevent cross contamination. Figure 2.2 shows
the change in potential for both cases, and their final values were used to convert the

potentials to RHE.
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Figure 2.2: Potential of a Pt QRE in 0.1 M KCIOy4 in the presence of air or Ar.

Cyclic voltammograms were recorded using both reference electrodes and new solutions
each time. Figure 2.3 shows CVs in an aerated solution; the hydrogen adsorption and
desorption peaks and the oxide reduction peak are more visible when the Pt QRE
electrode was used. The differences suggest the presence of an adspecies that prevents

the adsorption of hydrogen, presumably C1™.

[—SCE
—Pt QRE

0 0.5 |
EvsRHE / V

Figure 2.3: Cyclic voltammograms in an air saturated 0.1 M KClO4 solution at 0.2 V s*
using a Pt microdisc electrode (a = 12.5 pm). The temperature was maintained at 25 °C

and a new solution was used for each CV.

Figure 2.4 shows CVs in Ar-saturated solution; here, big differences can be observed.

The oxide formation region when using the SCE seems shifted to more positive po-
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tentials, this regions corresponds to the formation of PtOH and is highly sensitive to
Cl™ contamination [30, 56]. The lower amount of oxide formed is also evidenced in the
oxide reduction peak, where the current recorded with the SCE is smaller. The hy-
drogen desorption peaks seem to also be affected by Cl™ leakage from the SCE, where
the peaks are shifted to negative potentials and with similar magnitudes. Similar CVs
have been reported for solutions in degassed KCI; here, it is possible that the small
volume of the cells (< 20 ml) and the close arrangement between the reference and
working electrodes prevents the Cl™ from diffusing away and instead, covers the Pt sur-
face. Even with Cl™ adsorption, Perry and Denuault demonstrated that the adsorbed
oxygen species could be detected [1]; in Chapters 4 and 5, a RHE was used to minimise

contamination and to obtain a more reliable coverage of the adspecies.
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Figure 2.4: Cyclic voltammograms in an Ar saturated 0.1 M KClOy solution at 0.2 V s~
with a Pt microdisc electrode (a = 12.5 um). The temperature was maintained at 25 °C and

a new solution was used for each CV.

Chloride contamination was also tested with the presence of the adsorbed oxygen
species reported by Perry and Denuault [1, 2]. Current transients at the ORR plateau
(E =0.2V vs RHE) in acrated conditions are shown in Figure 2.8. They were recorded
after conditioning the electrode and resting for 15 s as reported previously [1, 2]. A
significant decrease can be seen when the SCE is used. Even though the use of a Pt
QRE has been reported in the literature [5], this should be avoided due to changes

in potential as well as local changes in pH. Experiments in Chapters 4 and 5, that
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required cleaner conditions, were then performed with a commercial RHE to avoid Cl™

contamination.

100

80 r

60 |

il / nA

40 +

20 |

0 5 10 15 20
+—1/2 / g—1/2

Figure 2.5: Current transients recorded at 0.2 V vs RHE in an air saturated 0.1 M KClO4

solution at 25 °C with a Pt microdisc electrode (a = 12.5 pym).

2.4.2 Pt microdisc electrodes

Pt microdisc electrodes were constructed by sealing Pt microwires of different diameters
(5, 10, 25 and 50 pum, Goodfellow) in glass tubes. The glass was then polished with
sand paper of different grades (600 and 1200) until the Pt disc was revealed, followed
by polishing using alumina suspension of different sizes (5, 1 and 0.3 pm, MetPrep)
until no marks were seen in the glass under an optical microscope with the use of a
100x lens. The electrical contact was made with indium and an electrical wire. The

electrodes were kept in water to prevent contamination.

Figure 2.6 shows optical images of the polished discs. Deviations from a circular
geometries make the measurement of the radius difficult; instead, the software can
measure geometrical areas by identifying zones with different contrasts, with this, the

radius was obtained assuming a perfect circle with a = /A /7.

Figure 2.7 shows steady state voltammograms of Pt microdisc electrodes in K4Fe(CN)g.
The sigmoidal wave shown is evidence of the hemispherical diffusion field created by

the microelectrodes at low scan rates. Even though the radius of the electrode can be
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Figure 2.6: Optical images of Pt microdisc electrodes. The nominal values are shown.

estimated with the limiting current (i, = 4nF DCA), in this work, the radius of the

discs was obtained by fitting current transients as explained below.
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Figure 2.7: Cyclic voltammograms of Pt microdisc electrodes in a solution 5.61 mM
K4Fe(CN)g and 0.5 M KCl, the scan rate was 2 mV s~!. The temperature was maintained
at 25 °C.

The electrodes show deformations in their geometries that could have an impact on
the diffusion controlled response in transient conditions. To test for this, chronoam-
perometry experiments were performed in K Fe(CN)g. Figure 2.8 shows the current
transients obtained at 0.5 V vs SCE (markers) as well as the fittings to the Mahon-
Oldham equation (dashed lines). For the bigger electrodes, the fittings agree at all
times, indicating that the electrodes follow the expected behaviour of a microdisc. The
smaller electrode (a = 2.5 um) does not show this, instead, its response is significantly
different, as evidenced not only by the theoretical response but by the different slope

compared to the rest of the electrodes. This could be due to a bad sealing. This is
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important when applying the methodology proposed by Perry and Denuault to detect
the presence of adsorbed oxygen species since they relied on the electrode following the
Mahon-Oldham response at all times [1, 2|; results obtained with this electrode have

to be taken with care.
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Figure 2.8: Chronoamperometry experiments (markers) in a solution 5.61 mM K4Fe(CN)g
and 0.5 M KCI recorded at 0.5 V vs SCE; the fittings to the Mahon-Oldham equation are
indicated as dashed lines. The currents were normalised against the geometrical area of the

electrodes and the temperature was maintained at 25 °C.

Table 2.3 shows the radii of the electrodes obtained by fitting the Mahon-Oldham
equation to the chronoamperometry experiments shown in Figure 2.8. These values
are used in Chapter 3 when testing for the presence of adsorbed species with the

methodology proposed by Perry and Denuault.

Nominal radius | CA in K4(FeCN)g
25 pm 27.8 pm
12.5 pm 13 pm
O pm 7 pm
2.5 pm -

Table 2.3: Comparison of the radius of the microelectrodes obtained by fitting the Mahon-

Oldham equation to current transients at 0.5 V vs SCE in 5.6 mM K4(FeCN)g and 0.5 M

KCl.
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The electrodes were also characterised in H,SO,4 to test for cleanliness and to obtain
the electroactive area. Figure 2.9 shows a CV recorded with a Pt microelectrode, where
the Pt surface processes can be observed. The red line shows the region used for the
calculation of the electroactive area, as proposed by Biegler [34]. In this work, the area
was obtained by integrating the hydrogen adsorption peaks from 0.4 to 0.05 V vs RHE

after subtracting the double layer region:

[idE

A=<

(2.2)

where v is the scan rate and Qg is the charge of adsorption of hydrogen on Pt, assumed
to be 210 uC ecm~2. The factor 0.77 takes into account that less than a monolayer is

adsorbed on Pt at those potentials [34]. *
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Figure 2.9: Cyclic voltammogram of a Pt microelectrode (¢ = 25 pym) in a 1 M HaSOy
solution. The CV was recorded at 0.2 V s~!'. The red line shows the hydrogen adsorption
region used for the calculation of the electroactive area after subtracting the double layer

region.

3In their work, Perry and Denuault calculated A by multiplying the factor 0.77 instead of dividing
it. Correcting the value of the charge of adspecies that they obtained gave @ = 33 pC cm™? instead
of the reported 55 pC cm™2.
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2.4.3 Carbon fibre with Pt nanoparticles

This section presents the construction and characterisation of a carbon fibre microdisc
electrode with Pt nanoparticles deposited on it. A carbon fibre (¢ = 3 um) was
introduced into a glass tube leaving less than 0.5 cm of the fibre exposed outside
it. The tip of the glass tube was sealed with a flame to ensure the fibre was secure
inside it, then, the sealed tip was introduced into a heating coil while vacuum was
applied through the opened end; this ensured that the inner walls of the tube sealed
the carbon fibre. The coil was then slowly moved through the length of the tube until
approximately 1 cm of the carbon fibre was sealed. This method produced bubbles
around the fibre, probably CO, due to the heating of the carbon fibre in an oxygen
environment (see Figure 2.10a). A small amount of silver paint was introduced along
with a wire to make the electrical contact. The electrode was then polished with
different grades of silicon carbide paper and alumina powder in order to have a smooth

finishing at the tip of the tube.

Figure 2.10: Optical images of a carbon fibre disc microelectrode. a) Tip of the sealed
tube with the carbon fibre in the centre surrounded by bubbles, b) interface formed by the
sealed and non-sealed part of the tube, c¢) electrical contact between the carbon fibre and the
silver paint at the interface of the glass, d) image of the constructed carbon fibre microdisc

electrode.

Pt was deposited onto the carbon fibre following the methodologies proposed by the
groups of Gao and Yasin [68, 69]. The deposition was performed in a solution of 2 mM

HyPtClg in 0.1 M HCI. Figure 2.11 shows a chronoamperogram in this solution at a
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potential of -0.1 V vs SCE; this potential ensures that the deposition of Pt is diffusion
controlled [69]. The experiment was stopped when 1 uC of charge was passed.

t/s

Figure 2.11: Pt deposition onto a carbon fibre microelectrode (a = 3 pm) in a solution 2

mM HsPtClg after stepping from 0.6 V to -0.1 V vs SCE. The experiment stopped when 1

1C of charge was passed.

Figure 2.12 shows a SEM image of the carbon fibre microdisc electrode after Pt depo-
sition. Pt nanoparticles can be seen as bright spots over the surface of the electrode,

the bigger nanoparticles have a diameter of 350 nm.

Acc.Y SpotMagn Det WD Exp f—— 2um
0.0kV 5.8 10000x GSE45 1 0.6 Torr

Figure 2.12: SEM image of a carbon fibre / Pt electrode with 1 xC of charge obtained by
stepping from 0.6 to -0.1 V vs SCE in a solution 2 mM HyPtClg and 0.1 M HCI.

As reported by Yasin [69], the nanoparticles are well dispersed and only cover a fraction
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of the fibre due to the difficulty of nucleating Pt, where the growth of the nanoparticles
is preferred to the creation of new nuclei. Due to these Pt-free sites, the electrochemical
response would be affected by both materials, that is, the active part of this electrode
is formed by carbon and Pt. In this work, this electrode is referred to as C/Pt NPs

electrode.

Figure 2.13 shows voltammograms in HoSO, before and after the deposition of Pt. It
can be seen that the carbon signal is not seen under these conditions, still, the presence

of C should not be ignored.
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Figure 2.13: Cyclic voltammograms in a degassed solution 1 M HySOy4 of the carbon fibre
electrodes (3 pm in radius) before and after the deposition of 1 4C of Pt. The scan rate used
was 0.1 V/s.

2.4.4 Pt spherical electrode

This section presents the construction and characterisation of a Pt sphere electrode
with sub-micron radius. The methodology used is based on the ones proposed by Actis

and Sen [70, 71].

A pipette-puller machine Sutter P-2000 was used for pulling quartz capillaries (World
Precision Instruments, ID = 0.7 mm, OD = 1 mm, [ = 10 cm). The parameters to

control were Heat (H = 650), Filament (F = 4), Velocity of the pulling (V = 60), Delay
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before pulling (D = 150) and the Pull force applied (P = 175). As a general rule, the

lower the heat, the bigger the diameter and length of the tip.

Carbon was deposited as following: the quartz pipette was introduced into a quartz
capillary flooded with Ar, butane was passed through the pipette and a flame was
approached to the tip (which was covered by the quartz capillary); this created a
C film that filled the tip of the pipette. Electrical connection was made with silver
paint. Handling these electrodes is difficult due to their fragility; to prevent electrical

discharge from breaking the tips [72], a grounded band wrist was used at all times

Due to the low currents expected with this electrode, all the experiments were per-
formed with a potentiostat PGSTAT30 with the ECD module; this module adds cur-
rent ranges of 1 and 0.1 nA. Figure 2.14 shows the cyclic voltammogram of the electrode
in H,SO,4, where currents in the order of pA can be observed. Figure 2.14 also shows a
cyclic voltammogram in Ru(NH;3)sClz at 20 mV s™!, where the typical sigmoidal shape
for reactions with species in solution is observed. Assuming a disc-shaped electrode and
that the RG is infinite, the diameter was calculated to be 340 nm with i, = 4nF DCa.
It is possible that the assumption of infinite insulation is not fulfilled; due to the pulling,
the diameter of the glass may be comparable to that of the electrode, if that is the

case, the diameter may be overestimated due to back diffusion.
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Figure 2.14: Cyclic voltammogram of a Quartz/C nanodisc electrode. Left: 1 M H2SOy4 at
0.2 V/s and right: 5 mM Ru(NH;3)gCl3 and 0.5 M KCl at 0.02 V s~

Pt deposition was performed on the carbon nanoelectrode by cycling the potential in
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a solution 2 mM HyPtClg and 0.1 M HCI at 20 mV/s for three consecutive cycles.
The total deposition charge was 58 nC. Figure 2.15 shows the voltammogram; the
first cycle shows that a high overpotential is needed to start the deposition; with
consecutive cycles the current increases due to the grow of Pt on previously deposited

Pt layers.

-0.3 —O‘.2 —O‘.1 0 O.‘1
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Figure 2.15: Electrodeposition of Pt by cyclic voltammetry on a Quartz/C nanoelectrode

in a solution 2 mM HsPtClg and 0.1 M HCI at 0.02 V s~ 1.

The electrode was also characterised in Ru(NHj3)Cls, Figure 2.16 shows a voltammo-
gram recorded at 1 V s7!; the fact that the sigmoidal shape is maintained even though
the scan rate used is high refers to the high rate of mass transport achieved with this
electrode. Assuming a perfect sphere, the calculated radius was 0.49 pum (Equation

1.1).
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Figure 2.16: Cyclic voltammogram of a Quartz/C/Pt spherical electrode in a solution 5

mM Ru(NH3)gCls with 0.5 M KCl at 1 V s~ 1.

Figure 2.17 shows a SEM image of this electrode, where it can be seen that the deposited
Pt covers the tip of the electrode, that is, no carbon is exposed. The measured radius
of the electrode from the SEM image was r = 0.45 pm; the difference with the radius
obtained from Ru(NH3)sCls is probably due to the limiting current assuming a perfect

sphere. In this work, the radius obtained from the SEM measurements was used.

AccV SpotMagn Det WD Exp ——{ 2um
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Figure 2.17: SEM image of a Quartz/C/Pt sphere electrode with r = 0.45 pm.
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2.5 Potential waveform

Perry and Denuault reported that in order to obtain reliable and reproducible results
regarding the detection of the adsorbed oxygen species, the electrode has to be treated
electrochemically to ensure that every experiment is started with similar electrode his-
tory [1, 2]. They proposed the use of the potential waveform shown in Figure 2.18, and

it consists in three main parts: electrochemical cleaning, resting and stepping.

During the cleaning, the electrode is swept at 500 mV s~! between hydrogen evolution
and oxide formation. The upper cleaning potential F,, was selected in the lower
potential region of oxide formation to oxidise impurities that may be present in the
electrode, while the lower cleaning potential Ej,,, was selected in the hydrogen evolution
region to ensure that all the formed oxide was completely reduced. The last anodic
sweep was stopped at the rest potential; this potential was selected in the region
observed by Perry and Denuault to allow the oxygenated species to adsorb, between 0.8
V and 1.2 V vs RHE. The rest potential also ensured that the oxygen concentration at
the surface of the electrode was re-established after being affected during the cleaning.
Lastly, the step potential was selected anywhere along the ORR wave; the current
transient obtained during the step potential was analysed to study the adsorbed oxygen

species in transient conditions.

Cleaning Resting

—_
S )

EvsRHE / V

Steppiné
30 40

0 10 20
t/s
Figure 2.18: Potential waveform used by Perry and Denuault [1, 2, 20] and in this work to

study the adsorbed oxygen species.

50



Chapter2

In this work, variations of the potential waveform from Figure 2.18 were used; when

needed, the potential waveform is shown with the differences specified.

2.6 Oxygen parameters

The concentration and diffusion coefficient of oxygen are important parameters when
studying the oxygen reduction reaction. In this section, the measurement and calcula-

tion of these parameters is presented.

2.6.1 Concentration

The concentration of oxygen in an aqueous solution has a dependence on temperature,
atmospheric pressure and the species in solution; here, the concentration was calculated

with Henry’s law [73]:

C = kyP(Os) (2:3)
where C' is the concentration of oxygen, ky is the Henry’s law constant and P(Os) is
the partial pressure of oxygen. ky and P(Os) are given by:

kg = kogsk exp[_(AHsoln/R)(l/T - 1/298)] (2-4)

P(O3) = Py — Pr2o (2.5)

where koggre is 1.2 mM atm ™!, AH,,, is the dissolution enthalpy of oxygen, —AH,, /R
= 1500 K [73], T is the temperature in K, Py, is the atmospheric pressure (when using
gas saturated solutions) and Ppo is the partial pressure of water vapour (0.0313 atm).

At 298 K (25 °C), Equation 2.3 can be simplified to:

C' = kaosric (Patm — Pr20) (2.6)
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When using air, a different equation was used to calculate the concentration of oxygen

(1, 74]:
C?GO(Patm - PHQO)
760 — Proo

where C;, is the concentration of oxygen when using air, Cgg is the saturation concen-

Coir = (2.7)

tration of oxygen at 760 mm Hg (24.86 umol cm_3) and P, and Pyop are expressed
in mm Hg. In this work, the concentration of oxygen was estimated by using Equations

2.6 and 2.7 when using O, and air respectively.

2.6.2 Pressure sensor

The atmospheric pressure was obtained from a home-made pressure and temperature
sensor. Table 2.4 shows the list of electronic components. The microcontroller was
programmed with Equation 2.6 to display the appropriate concentration of oxygen

after measuring the pressure; see Figure 2.19 for an image of the constructed sensor.

Component Model
Microcontroller ELEGOO Nano v3
LCD display ELEGOO 1602

Air pressure sensor | kwmobile BMP180
Mini USB cable Startech

Table 2.4: List of electronic components for the pressure sensor.

52



Chapter2

k=

LI LR

i A sl

Figure 2.19: Constructed pressure sensor.

2.6.3 Diffusion coefficient

The diffusion coefficient of oxygen was measured by following the methodology pro-
posed by Denuault et al [9]. They used microelectrodes to record current transients
at a potential that ensured a diffusion controlled rate and normalised it by the experi-
mental limiting current; after the normalisation, the current transient is proportional
to t~1/2. Using the expression proposed by Shoup and Szabo, they established that at

long times (Dt/a > 1), the current can be simplified to:

7 2a

— =14+ —= 2.8
iss T 7T3/2\/ Dt ( )

Equation 2.8 can be used to measure D from the slope with an error within 1 %. In
this work, the current transients were recorded using the potential waveform shown in
Figure 2.18. Figure 2.20 shows a current transient recorded in a HClO, Os-saturated
solution; a good agreement between the experimental current and the fit to Equation
2.8 can be seen. A list of diffusion coefficients calculated with this methodology are

shown in Table 2.5.
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Figure 2.20: Current transient recorded with a Pt microdisc electrode (@ = 25 pm) in a
0.1 M HCIO4 Og saturated solution. Egp = 0.4 V vs RHE. The waveform shown in Figure
2.18 was used. The red line shows the fit to Equation 2.8.

Solution D/ cm? s7!
0.1 M HC1O,4 2.5x107°
0.1 M KClO,4 2.3x107°
0.1 M NaOH 2.6x107°

Table 2.5: Diffusion coefficients of Os obtained by fitting Equation 2.8 to current transients.

The temperature was maintained at 25 °C.

54



Chapter2

2.7 Scanning electrochemical microscopy

Some experiments with a scanning electrochemical microscope were performed. This
section presents the instrumentation as well as the alignment of the tip and the sub-

strate. Specific conditions and waveforms are presented in Chapter 4.

2.7.1 Electrochemical cell and instruments

A home-made glass electrochemical cell was used. To allow movement of the tip, the cell
was kept open at all times. When ORR experiments were needed, air was introduced
by first passing it through a Dreschell bottle. A glass rod (¢ = 7 mm, [ = 7 cm) was
polished with sand paper (600 to 1200) and alumina (5 gm to 0.3 um) and used as a
substrate for negative feedback. The working electrode consisted on a Pt disc (a = 25

pm) with RG = 50. A RHE from Gaskatel was used in all SECM experiments.

A 3-axis micropositioner from PI-Instruments was used; the axis have a precision of
0.1 pm with a maximum travel range of 25 mm. The software of the instrument allows
for the control of the micropositioner and can generate linear movement at a specified
velocity. As the microsopitioner is not interfaced with a potentiostat, a PGSTAT101
from Autolab was used and programmed separately to perform the electrochemical

measurements. Figure 2.21 shows an image of the SECM setup.

Figure 2.21: Image of the SECM setup used.
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2.7.2 Alignment

A levelling stage with three high precision screws (100 TPI Adjustment Screw) was
constructed and used to align the substrate with the microelectrode. An optical micro-
scope (Olympus, SZ-STB1) was used to obtain live video in order to position the tip
with more precision. After an initial alignment done by eye, line scans were obtained to
improve it, see Figure 2.22 for the potential waveform and details about the movement,

this waveform was also used to record approach curves.
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Figure 2.22: Potential waveform used to align the microelectrode to the substrate. Cleaning,
resting and sweeping were performed in a static position while the electrode was moved in

any of the three axis during the step at 0.3 V.

During the alignment, O, from air was used as a redox mediator. First, the electrode
was positioned away from the substrate (bulk position). Cleaning, rest and sweep

! was performed to obtain the

were performed in the bulk, the sweep at 20 mV s~
steady state response. After the linear sweep, the potential was held at the ORR
plateau and the electrode was approached to the substrate at a speed of 2 ym s=*. The
movement was stopped when the current decreased to about 50% of the bulk current.
Line scans were then obtained in either X or Y axis using the same potential waveform
and speed. During the line scans, changes in the current give information about the

alignment between the substrate and the tip. For a perfectly flat and aligned system,

the current would remain constant during the movement; any changes in the current
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(either positive or negative) would indicate a tilt on the substrate, requiring manual
adjustment using the high precision screws. 2.23 shows linear scans in X and Y with

a tilted substrate.
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Figure 2.23: Line scans in X and Y recorded with the potential waveform from Figure 2.22.

Once the current was found to remain constant, approach curves were recorded at 2 ym
s~!. Figure 2.24 shows an approach curve recorded with an aligned system where the
fit to Equation 1.19 is also shown. In this work, a well aligned system was considered

when the current was 30 % that of the current at the bulk.

0 5 10 15 20 25
L

Figure 2.24: Approach curve recorded with the waveform shown in Figure 2.22. The red

solid line shows the fitting to Equation 1.19.
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Chapter 3

Reduction of oxygenated species at

high rates of mass transport

This Chapter presents results regarding the oxygen reduction reaction and the reduc-
tion of adsorbed oxygen species when high rates of mass transport are used. The value
of k,, is varied at the steady state by using different sizes of Pt microelectrodes and at
the transient state by recording the current as a function of time. Section 3.1 shows
results at the steady state, where the adspecies can not be detected and the results
solely describe the response of the ORR at different values of k,,; kinetics effects and
changes in ng,, are discussed in terms of mass transport. Section 3.2 uses the tran-
sient methodology proposed by Perry and Denuault to detect the presence of adsorbed
species [1, 2]; values of n,,, and @ are presented as a function of the size of the elec-
trodes and the sampling time. This section also presents results with Pt nanoparticle
electrodes, where their high rates of mass transport is exploited to discriminate the re-
duction of dissolved oxygen species and minimise its contribution to the overall current.
Finally, Section 3.3 proposes a different methodology based on potential sweeps to de-
tect the presence of adsorbed species without relying on a theoretical mass transport
controlled current. Overall, this Chapter improves the results obtained by Perry [3]
by exploiting the mass transport regime to study the presence of the adsorbed oxygen

species.
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3.1 Oxygen reduction reaction with microelectrodes

The reduction of oxygen on Pt electrodes is a complicated reaction that can have
several pathways [64]. In the direct pathway, Oy is directly reduced to HoO with the
transfer of 4e~. Indirect routes produce intermediates, the most accepted one being
H>05 in a 2e™ transfer reduction; this in turn can be further reduced to H,O with 2e™,
giving an overall 4e™ reduction. Some groups have shown that in fact, the measured
number of electrons can have any intermediate value between 2 and 4 depending on
the mass transfer coefficient used [4, 5, 75]. The value of k,, controls the amount of
H505 that can be reduced towards H,O, this is because a high mass transport rate
allows the HoO5 to leave the vicinity of the electrode before it can be reduced again.
This section revisits these results by using different sizes of Pt microdisc electrodes to
reduce oxygen at the steady state. The results show a good agreement with previous
studies performed with rotating disc electrodes, microelectrodes and nanoelectrodes

[4, 5, 75).
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Figure 3.1: Cyclic voltammograms obtained at 0.2 V s~! in an aerated solution of 0.1 M

KC104 with different microelectrode radii.

Cyclic voltammograms in aerated KClO, were obtained with microelectrodes of dif-
ferent sizes. Figure 3.1 shows these results; the limiting currents obtained decrease
according to the radius of the electrode, as expected for a diffusion controlled process

(t1jm = 4nF' DCa). The hysteresis seen between the forward and backward currents

60



Chapter3

has been studied by several groups and is explained in terms of the state of the surface
during the oxygen reduction reaction [36, 37, 48]. In the forward sweep the electrode
is partially oxidised making the ORR more difficult to proceed; as the overpotential is
increased, the oxide is eventually completely reduced, ensuring that during the back-
ward sweep the electrode is free of oxide making it more active towards the reduction
of oxygen. This difference in the state of the surface gives rise to the hysteresis seen
in Figure 3.1: at the same potential the current is higher during the forward sweep
(oxide-free) than during the anodic one. The voltammograms also show a decrease
in current in the hydrogen region, this has been explained in terms of the competi-
tion for free Pt active sites between the adsorption of hydrogen and the reduction of
molecular oxygen and is highly dependent on mass transport due to the production of
H,0, [76, 77, 78]. The features observed (hysteresis, hydrogen adsorption) can be used
as an indicator of the cleanliness of the system, impurities in the solution can block
the active sites preventing these processes to occur. Systems with high rates of mass
transport are specially sensitive to cleanliness since even trace levels of impurities can

block the surface during the timescale of the experiments [59)].

Figure 3.2 shows the oxide-free voltammograms normalised by their respective limiting
currents. Kinetic limitations can be seen and are attributed to the high value of the
mass transfer coefficient that can be achieved with microelectrodes. For comparison, a
microdisc with ¢ = 12.5 pm would give k,, = 0.01 cm s™!, while to achieve the same
value with RDE, a rotation of 2500 RPM is needed!. This implies that, unless high
speeds are used with rotating disc electrodes, it will not be possible to observe kinetic
limitations due to mass transport. Interestingly, the onset potential for the hydrogen
evolution reaction does not seem to be affected by the size of the microelectrode,
indicating that this reaction is considerably faster than the oxygen reduction reaction,

requiring higher rates of mass transport for it to show kinetic limitations.

L. calculated with D = 1x107° cm? s~! and N = 0.01 cm—2 s~ 1.
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Figure 3.2: Backward sweeps from Figure 3.1 normalised by the limiting current taken at

E =0V vs RHE.

Figure 3.3 shows the oxide-free voltammograms normalised by the theoretical limiting
current assuming n = 1; this normalisation procedure reveals an apparent number of
electrons in the plateau of the voltammograms. For a simple one electron reaction, this
would make the voltammograms collapse into each other, with the plateau being equal
to 1, and revealing possible kinetic limitations, similar to the normalisation by the
experimental limiting current, Figure 3.2. Instead, the ORR voltammograms show a
dependence on the microelectrode radius, with lower values of n,,, as the electrode size
decreases. For the specific case of the oxygen reduction reaction, this has been explained
in terms of mass transport and the intermediate steps of the reaction [4, 5, 75]. Studies
performed with rotating disc electrodes at low rotation rates showed that the number
of electrons that participate in the reaction is 4, indicating a complete reduction of O,
towards HyO by either the direct path or the indirect path (Oy reduced to HoOy and
then to HyO). When increasing the rate of mass transfer, the HyO, produced during
the indirect path can leave the vicinity of the Pt surface before being reduced again,

decreasing the apparent number of electrons towards 2.
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Figure 3.3: Backward sweeps from Figure 3.1 normalised by 4F DCa.

Here, the effect of mass transport on the oxygen reduction reaction was tested by using
different sizes of Pt microelectrodes. The bigger electrodes showed a higher ability to
fully reduce O, towards water due to the lower mass transport regime that prevents
H>0, to leave the surroundings of the electrodes before it can be reduced to H,O. The
irreversibility degree of the reaction, as well as the limiting currents obtained showed
the expected behaviour as a function of the size of the electrodes. The effect of mass
transport on ng,, has also been observed by some groups with the use of micro and
nanoelectrodes [4, 5, 75]. In all cases, this has been done at the steady state, although
it is expected that a similar trend should should occur on transient conditions, since
on a chronoamperometric experiment, the mass transfer coefficient decreases as time

is increased, and so ng,, should be a function of time.

3.2 Detection of adsorbed oxygen species

Recently, Perry and Denuault detected the presence of oxygen containing species pre-
adsorbed on Pt when the electrode was exposed to molecular oxygen [1, 2]. They
showed that the adspecies could only be detected in the millisecond scale and that its
coverage was highly dependent on the presence of spectator species (Cl104 , Cl 7, I,
Br ) and on the bulk concentration of oxygen. To detect the adspecies they compared
an experimental current transient with a theoretical response that assumed diffusion

control under transient conditions. They observed a disagreement at the millisecond
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scale that could only be explained as the reduction of an oxygen surface process. In
this section, the methodology proposed by Perry and Denuault is used to detect the
presence of the adspecies with different microelectrode sizes. The analysis of current
transients obtained at the ORR plateau is presented, followed by the construction
and analysis of sampled current voltammograms to elucidate the apparent number of

electrons and the presence of the adsorbed species in transient conditions.

3.2.1 Current transients at the ORR plateau

Perry and Denuault reported the presence of adsorbed species by comparing their ex-
perimental response recorded at a potential on the ORR plateau with the theoretical
response given by the Mahon-Oldham equation, Equation 1.9 [1, 2]. The main as-
sumption of this equation is that the reaction is limited by diffusion. One can see
from Figure 3.3 that this is true at potentials between 0 and 0.2 V; potentials more
negative than 0 V show a decrease in current due to the competition with the hydro-
gen adsorption [76, 77, 78]. The waves also show kinetic limitations, with the smallest
electrode showing a plateau at similar potentials as the adsorption of hydrogen. For
the following analysis, as a compromise, a potential of 0.17 V was selected for all the

electrodes.

The potential waveform used is similar to the one used by Perry and Denuault [1, 2],
shown in Figure 3.4 and it consists on three main parts. First, the potential was cycled
at 500 mV s~! to pre-condition the electrode and to ensure that the surface had a
similar history between experiments. The second region corresponds to a resting state,
where the electrode was held at 0.91 V and where Perry and Denuault showed that the
oxygenated species were allowed to adsorb. The rest potential also ensures that the
concentration of oxygen around the electrode is re-established after the cleaning part
of the waveform. The stepping region corresponds to the stripping of the adspecies
and where the current is taken for analysis. A potential on the ORR plateau was
selected in order to compare it with the Mahon-Oldham equation that assumes diffusion
controlled. This potential waveform was used in all the transient experiments used in

this section.
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Figure 3.4: Potential waveform applied to record current transients. Cleaning: four cycles

at 500 mV s~!'. Resting: 0.91 V for 15 s. Stepping: 1 s at 0.17 V vs RHE, the time of the

stepping section was increased for visualisation purposes.

Figure 3.5 shows the Cottrell plots for a current transient obtained with a Pt disc
electrode (a = 25 pm) and the theoretical current transient obtained by fitting the
Mahon-Oldham equation, Equation 1.9, for ¢ > 400 ms. As reported by Perry and De-
nuault [1, 2], at short times, an experimental extra current is visible that is evidence of
the adspecies being reduced; as time progresses, both, the experimental and theoretical
current agree, suggesting that the adspecies have been completely reduced and that

the current is limited by the diffusion of molecular oxygen towards the electrode.
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Figure 3.5: Cottrell plots for the reduction of oxygen using a Pt disc electrode (a = 25 pm)
at 0.17 V vs RHE after the preconditioning waveform was applied. The solid line shows the
current transient fitted using the Mahon-Oldham equation. An air saturated 0.1 M KClO4

solution at 25 °C was used. The plots shows the average of 5 repetitions.
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From the fitting at long times (¢ > 400 ms), it is possible to elucidate the apparent
number of electrons, since the current is not being affected by the presence of the
adspecies any more. Figure 3.6 shows the values of n,p, obtained for different sizes
of Pt microdisc electrodes by fitting the Mahon-Oldham equation from ¢ > 400 ms.
The trend of decreasing n,,, as the radius of the electrode is decreased is consistent
with previous works [4, 5, 75] and Figure 3.3 and is due to the high mass transport
rates that can be achieved with small microdisc electrodes which prevent the ORR to

continue with the full 4-electron pathway.
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Figure 3.6: Dependency of ng,, on the radius of the electrode. The values were obtained by
fitting the Mahon-Oldham equation for ¢ > 400 ms. See Figure 3.6 for experimental details.

The x axis shows the nominal values of the radii.

The difference in current seen at short times can be integrated and normalised against
the electroactive area to obtain a charge density of adsorption, (). According to Perry
and Denuault [1, 2], with a 12.5 ym Pt electrode, an extra charge of about 33 pC cm™2
can be obtained, and it corresponds to about 0.1 monolayers of adsorbed oxygen?. This
was done here with the different sizes of Pt microelectrodes, and the results are shown

in Figure 3.7.

2This was calculated assuming n = 2.
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Figure 3.7: Charge density of adsorption for different sizes of Pt microdisc electrodes. The
values were obtained by integrating the difference between the experimental and theoretical
current transients and dividing it by the electroactive area. The highest standard deviation
was obtained for the 5 um electrode with 0 = 2.5 uC cm™2. See Figure 3.5 for experimental

details.

With the smaller electrodes, the extra charge is almost three times higher than the
reported value; the reason for this difference is attributed to the difficulty to obtain
a true microdisc behaviour under transient conditions since the construction of these
small electrodes is not trivial: the bad handling and sealing of the wires can poten-
tially deform them, generating an ellipse shape instead of a circular one. Since with
microelectrodes the edge effect dominates at long times, the steady state condition is
still achieved with these deformed electrodes, meanwhile, the transient behaviour will
not be consistent with the Mahon-Oldham equation due to deviations in the diffusion

field at intermediate times.

This section presented the analysis of current transients at the oxygen reduction reac-
tion plateau with different sizes of Pt microelectrodes. It was shown that, in agreement
with Perry and Denuault [1, 2], a charge density for adsorption was obtained with a
range of different sizes of Pt microelectrodes. At long times, fitting to the Mahon-
Oldham equation revealed the expected dependency of n,,, on the mass transfer coef-
ficient at the steady state, in agreement with other reports [4, 5, 75] and with Figure
3.3.
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3.2.2 Sampled current voltammetry

Perry and Denuault also showed that the extra current can be seen when applying
different potential steps along the oxygen reduction reaction wave [1, 2]. They observed
this by constructing sampled current voltammograms and normalising them against the
Mahon-Oldham equation, taking n = 1; this procedure revealed values of n,,, higher
than 4 at short times, which indicated the presence of an extra process. As mentioned
previously, under the steady state, the apparent number of electrons has an inverse
dependency on the mass transfer coefficient [4, 5, 75|, and a similar behaviour would
be expected under transient conditions. The values for n,,, observed by Perry and
Denuault were clearly not following this trend, ruling out the possibility of this being
due to the higher rates of mass transport achieved in transient conditions, instead,
the presence of an extra process at short times (the reduction of oxygen adsorbed
species) was proposed. It is important to note that the Mahon-Oldham equation
assumes diffusion control, that is, it reveals the apparent number of electrons only
at the ORR plateau. To obtain ngy, in the kinetic and mixed controlled regions, a
different equation is required. Perry and Denuault obtained a generalised equation
for microelectrode sampled current voltammograms of species in solution [20], but
its use in the ORR is not possible due to the reaction involving intermediates and
surface processes that complicate the response. Qualitatively, they observed that,
after normalisation assuming n = 1, the SCVs showed an increase in current at all
potentials, similar to what occurs at the ORR plateau; they suggested that this was
an indication of the presence of adsorbed species and that the fact that the potentials
correlate well with the potentials for the ORR also suggests that the adsorbed species
were oxygenated in nature. In this section, the same analysis of the sampled current
voltammograms was performed for different microelectrode sizes to test for the presence
of the adsorbed species under different rates of mass transport and electroactive areas.
Since with smaller microelectrodes the steady state is reached faster, qualitatively it
is expected that deviations from it at long times would indicate the presence of the
adspecies. Quantitatively, the analysis is more complicated. The reduced area of the

electrodes would contribute to lower coverages of the adspecies, and if the rate of the
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reaction is fast, it may not be possible to detect them. Then, a compromise between
the size of the electrode, the electroactive area and the potential is needed. Sampled
current voltammograms along the ORR wave were recorded following the methodology

proposed by Perry and Denuault [1, 20].
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Figure 3.8: Left: Sampled current voltammograms and right: normalised SCVs for the
ORR using a 50 um diameter Pt disc electrode using the waveform shown in Figure 3.4; the
Mahon-Oldham equation was used for the normalisation assuming n = 1. An air saturated
0.1 M KClOy4 solution at 25 °C was used. The legends refer to the sampling times for each

voltammogram.

Figure 3.8 shows sampled current voltammograms and their normalised versions ob-
tained with a Pt electrode of 25 pym in radius. As already reported by Perry and De-
nuault (with @ = 12.5 pm), under the conditions studied here (aerated 0.1 M KClOy,
at the millisecond scale, with Pt microdiscs), at short times (f < 150 ms) an extra
current is seen on the whole of the oxygen reduction reaction wave and is related to
the reduction of pre-adsorbed oxygen species. The presence of this extra current is
evidenced by the fact that the normalised sampled current voltammograms show that
the value of n,,, increases with increasing sampling time, surpassing the 4 e~ reduction
expected by the ORR. The low overpotential region on Figure 3.8 shows the increase in
current with decreasing sampling time that is attributed to the adsorbed species. For
a species in solution, this region would show kinetic limitations for shorter times due

to the higher rates of mass transport®. Perry and Denuault did not observe this with

3This would make the voltammograms more drawn out.
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their electrodes (@ = 12.5 pum), probably due to a higher current response of the ad-
species than that of the molecular oxygen. To test this, a range of microelectrode sizes
were used, with the assumption that a smaller electrode would have a lower number of

active sites for the adspecies, contributing less to the overall current.
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Figure 3.9: Normalised sampled current voltammograms using different sizes of Pt microdisc
electrodes at 500 ms. The normalisation was performed by dividing the current transients

with the Mahon-Oldham equation assuming n = 1. See Figure 3.8 for experimental details.

Figure 3.9 shows sampled current voltammograms for three sizes of microdisc electrodes
sampled at 500 ms. It is believed that at this timescale, the adsorbed species are
completely reduced and true steady state is achieved. This is confirmed by the fact that
the plateaus of the normalised sampled current voltammograms show values similar to
the values of n,y, from Figure 3.3. Similar to the results with linear sweeps (Figure
3.2), the SCVs show a negative shift in potential due to kinetic limitations, as expected

for electrodes of these sizes under steady state conditions.
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Figure 3.10: Normalised sampled current voltammograms using different sizes of Pt mi-
crodisc electrodes at 10 ms. The normalisation was performed by dividing the current tran-
sients with the Mahon-Oldham equation assuming n = 1. See Figure 3.8 for experimental

details.

To observe the presence of the adspecies with these electrodes, shorter sampling times
are needed. Figure 3.10 shows the normalised sampled current voltammograms for
different sizes of Pt microdisc electrodes sampled at 10 ms. In all cases a high value
of ngpp Was obtained, indicating the presence of the adspecies at that time scale. For
the bigger electrodes (a = 12.5 and 25 um), the wave is shifted to negative potentials,
similar to the true steady state (500 ms), meanwhile, the smaller electrode (a = 5
pm) does not follow this trend. The absence of the plateau can be explained by the
high rate of mass transport; at this time scale, the reaction is kinetically limited,
needing high overpotentials to reach the diffusion controlled state. The higher values
of the current at all potentials suggest that the contribution of the adsorbed species to
the overall current is higher than that of the ORR, probably due to the low currents
of the kinetic limited ORR response with this electrode. This also suggests that by
increasing the mass transport regime, it is possible to separate the response of the
dissolved and adsorbed species. Experimentally, this may be challenging; higher rates
of mass transport require the construction of smaller microelectrodes which can be
difficult. Additionally, these electrodes would have a smaller number of active sites

available for the adspecies, decreasing their contribution to the current. To circumvent
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the latter, a small microelectrode with a high electroactive area can be constructed
by depositing Pt nanoparticles. This electrode would provide the active sites for the
adspecies while also ensuring that the steady state is reached in a short time. Examples
of this electrode are used on the following section to test the presence of the adsorbed

species with sampled current voltammetry.

3.2.3 Pt nanoparticles

In this section, two types of nanostructured electrodes were used to test for the pres-
ence of the adsorbed oxygen species on transient conditions. The construction and
characterisation were presented in Chapter 2. The electrodes used have an appreciable
difference on the Pt electroactive area available for the ORR. Their response at the
steady state is presented and compared to a bare Pt microdisc, followed by their results

on transient conditions with sampled current volammetry.

First a carbon nanoelectrode was constructed from a pulled quartz capillary (a = 140
nm) and a Pt sub-micron sphere was electrochemically deposited on it, with r = 450
nm. Linear sweep voltammograms at different scan rates in aerated 0.1 M KCIO, were
recorded and a sigmoidal shape was obtained at scan rates as high as 1 V s7!, this
being evidence of the high rate of mass transport achieved. Figure 3.11 shows LSVs
at 258 mV s~!, where the sigmoidal shape is visible. Assuming a perfect sphere, at
the steady state this electrode has a k,, of 0.51 cm s™!, equivalent to a rotation rate
of 2.1x10% RPM for a rotating disc electrode®. Another indication of the high mass
transport coefficient obtained can be observed by comparing the responses of a Pt
bare microdisc electrode (¢ = 5 pm) with that of the spherical electrode, where the
latter is more kinetically limited, as evidenced by the more drawn out wave. A carbon
fibre microdisc electrode was also constructed (e = 3 pm), and Pt nanoparticles were
electrochemically deposited (see Chapter 2 for the construction, Pt deposition and
characterisation of the electrode). SEM characterisation revealed the presence of Pt
nanoparticles with diameters up to 350 nm. Compared to the spherical electrode, the

C/Pt electrode has a high electroactive area given by the nanoparticles, while having

4k,, calculated with D = 2.29x1075 cm? s~! and N = 0.01 em? s7! [1].
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a small enough radius (¢ = 3 um) to ensure that the steady state current is achieved
quickly. Figure 3.11 shows a linear sweep voltammogram with this electrode at 2 mV
s71 in aerated 0.1 M KCIOy, higher scan rates showed high capacitive currents due to

the increased electroactive area given by the nanoparticles.

0 =
‘.\‘1 ________
2 -10 |
]
<
g
~ '20 [ ]
c ——Pt sphere, 0.45 pm
----- C/Pt NPs , 3 pym
---------- Pt disc, 5 pm
-30 L 1 | |
0 0.2 0.4 0.6 0.8
Evs RHE / V

Figure 3.11: a) Linear sweep voltammograms for a Pt sphere electrode (r = 0.45 pm,
258 mV s71), a carbon fibre disc with Pt nanoparticles (¢ = 3 ym, 2 mV s~ !) and a Pt
disc electrode (@ = 5 pm, 20 mV s~!) in aerated 0.1 M KClO4. The voltammograms were

normalised against the geometrical area.

The normalisation to estimate n,p, was performed using its respective diffusion con-
trolled equation according to its geometry. Figure 3.12 shows the normalised LSV for
the spherical electrode, this revealed a value of n,,, = 2, indicating that all the HyO,
produced is leaving the surroundings of the electrode at a high rate before it can be
reduced to HyO. This confirms what was observed by others [4, 5, 75] and in this work
(Figure 3.3), regarding the strong dependence of n,,, on the mass transfer coefficient.
Figure 3.12 also shows the normalised LSV of the CF /Pt electrode, revealing the ap-
parent number of electrons at the plateau. Compared to the Pt sphere and the 5 ym
Pt disc, this electrode shows a higher value of n,y,,, which is evidence of an almost com-
plete reduction of Oy towards HyO (14, approx. 4). A bare Pt electrode of this size
would have a smaller value of n,,, due to the high rate of mass transport. It is believed
that the source of this larger value of ngp, is the effectiveness of the nanoparticles at
reducing HoO5 due to their close arrangement which prevents it to diffuse before being

further reduced to H5O.
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Figure 3.12: a) Linear sweep voltammograms for a Pt sphere electrode (r = 0.45 um,
258 mV s7!), a carbon fibre disc with Pt nanoparticles (¢ = 3 pum, 2 mV s7!) and a Pt
disc electrode (a = 5 pum, 20 mV s7!) in aerated 0.1 M KCIO4. The LSVs for the discs were
normalised against the Mahon-Oldham equation while the spherical electrode was normalised

against the Cottrell equation for a sphere.

These electrodes were also used in transient conditions to test for the presence of
the adsorbed oxygen species. These electrodes were selected due to their extreme
conditions: the spherical electrode provides a high rate of mass transport to quickly
reach the steady state while having a restricted electroactive area due to the size;
the C/Pt electrode also provides a high rate of mass transport while having a high
electroactive area due to the Pt nanoparticles. This could simplify the discrimination

between the diffusion controlled and the adsorbed species.

First, the Pt submicron sphere electrode was used. From the equation for k,,, Equation
1.5, the steady state response can be reached in only 12 ms (105 % of the true steady
state). For a potential sweep experiment, this value would correspond to 2.14 V s71.
This confirms what was observed in Figure 3.11, where a scan rate as hight as 258
mV s~! showed a steady state response. Deviations from the steady state at those
timescales would imply the presence of the adsorbed species. Figure 3.13 shows the
experimental and theoretical current transient for the reduction of oxygen obtained
with this electrode. The theoretical current seems constant at all times, this is due

to the high rates of mass transport given by the spherical geometry that ensures that
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the steady state is reached in 12 ms. Recalling the equation for k,,, Equation 1.5, the
shortest sampling time used in this work (2.5 ms) increases k,, for only around 12 %;
to increase it to at least 20 % would require 700 us and around 110 ps to increase it 50
%. This has an important implication in the value of n,y, for the reduction of oxygen.
As shown in Figure 3.12, at the steady state n,,, is close to 2, and since the electrode
requires the microsecond scale to have an appreciable influence on k,,, on the timescale
used here (millisecond) the value of ngy,, can be assumed to be constant. Then, the
methodology proposed by Perry and Denuault where they compared an equation to
their experiment, can be considered valid when using electrodes with high rates of mass

transport, since the value of n,,, would not change over time.
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Figure 3.13: Current transient recorded at 0 V vs RHE using a Pt sphere electrode (r =
0.45 pm) in an aerated solution 0.1 M KClOy4. The theoretical current transient was obtained

from Equation 1.1.

The experimental current from Figure 3.13 shows deviations from the theory at short
times that can be related to the reduction of the adsorbed oxygen species. The charge
of adsorption of the adspecies was calculated by integrating the difference between the
experimental and the theoretical currents. The charge obtained was () = 131.2 uC
cm ™2, which is higher than what was reported by Perry and Denuault (33 uC cm™—2,

[1, 2])°. In their case, the assumption of ng,, being constant could underestimate

5The electroactive area of the Pt sphere electrode was estimated from an aerated CV in HySOy,

the contribution of the ORR was removed by subtracting the limiting current.
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the charge of adsorption, since at short times n,,, would be smaller, increasing the
value of ). From Equation 1.5, it can be seen that the value of k,, is dictated by the
competition between the transient response (proportional to t~'/2) and the steady state
response (proportional to 7—!). With bigger electrodes, the transient term becomes
more important at short times, increasing the value of k,,. Then, the current at short
times would decrease due to n,y,, being smaller; this effectively would make the charge
higher than the one reported by Perry and Denuault. Another possibility for the higher
() obtained could be related to the surface structure of the electrode. Some research
groups have reported that Pt nanoparticles tend to adsorb oxygenated species too
strongly, mostly in the deffects of the nanoparticles [36, 79, 80]. It is possible that the
deposition created a high number of defects that would allow this behaviour. It should
also be noted that the charges of adsorption obtained with small Pt disc electrodes
(see Figure 3.7) are similar to the charge for the Pt sphere. It may be possible that
these electrodes have a high affinity for the adsorbed species due to the presence of

defects.
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Figure 3.14: Left: sampled current voltammograms for the oxygen reduction reaction and
right: normalised SCVs using a sub-micron spherical Pt electrode (r = 0.45 um); the Cottrell

equation for a sphere was used for the normalisation.

Sampled current voltammograms were obtained with this electrode and are shown in
Figure 3.14. Similar to the results with potential sweeps at the steady state, the SCV
sampled at 500 ms is kinetically limited due to the high k,, achieved. The apparent
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number of electrons is close to 2, as expected for an electrode of this size. Small
variations in the number of electrons due to the presence of the adsorbed species
were only appreciable for SCV sampled at times shorter than 200 ms, where 74,
changed from 2.2 when sampling at 500 ms to 2.3 when sampling at 200 ms. At more
positive potentials the normalised SCVs show that the wave is affected by the presence
of the adsorbed oxygen species, in agreement with what was reported by Perry and

Denuault.

The subtraction of the theoretical controlled current to obtain ngp, and @) only works
when applying a potential step at the ORR plateau. The response at potentials where
the current is influenced by electron transfer requires the use of a different equation.
Perry and Denuault proposed an equation for quasi-reversible sampled current voltam-
mograms of species in solution with microdisc electrodes [20]. This equation is complex
in nature and the extraction of the apparent number of electrons is not a straight for-
ward procedure. Instead, exploiting the mass transport regime to discriminate the
diffusion controlled species may be a suitable way of obtaining the charge of adsorp-
tion as a function of potential. As was shown previously, the spherical electrode can
reach the steady state in about 12 ms, then, it can be assumed that i, does not vary
in the time scale of the experiment. For the following analysis, the limiting currents
obtained at all potentials were taken as a baseline and subtracted from their respective
current transients. After integration of the subtracted current, a plot of () against F
was constructed, Figure 3.15 shows the results. The plot shows that the charge is higher
at the potentials for the ORR plateau; this is expected since it is at this region were
the current is more sensitive to the presence of the adsorbed species (see normalised
SCVs). These results need to be taken with care; at the plateau, the adsorbed species
are completely removed in about 100 ms. Potentials at the plateau would provide a
stronger driving force for the reduction of the adspecies than more positive potentials,
where longer times may be needed to completely reduce them. A better solution to
this problem would be simulating the steady state response of the spherical electrode
assuming that n,,, remains constant. This would require the knowledge of kinetic
parameters (a and kg) of the ORR, nevertheless, as the ORR is a catalytic process,

it requires free Pt sites to proceed, that may in fact be occupied by the adsorbed
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species, and so the subtraction procedure may still not be completely valid. In both
methodologies, (Figure 3.15 and simulations) the charge of adsorption as a function of

potential would be an approximation.
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Figure 3.15: Charge of adsorption as a function of potential for a spherical Pt electrode (r

= 0.45 pm) in areated 0.1 M KClOy.

Transient experiments were also performed with the C/Pt microelectrode (¢ = 3 pm).
This electrode is small enough to quickly reach the steady state while also having a high
availability of free active sites for the adsorbed oxygen species due to the nanoparticles.
At the steady state, the calculated k,, was 0.1 cm s~!; in transient conditions, it can
reach the steady state in about 200 ms (105 %), this is longer than the time required
by the spherical electrode (12 ms) but shorter than the microdisc electrode used by
Perry and Denuault (¢ = 12.5 um, ¢t = 3.5 s). To have a k,, 50 % higher than that
at the steady state, this electrode can achieve it in 2 ms, which is in the timescale of
the experiments performed here (¢ > 2.5 ms); a bigger microelectrode (a = 12.5 pm)
would achieve the same £, in around 30 ms. The assumption of n,y,, being constant
at all times is not valid here; instead, the high electroactive area is exploited to obtain

the value of Q).

A current transient at the ORR plateau was recorded with this electrode and compared
to the Mahon-Oldham response, see Figure 3.16. It can be seen that the theoretical
current is almost unchanged compared to the experiment. Considering that the mass

transfer coefficient of this electrode changes 50 % in the timescale of the experiment
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and that the extra current is two orders of magnitude higher at short times, it can be
assumed that the contribution of the ORR to the current is minimal compared to the

reduction of the adsorbed species. Variations of n,,, due to k,, may be negligible.
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Figure 3.16: Current transient recorded at the ORR plateau using a C/Pt NPs electrode (a
= 3 pm) in an aerated solution 0.1 M KClO4. The theoretical current transient was obtained

from Equation 1.9.

This electrode provides a high number of active sites with a mass transport coefficient
high enough to reach a steady state at short times, ensuring that most of the current
comes from the reduction of surface processes. The charge of adsorption obtained was
Q = 306.2 uC cm™2, considerably higher than the expected value of 33 uC cm™2 and
that of the spherical electrode (@ = 131.2 uC). Even though the extra current could be
attributed to the reduction of the adsorbed oxygen species, it is possible that capacitive
currents are present at short times due to the high electroactive area of the electrode
(RF = 19.5). Recalling the equation for a capacitor in transient conditions Equation
1.20, a plot of In(7) against ¢ should be linear with slope -1/RC and intercept In(E/R),
where R is the solution resistance and C' is the capacitance. This plot is shown in
Figure 3.17, where it is clear that the current transient does not follow the response of
a capacitor. The time required to charge the double layer (defined as 7 = 3RC') was
calculated to be 7 = 21.2 us ¢, three orders of magnitude smaller than the time scale of

the experiment (¢ = 2.5 ms); as a comparison, for a freshly polished Pt microdisc with

67 was calculated with with RF = 19.5, C = 20 uF ecm~2 and £ = 0.013 Q! cm™" [8].

79



Chapter3

a =12.5 pm and RF = 3, the charging time is 7 = 13.6 us. These results suggest that
the extra current is due to the presence of the adsorbed species, in agreement with the

results obtained with different sizes of Pt electrodes.
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Figure 3.17: In(i) vs t for a current transient recorded at the ORR plateau using a C/Pt
NPs electrode (a = 3 pm) in an aerated solution 0.1 M KClOj.

As it was mentioned during the analysis of the spherical electrode, it is also possible
that the oxygenated species are preferentially adsorbed on specific sites. It has been
reported that nanoparticles have a high density of defects and that they adsorb oxygen
species too strongly [79, 80]; this could explain the higher value of @) obtained with
this electrode. Another possible explanation could be the presence of different adsorbed
species corresponding to carbon functionalities. SEM images of this electrode revealed
that its surface is not completely covered by Pt nanoparticles, probably due to the
difficulty of nucleating Pt centers in the carbon fibre [69]. Even though the latter may
be possible with the C/Pt electrode, it is not expected to be the same with the spherical
electrode since Pt seems to completely cover the tip of the quartz pipette (see Figure
2.17); this suggests that the high charge obtained in both cases seems to be related to

the number of defects on the nanoparticles.
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Figure 3.18: Left: sampled current voltammograms and right: normalised SCV using a
C/Pt nanoparticles electrode; the Mahon-Oldham equation was used for the normalisation

assuming n = 1.

Figure 3.18 shows sampled current voltammograms of this electrode. The ORR plateau
is only visible at long times (¢ > 1 s) due to the presence of the adsorbed species at
shorter times. Since this electrode should achieve the steady state in around 200 ms,
the fact that a plateau is observed only after 1 s implies that an extra process is
occurring, namely, the reduction of the adsorbed species. In fact, the ORR plateau
was only constant when sampling at ¢ > 10 s. Figure 3.18 shows a SCV sampled at
15 s, which corresponds to an equivalent 1.7 mV s~!; this is considerably slower than
electrodes of bigger diameters. Normalised sampled current voltammograms are shown
in Figure 3.18b. The SCV sampled at 15 s shows a value of ngy,, to be approximately
3. The reported value of n,y, is 2.6 for a Pt microdisc with @ = 5 pm [75]; this value is
smaller than the one obtained for the carbon fibre with Pt nanoparticles, even though
the latter has a smaller diameter (¢ = 3 pm). It is believed that the source of this
larger value is the effectiveness of the nanoparticles at reducing HyOy due to their
close arrangement, which prevents the HoO, to diffuse before being reduced to H5O.
At shorter times, n,,, increases due to the presence of adsorbed species. With this
electrode, the adspecies can be detected even at the second scale due to the greater
number of active sites available for them to adsorb and this trend is visible along the

whole of the ORR wave.
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This section presented results using Pt electrodess with high rates of mass transport
and different electroactive areas. It was shown that adsorbed species are present in
both cases, with the difference being the time scale where they can be detected (ms
for the sphere and up to s for the C/Pt). The high rate of mass transport of the
spherical electrode was exploited to discriminate the diffusion controlled species from
the experimental current by assuming that in the time scale of the experiment its
k,, remained constant, and so n,p, did not change; with this, i, was assumed to
be constant at all times, subtracted from the experimental current and integrated to
obtain ). Compared to the methodology proposed by Perry and Denuault [1, 2],
here, @ is not affected by mass transport. In their case, n,,, was also assumed to be
constant even though the k,, of their electrode changes considerably in the millisecond
scale due to its size (¢ = 12.5 pum); it is believed that this underestimates the total
charge of adsorption. The use of electrodes with high rates of mass transport makes
the assumption of n,,, valid and allows for a better estimation of the charge density

of adsorption.

3.3 Stripping voltammetry

In this section, a methodology to study the reduction of the adsorbed oxygen species is
proposed. Perry and Denuault [1, 2] reported the use of chronoamperometry and cyclic
voltammetry experiments to study the reduction of oxygen adspecies. The chronoam-
perometry experiment to obtain the charge of adsorption relies on a mathematical
procedure that requires knowing the values of the apparent number of electrons, the
concentration and diffusion coefficient of oxygen, and the electroactive area and radius
of the electrode beforehand. Also, the procedure to obtain the charge of adsorption
by means of the Mahon-Oldham equation assumes that n,,, is constant at all times
and that the process is diffusion controlled. The latter only applies when a potential
at the ORR plateau is used but not for the rest of the ORR wave. This is used as
an approximation but it was already proven by Pletcher and Sotiropoulos [4] that ny,

depends on the mass transfer coeflicient, which in the case of a microdisc electrode,
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k., depends on both, its diameter and the timescale of the experiment. Since most
studies regarding the oxygen reduction reaction are being performed at the steady
state [28, 81], the dependency of k,, on t is ignored and hence, the dependence of 1y,
on t has also been ignored. Perry and Denuault also presented a cyclic voltammetry
methodology that relies on holding the potential in aerated conditions to allow oxygen
to adsorb and degassing while still at rest; a sweep is then performed to reduce these
adspecies [2]. A background voltammogram recorded on a degassed solution is then
subtracted to reveal a stripping peak. This stripping peak can then be integrated and
divided by the electroactive area to obtain the extra charge for the adsorption of oxy-
gen. Perry and Denuault 2] pointed out that this is a time consuming methodology
due to the degassing step (up to 30 min depending on the volume of the solution).
In this chapter, a methodology to obtain the extra charge due to adsorption in fully
aerated conditions is presented, the goal is to reduce the time of the experiment and
to eliminate the need of knowing the parameters required by the chronoamperometric
method beforehand. This is achieved by modifying the potential waveform and tak-
ing advantage of the fact that at short timescales the contribution from the oxygen
adsorbed species towards the current is higher than the contribution coming from the

diffusion controlled species.
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Figure 3.19: Potential waveform applied to obtain a stripping voltammogram. Cleaning:
four cycles at 500 mV s~!. Resting: 0.91 V for 15 s. Stripping: three cycles, the scan rate is

variable. The dashed lines indicate the stripping sweeps used for the analysis.
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Figure 3.19 shows the waveform proposed. It is a modification of the waveform shown
in Figure 3.4, where instead of a potential step, several sweeps are recorded after
applying the rest potential. As before, the first part of the potential waveform consists
on cycling at 500 mV /s to pre-treat the electrode in order to have an oxide-free surface,
then, the adsorption of oxygen species is allowed by holding the potential for a set
time (15 s). After this, several cycles starting at the rest potential are recorded, taking
care not to go more positive than this potential on the next cycles to prevent the
formation of oxide. The hypothesis is that due to the rest potential, the first sweep
has the information of both, the adsorbed species and the dissolved oxygen species,
that is, the current should be the sum of both contributions. Consequently, if the
adspecies are completely removed on the first sweep, the following sweeps will only
have the information of the dissolved oxygen species and the resulting currents should
be similar. By subtracting the first two cathodic sweeps, a peak-shaped voltammogram
corresponding to the removal of the oxygen adspecies should be seen. Because of this,
it is important to sweep to very negative potentials to ensure that all the oxygen
adspecies are removed and also, to not go more positive than the rest potential in
order to prevent the formation of oxide. An appropriate scan rate needs to be found

to ensure that the adsorbed species can be detected.

Figure 3.20 shows an example of the stripping section of the waveform shown in Figure
3.19, the CV was recorded with a Pt microelectrode (a = 25 pum) at 5 V s7!. The
voltammogram is affected by capacitance due to the high scan rate used, although the
ORR wave is still visible. The higher current of the first sweep is attributed to the
adsorbed species being reduced at the same time as the ORR; subsequent sweeps only

contain the current contribution of the ORR.
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Figure 3.20: Cyclic voltammograms obtained by using the waveform shown in Figure 3.19
using a Pt microelectrode (@ = 25 pm) in an aerated solution of 0.1 M KClOy4 at 25 °C. The

scan rate used was 5 V/s.

It has been reported that in the presence of a species in solution that can adsorb weakly,
the peak current of the voltammogram would be higher than that for the case of no
adsorption at all due to the reduction of both processes occurring at nearly the same
potential [82]. This suggests that the adsorbed species studied here are oxygenated
in nature, since their reduction occur at similar potentials; this agrees with what was
previously discussed by Perry and Denuault [1, 2]. The methodology proposed here
consists on discriminating the ORR current by exploiting subsequent sweeps. After
subtracting the second (or third) sweep from the first one, a stripping peak seems to
appear (see Figure 3.21), where by integrating this difference and dividing it by the
electroactive area of the electrode gave Q = 26.37 uC cm~2 7; this is a promising
result since it is close to the reported value of 33 uC cm™2 [1, 2]. Compared to the
methodology proposed by Perry and Denuault, this method does not require the prior
determination of a, C, n or D, greatly simplifying the analysis; the charge of adsorption
can be measured directly from experimental data since it does not rely on a specific
model for the diffusion controlled species. The stripping method also reported by Perry
and Denuault [2], relies on degassing the solution after the oxygen species adsorb on the

electrode and then sweeping to reduce them; they reported that this is a time consuming

" Average of five repetitions; the standard deviation was less than 1 % that of Q.
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way of obtaining the charge of adsorption (¢ > 30 min due to the degassing). Since
the experiments proposed here are performed under fully aerated conditions, the total

time is greatly reduced (¢t < 1 min depending on the scan rate).

0 O.‘2 0.‘4 0.6
EvsRHE / V

Figure 3.21: Subtracted cyclic voltammograms (first minus third sweep) obtained by using
the waveform shown in Figure 3.19 using a 50 pym in diameter Pt disc electrode in an aerated

solution of 0.1 M KClOy4 at 25 °C. Each voltammogram is the average of 5 repetitions.

The analysis performed on current transients with Pt microdisc electrodes revealed
that the adsorbed species are completely reduced at around 200 ms, this is equivalent
to a scan rate of about 130 mV s, that is, high scan rates are required to observe the
presence of the adsorbed species. In this section, the charge density of adsorption is
presented as a function of the scan rate. Figure 3.21 shows subtracted voltammograms
for the 50 pm Pt disc electrode at different scan rates. The subtraction reveals a
stripping peak where the peak potential seems to shift to the left as the scan rate is
increased. This could be due to the kinetics of the adsorption process that dominates
the reaction. Since the adsorbed species are detected at short times by CA experiments
(< 200 ms), it can be assumed that at high scan rates the reduction of the adsorbed

species dominates the current.

Figure 3.22 shows the peak current of the subtracted voltammograms for the 50 pm Pt
disc electrode against the scan rate. It can be seen that a linear relation was obtained,
thereby confirming an adsorption process. The values for low scan rates have to be

taken with care, since the adspecies may not be detected (< 130 mV s~ !). To have a
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better idea of the scan rate that needs to be used to detect the adspecies, the subtracted
voltammograms were integrated to obtain a charge of adsorption, the results are shown
in Figure 3.23 for different microdisc electrodes. The potential limits were chosen by
eye, where the first and second sweep agreed, presumably because no adsorbed species
can be detected at potentials higher than 0.6 V and hydrogen adsorption is present at
potentials lower than 0 V.
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Figure 3.22: Dependency of the peak currents on the scan rate of the subtracted voltam-
mograms obtained from Figure 3.21. A 50 um diameter Pt disc electrode was used in an

aerated solution of 0.1 M KClO4 at 25 °C. R? = 0.9959. The reproducibility is within 12 %.

Figure 3.23 shows that for scan rates higher than 2 V/s, the peak currents seem to

reach a plateau at around 20 uC cm™2.

These results are promising because they
suggest that the methodology may work on different geometries and electrodes since
it does not rely on a specific model to obtain the extra charge of adsorption. Also,
the subtraction procedure removes any contribution from capacitive currents that may
be present at high scan rates, opening up the possibility to study adsorbed species

with larger electrodes and higher electroactive areas (macroelectrodes, catalyst inks,

nanostructured electrodes, etc.).
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Figure 3.23: Charge density of adsorption as a function of the scan rate and the elec-
trode size. The experimental error was within 10 %. See Figure 3.22 for the experimental

conditions.

3.4 Conclusions

In this Chapter, the oxygen reduction reaction was studied with Pt electrodes that
provided a high rate of mass transport. Experiments with cyclic voltammetry showed
the dependency of the apparent number of electrons on the mass transport coefficient,
confirming what was observed by other groups [4, 5, 75]. The presence of adsorbed
oxygen species after exposure to molecular oxygen was tested using the methodology
proposed by Perry and Denuault that relies on subtracting a theoretical diffusion con-
trolled current transient to the experimental response [1, 2]. The results showed that
the adspecies can be detected even in the smallest electrodes, where the number of ac-
tive sites is reduced due to their electroactive area. Sampled current voltammograms
with different microelectrode sizes were shown to be affected by the presence of the
adspecies, confirming what Perry and Denuault observed using a Pt microelectrode
with intermediate size (a = 12.5 pm). The voltammograms at short sampling times
showed a high value of n,,, consistent with the reduction of the adsorbed species;
the sigmoidal shape of those voltammograms implied that the ORR had an impor-
tant contribution to the current, even though it was expected that the reduction of

the adspecies dominated the response. The methodology proposed by Perry and De-
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nuault to obtain a charge of adsorption assumed a constant value of n,,, during the
time scale of the experiment, this assumption is not valid at short times, where k,, is
high. Here, mass transport was exploited to discriminate the contribution of the ORR
on the current transient. Two electrodes with different electroactive areas and small
sizes were constructed. The high rates of mass transport given by the radius allowed
for the assumption of n4y, to be constant. The charge obtained with both electrodes
was higher than that obtained by Perry and Denuault and is attributed to the higher
number of active sites and the negligible influence of the ORR on the current due to

the high rate of mass transport and the constant value of ngy,.

A different methodology to detect the presence of the adsorbed species was proposed.
It relies on sweeping the potential at a high scan rate and subtract the currents. Com-
pared to the chronoamperometric and voltammetric methodologies used by Perry and
Denuault, this method does not require the previous knowledge of constants (1, D,
(', a) and does not require degassing the solution, greatly decreasing the experimen-
tal time and the analysis. This methodology opens up the possibility of studying the
presence of adsorbed species on different types of electrodes where a theoretical current
is not available, as well as electrodes with high electroactive areas, where capacitive

currents may affect their response.

Overall, in this Chapter, mass transport was successfully exploited to discriminate
the current contribution from the reduction of molecular oxygen and to separate the

reduction of the adsorbed oxygen species.
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Interaction between adsorbed

oxygen species, O2 and pH

In Chapter 3, the adsorbed oxygen species were studied with different sizes of Pt mi-
croelectrodes. The high rate of mass transport given by the spherical microelectrode
validated the assumption of having a constant n,,, in transient conditions. Perry and
Denuault observed that in the absence of Os, the adsorbed oxygen species could not
be detected; this led them to conclude that the source of the adspecies was the dis-
solved oxygen [1, 2]. Since Pt surface processes are pH dependent, it was believed that
the adsorbed oxygen species could be influenced by pH. Perry performed preliminary
studies at different pH following their methodology; the results suggested that acidic
solutions suppressed the presence of the adspecies, while in alkaline conditions they
could be detected [3]. In this Chapter, Pt surface processes with solutions of different
pH are studied and the results are related to the adsorbed oxygen species. Due to the
complications of maintaining a clean environment, the experiments shown here were
only performed once; the discussion and conclusions of this chapter are discussed in
a qualitative way. Different coverages of oxides are formed and their reduction in the
absence and presence of Oy is discussed. Similarities in the behaviour of Pt oxides
in acidic and alkaline conditions with the response of the adsorbed oxygen species in
KClOy are presented. Hinder diffusion is also exploited to study oxide formation in the

presence of Oy. The results lead to the conclusion that the source of the adsorbed oxy-
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gen species is the local changes of pH that can not be compensated by mass transport

and by the low buffer capacity of the solution.

4.1 The oxygen adspecies behave as an oxide

In this section, Pt oxide formation and reduction and the oxygen reduction reaction
are studied as a function of oxide coverage and pH. Similarities between the response
of Pt oxides in acidic and alkaline solutions to those in neutral unbuffered media are
discussed. The potential waveform used is similar to the one presented in Figure 2.18,
where the stripping step was changed to sweeps, see Figure 4.1. Briefly, the electrode
was cycled at 0.5 V s7! to clean it electrochemically, followed by a rest potential

(30 s) that is varied to form different oxide coverages; the stripping sweeps were then

1 1

performed at 0.5 V s7 when using Ar-saturated solutions and at 0.02 V s~ when using
O, saturated solutions. The voltammograms are normalised against the electroactive
area measured from the hydrogen adsorption region of voltammograms obtained in

Ar-saturated HySO,.
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Figure 4.1: Potential waveform used in this section to study Pt surface processes. Cleaning

at 0.5 V s7!, resting at different E, and sweeping at either 0.5 or 0.02 V s—L.
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0 0.2 0.4 0.6 0.8 1 1.2 0 02 04 06 08 1 1.2

EvsRHE / V EvsRHE / V
(a) 0.1 M HCIO,4 (b) 0.1 M NaOH

Figure 4.2: Cyclic voltammograms at 0.5 V s~! in Ar-saturated solutions with a Pt mi-
crodisc electrode (a = 25 pm). The potential waveform shown in Figure 4.1 was used with

different values of E,.. All CVs started at E,.

4.1.1 Pt oxide in the absence of O,

This section presents results of Pt oxidation and reduction in the absence of Os and
with different electrolytes (HC1O4, NaOH, KCIO,). Different coverages of oxide were
obtained by using the waveform shown in Figure 4.1 with different rest potentials.
The peak potentials were converted to SHE to reveal their pH dependency and plotted
against their respective rest potentials vs RHE. The results are discussed in terms of

local changes on pH during the Pt oxidation and reduction processes.

Figure 4.2a shows cyclic voltammograms of a Pt electrode in 0.1 M HCIO4 and 0.1 M
NaOH, obtained with the waveform shown in Figure 4.1. The oxide reduction region in
both electrolytes shows a dependence on E,, where the peak increases as F, increases.
The integral of the peak current can be related to the oxide coverage formed and will

be presented below [37, 39].

In neutral and unbuffered media (0.1 M KClOy4, Figure 4.3) the voltammogram is
remarkably different. The shifts and separation between peaks seen in the surface
processes have been explained in terms of local changes of pH [33, 41, 83, 84, 85].

During Pt oxidation and hydrogen desorption, protons are produced according to:
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Pt + H,O — 2e- — PtO + 2H* (4.1)

PtHugs — e~ — Pt + HT (4.2)

while during Pt oxide reduction and hydrogen adsorption, OH™ is generated:

PtO + H,0 + 2~ — Pt + 20H™ (4.3)

Pt + HyO + e~ — PtHgg, + OH™ (4.4)

The reactions given by Equations 4.1 to 4.4 imply that under media with low buffer
capacity, the pH at the surface of the electrode would be different than that at the bulk
during the course of the reactions. Then, the apparent irreversibility seen in Figure 4.3
is due to the anodic processes (Pt oxidation and hydrogen desorption) acidifying the
solution, while the cathodic processes (Pt oxide reduction and hydrogen adsorption)
make the solution more alkaline; this difference in environment shifts the processes to

the potentials dictated by their local pH.

0 05 |
EvsRHE / V

Figure 4.3: Cyclic voltammograms in Ar-saturated 0.1 M KCIO4 solution with v = 0.5 V

s~ and a Pt microdisc electrode (a = 12.5 um). The potential waveform shown in Figure

4.1 was used with different values of E,. All CVs started at E,.

An important factor to consider is the rate of mass transfer. With a high mass transfer

coefficient, the product of the reaction would leave the surface of the electrode rapidly,
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minimising the local changes of pH given by previous reactions. This has been studied
previously with rotating disc electrodes and microelectrodes [33, 84]. It was observed
that the potentials for the deposition reactions (oxide formation and hydrogen ad-
sorption) correlated well with their expected pH (acidic and alkaline respectively); in
contrast, hydrogen desorption was shown to be strongly affected by the mass transport
regime. With a stationary electrode, the hydrogen desorption peaks appeared in the
potentials expected for alkaline conditions, this is due to the increase in OH™ close
to the Pt surface due to oxide reduction and hydrogen adsorption; in contrast, when
the mass transport is increased, the hydrogen desorption peaks appear shifted towards
potentials expected for acidic conditions; this shift is attributed to the fast removal
of the OH™, leaving only the protons being produced by the desorption process. This
discussion leads to the conclusion that in neutral and unbuffered media, changes in
local pH due to previous processes have to be considered in the following reactions,
specially if the timescale of the experiment is not long enough to allow for the recovery

of the bulk concentration of H" or OH .

Oxide coverages were obtained by integrating the reduction peaks and plotted against
the rest potential, Figure 4.4. The charges for acidic and alkaline conditions show a
linear dependency with rest potential, where at higher E, the charge tends to 420 uC
cm ™2, the expected charge for oxide reduction at high potentials [34, 47, 86]. Perry
and Denuault observed that the adsorbed oxygen species could not be detected in Ar-
saturated KClO4 using a low value of E, [1], although higher rest potentials were not
studied. Figure 4.4 shows that in the absence of O,, the charge obtained in KClO4
follows the linear response of HC10,4 and NaOH that is attributed to oxide growth.
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Figure 4.4: Pt oxide reduction charge calculated by integrating the peak currents from
Figures 4.2 and 4.3. The potential waveform shown in Figure 4.1 was used with different

values of Fest.

To see the effect of local changes of pH in oxide reduction, the peak potentials were
converted to the SHE scale and plotted against FE, (vs RHE), Figure 4.5. In acidic
and alkaline solutions the peaks are positioned at potentials according to their pH
(approximately 0.7 V and 0 V respectively!); this is not the case for the results in
KClO,4, where the peak potentials are closer to the alkaline conditions. For a neutral
buffered solution, the peak potentials would be located at intermediate values (ref. [87]
shows Pt voltammograms in neutral buffered media.). Due to the low buffer capacity
of this solution, the OH™ produced during the reduction of the oxide increases the pH
locally, see Equation 4.3. This implies that even when resting at a low potential (E,cs
= 0.8 V vs RHE), enough OH™ is being produced to make the local pH alkaline, that
is, the mass transfer rate given by the microelectrode is not high enough to remove the

hydroxide ions being produced during the reduction.

1ESHE = ERHE - 0059pH
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Figure 4.5: Peak potentials (vs SHE) for the reduction of Pt oxides as a function of rest
potential (vs RHE). The potential waveform shown in Figure 4.1 was used with different

values of Fegt.

The results in this section showed that in the absence of O,, the reduction of Pt
oxide in KClOy, is affected by local changes of pH. During the reduction, OH™ ions
are released, making the surroundings of the electrode more alkaline. Even though the
microelectrode provides a high rate of mass transport, the results show that it is not
high enough to remove the OH™ being produced. Here, it was shown that even when

forming low coverages of oxide, the reduction is affected by local changes of pH.

The low oxide formation region (0.8 to 1.2 V vs RHE) was used by Perry and Denuault
to show that an oxygenated species was spontaneously adsorbed when a Pt electrode is
exposed to dissolved oxygen [1, 2, 3]. In this section, it was shown that in the absence
of oxygen, the reduction of Pt oxides formed at low FE,. is affected by local changes
of pH due to the low buffer capability of the solution; this suggests that the adsorbed

species may also be affected by it.

4.1.2 Influence of Pt oxide on the ORR

In this section, the impact of Pt oxides on the oxygen reduction reaction is tested in
acidic and alkaline solutions and the results are compared to the response in KClOy.

Observations are made about local changes of pH and its possible relation to the pres-
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ence of the adsorbed oxygen species.

Figure 4.6a shows representative anodic sweep waves for the three electrolytes recorded
at 0.02 V s7L. Plotting them against SHE reveals their dependence on pH, where the
acid and alkaline waves are positioned according to their pH. The voltammogram in
KClO4 shows a shift towards alkaline potentials attributed to the local production of
OH . Here, the production of OH™ comes from the oxygen reduction reaction following

the alkaline path [41, 33]:
0y + 2H,0 + 4e~ — 40H" (4.5)

Similar to the case under Ar-saturated KCIOy, the rate of mass transport given by the
microelectrode can not compensate for the production of OH ™, thereby increasing the

pH in the vicinity of the electrode.

Figures 4.6b to 4.6d show voltammograms in Os-saturated solutions recorded with the
potential waveform shown in Figure 4.1; different rest potentials were used to oxidise the
surface in the presence of molecular oxygen. The oxide-free waves show representative
anodic sweeps, and only one is shown for each solution as they are not affected by E,.
In contrast, the cathodic sweeps show a dependence on FE,, where the overpotential
needed to drive the oxygen reduction reaction is increased as F,. is increased. This
difference between the anodic and cathodic waves forms the hysteresis seen in steady
state ORR voltammograms that has been studied by several groups and is explained in
terms of the state of the surface during the oxygen reduction reaction [48, 37, 36]. In
the cathodic sweep the electrode is partially oxidised making the ORR more difficult to
proceed, while during the anodic sweep the electrode is presumably free of oxide giving
a higher current density than its cathodic counterpart. The position of the cathodic

wave is then strongly dependent on oxide coverage.

To better observe the dependence of the position of the wave on F,, F) was measured as
the potential where 0.1 mA cm~2 was obtained. Figure 4.7 shows the plot of E), against
E,. In agreement with other groups [48, 37, 36], in acid and alkaline conditions Ej
becomes more negative as the oxide coverage is increased, and the potential depends on

the pH of the solution. In contrast, in KClO4, Ej is shifted negatively towards alkaline

98



Chapter4

0 s 0
' l/ --FE. =09V
N S0 E. =12V
™ 057 L o 05f -—FE, =14V
] .
g ! ,' 0.1 M HCIO, g —Oxide-free
< - ;o --01MNaOH|{ < -1
= R ---0.1 M KCIO, =
~ . ! ~
S5 _ '~ .15l
D ‘ ‘ | 2| ‘ S | |
-0.5 0 0.5 1 0 0.2 0.4 0.6 0.8 1

E vs SHE / V

(a) Oxide-free (anodic) ORR waves.

Of--E =09V Of--E, =08V
........ E =12V e =12V Iy
~ o5 ——E =14V w 05(-——E, =14V /
‘E — Oxide-free ‘E — Oxide-free
o o
< <
g g
~ ~
= ~-15¢
1.5+
s3nas 2 D | [T
,2 L

0 0.2 0.4 0.6 0.8 1
EvsRHE / V

(c) 0.1 M NaOH

EvsRHE /V

(b) 0.1 M HCIO,

-04 -0.2 0 0.2 0.4 0.6 0.8
EvsRHE / V

(d) 0.1 M KClOy

Figure 4.6: a) Representative oxide-free (anodic) ORR waves. b) to d) cyclic voltammo-
grams in Os-saturated solutions, the potential waveform shown in Figure 4.1 was used with
different values of E,.s. All CVs were recorded at 0.02V s~! with a Pt microdisc electrode

(a = 12.5 pm).
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potentials, similar to the shift of F,.; in Ar-saturated solutions. Since the experimental
conditions used here are similar to the ones used by Perry and Denuault, it is believed
that the adsorbed oxygen species would show an effect at the low potential regions (E,
from 0.8 to 1.2 V vs RHE); instead, results in KClO4 show a similar trend as in acidic
and alkaline solutions: as FE,.q is increased, a higher overpotential is needed to drive
the oxygen reduction reaction. This results, together with the results in the absence of
O, show that the low oxide formation region is strongly affected by local changes of pH
and that the presence of the adsorbed species affects the oxygen reduction reaction in
a similar manner as when Pt oxides are formed at higher potentials; this suggest that
the adspecies are oxides formed during the rest, probably PtOH due to the low rest
potentials used [88]. The adspecies being PtOH would explain the observation made
by Perry and Denuault regarding the decrease in charge when anions with increasing
ionic strength were used, since PtOH is strongly affected by the presence of spectator

species [55, 89)].
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Figure 4.7: Onset potentials for the oxygen reduction reaction obtained at -0.1 mA cm ™2

from sweeps recorded at 0.02 V s™!, see Figure 4.6.

100



Chapter4

4.2 The adsorbed oxygen species are related to lo-

cal changes of pH

Perry and Denuault suggested that the adspecies were formed spontaneously due to the
presence of molecular oxygen, instead, results from previous sections seem to suggest
that their presence is related to local changes of pH given by the low buffer capacity
of the solution. In this section, some observations related to the influence of pH on Pt

oxide formation are made.

Figure 4.8 shows cyclic voltammograms in the presence and absence of O, in HCIO4
and NaOH solutions. In both electrolytes, the ORR response shows the hysteresis due
to the presence of the oxide in the forward sweep. The oxide formation region seems
unaffected by the presence of molecular oxygen up to the point where the oxygen
reduction reaction starts, around 0.9 V vs RHE. This is in agreement with previous
work done with flow cells and quartz crystal microbalance [52; 53], and this validates
the background subtraction procedure used by researchers when studying the ORR

under well defined mass transport regimes [36, 37, 48].

In general, the Pt surface processes do not show any influence from the presence of
molecular oxygen. The hydrogen region appears at the same potentials in Ar or O,
saturated solutions. As mentioned before, Pt surface processes change the pH locally,
although in the case of extreme pH as in Figure 4.8, the buffer capacity of the solutions

is high, preventing any shift in potential.

In neutral and unbuffered solutions, the results are remarkably different. Figure 4.9
shows voltammograms in KClO4 in Ar and O, saturated solutions that seem to be
affected by the presence of Oy. In O,, the oxide formation region seems to be divided
in two regions at around 1.2 V vs RHE; this correlates well with the oxide reduction
charge reported by Perry and Denuault, where they observed that the presence of the
oxygen adspecies appeared when resting at potentials below 1.2 V| increasing the rest
potential resulted in the linear increase in charge ascribed to oxide growth [1]. The
latter observation led them to conclude that the oxygenated species were related to the

presence of molecular oxygen, here, this is ascribed to local changes of pH.
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Figure 4.8: Typical cyclic voltammograms in the presence and absence of O2 recorded with

a Pt microdisc electrode (a = 25 ym) at 0.2 V s71.

(d) 0.1 M NaOH.
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Figure 4.9: Typical cyclic voltammograms in 0.1 M KClO4 recorded with a Pt microdisc

electrode (a = 25 um) at 0.2 V s,
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The voltammograms in the presence of O, also show an effect on the hydrogen region;
in Ar, the hydrogen adsorption and desorption peaks are shifted away from each other
due to local changes of pH [84, 83]. In O, the peaks appear more reversible, as it is the
case when extreme values of pH are used (Figure 4.8). Recalling Figure 4.6a, one can
see that the ORR in KClO, appears at potentials close to alkaline conditions due to the
high production of OH ", then, the hydrogen region also appears at alkaline potentials.
The fact that the hydrogen desorption peaks are not shifted to acidic potentials, as it
is the case for Ar-saturated KCIO4, shows that the amount of OH™ produced due to

the ORR is high and can not be compensated by mass transport.

Figure 4.10 shows the comparison of the oxide formation region in NaOH and KClO,.
The low oxide formation region (0.2 to 0.8 V vs SHE) in O, saturated KClO4 has
a better similarity with Os-saturated NaOH than with Ar-saturated KClOy; this can
be explained in terms of local changes of pH as follows. Starting with the forward
current towards negative potentials, the ORR produces a high amount of OH™ that
affects the hydrogen region, making it appear more reversible than in Ar-saturated
conditions (see Figure 4.9). During the backward sweep, towards positive potentials,
the ORR continues producing OH~ although at a slower rate, this then makes the oxide
formation region to start at potentials where oxidation starts in alkaline conditions.
At around 0.8 V vs SHE, presumably the solution is now acidic either due to the OH "
being completely removed since the ORR is not driven at those potentials, or due to
the HT being produced during the oxidation that exhaust any OH ™ left. It is believed
that this change in local pH going from alkaline to acidic conditions is the source of
the apparent separation of the oxide formation regions at around 0.8 V vs SHE (1.2 V
vs RHE), as well as the source of the adsorbed oxygen species reported by Perry and

Denuault.
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Figure 4.10: Oxide formation region in NaOH and KClO4 solutions recorded with a Pt

microdisc electrode (@ = 25 pum) at 0.2 V s71.

4.3 SECM to study Pt electrochemistry

The effect of molecular oxygen on Pt oxide formation has been previously studied by
the groups of Liu and Kongkanand by using flow cells and quartz crystal microbalance
[52, 53]; they formed oxide in the presence of O, and stripped it in degassed conditions.
The flow cell allowed them to quickly change the solution before the stripping occurred.
The complete removal of O, implies that the surface conditions during oxide formation
and oxide reduction are different. A better approach would be studying both processes
in the presence of Oy,2 nevertheless, the potentials for the ORR and the reduction of

Pt oxides are similar, making it difficult to separate both contributions.

In this section, hindered diffusion is exploited to study oxide formation and reduction

in the presence of O,.

4.3.1 O, does not influence Pt oxide formation

A Pt microelectrode (a = 25 um, RG = 50) was approached to an insulating substrate

to decrease the flux of Oy. The potential waveform used is similar to the one shown in

ZPerry and Denuault [1, 2] tried this by subtracting a theoretical current transient, although their

methodology has certain assumptions that can influence the results, see Chapter 3.
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Figure 4.1 and is reproduced here to illustrate the moving procedure, see Figure 4.11.
Briefly, the electrochemical cleaning and the first 15 s of the rest were performed away
from the substrate at a distance of at least 300 pm; this position is referenced through
this section as the bulk. Then, while still at rest, the electrode is moved towards the
substrate at a distance of less than 50 ym at 60 um s—'; this position is referenced in
this section as the hindered position. Then, the electrode is kept at rest for 10 s to
recover the bulk concentration that was perturbed due to convection. Lastly, the oxide

is stripped by sweeping at 0.5 V s~

Cleaning | Resting | Sweeping
1.2 ¢ 1
> :
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Figure 4.11: Potential waveform used in this section to study Pt surface processes. The
cleaning and 15 s of the rest were performed in the bulk position, then, the electrode was
approached to the substrate at a speed of 60 um s~' followed by 10 s of rest and stripping

in the hindered position.

In this section, all the experiments were performed in air-saturated solutions due to
the open configuration of the SECM cell, see Chapter 2. By following this methodol-
ogy, hindered diffusion allowed for the study of oxide formation and reduction in the
presence of Os. The combination of parameters used here minimises the ORR contri-
bution to the overall current: hindered diffusion greatly decreases the flux of Oy [22],
the concentration of O, is lower when using air-saturated solutions and high scan rates

enhance surface processes [8, 82].

First, typical cyclic voltammograms were recorded at the bulk and hindered positions,

see Figure 4.12. The hindered CV shows that the flux of O, towards the electrode is
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minimal, as evidenced by the position of the double layer region. The potentials of
the surface processes seem unaffected by the difference in Oy flux; the oxide region
obtained in the bulk follows the hindered response, suggesting that the flux of Oy does

not have an impact on the process.
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Figure 4.12: Cyclic voltammograms with a Pt microelectrode (a = 25 pum) in 0.1 M HaSOy

at a scan rate of 0.5 V s~L. The solution was saturated with air.

To further investigate this, different oxide coverages were obtained by applying different
rest potentials. Figure 4.13a shows hindered voltammograms; as a comparison, the
voltammograms in Ar-saturated HySO4 are shown in Figure 4.13b. The similarities of
the hindered voltammograms with those of the Ar-saturated responses indicate that

the flux of Oy was successfully minimised.

Figure 4.14a shows the charges obtained after integrating the oxide reduction peaks.
The linear dependency with FE,. ascribed to oxide growth can be seen on both cases. The
higher charges obtained in the hindered case are a result of the ORR proceeding with
a low flux of Oy. The oxide reduction peak potentials were also measured and plotted
against F,, see Figure 4.14b. The difference in peak potentials is only noticeable at
low E,, when the contribution of the ORR to the overall response is comparable to
that of the reduction of the oxide. Figure 4.14 shows that () is more sensitive to small
contributions from the ORR than £, and is expected that decreasing the tip-substrate

distance would decrease the influence of Oy even further.
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(a) Air-saturated solution, hindered. (b) Ar-saturated solution, bulk.

Figure 4.13: Typical cyclic voltammograms in 1 M HsSO4 recorded with a Pt microdisc
electrode (a = 25 ym) at 0.5 V s~! using the waveform shown in Figure 4.11 with different

values of F,.
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(a) Oxide reduction charges. (b) Oxide reduction peak potential.

Figure 4.14: Oxide reduction and peak potentials as a function of E,. The values were

obtained from Figure 4.13.
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Overall, Figure 4.14 shows that oxide reduction is not affected by the presence of
molecular O,. This was observed after exploiting hindered diffusion to decrease the
flux of Oy and to study its effect on oxide reduction. Pt oxide was formed away from the
substrate and reduced at the hindered position. Compared to previous methodologies
that relied on changing the solution between the oxide formation and reduction steps
[52, 53|, here Oy was present at all times, ensuring that both steps were performed

with the same surface conditions.

The methodology presented here can be extended to cases where the electrochemical re-
sponse contains the contribution of dissolved and adsorbed species that occur at similar
potentials. These cases have been commonly studied by recording cyclic voltammo-
grams at high scan rates to generate a thin diffusion layer and to enhance the current
of the adsorbed species [8, 82]. Even though it is possible to use this methodology,
voltammograms at high scan rates can be affected by double layer capacitance; instead,
exploiting hindered diffusion to minimise the response of the dissolved species may be

a better alternative.

4.3.2 Local changes of pH affect Pt oxide formation

The previous section showed that the presence of O, does not affect the oxide formation
region in acidic media; this confirms what was observed by other groups [52, 53] and
what it can be seen from voltammograms recorded in the presence and absence of Os,
see Figure 4.8. In neutral and unbuffered media, the voltammograms show remarkable
differences depending on the availability of O,, this led Perry and Denuault to conclude
that the adsorbed oxygen species observed were related to the presence of molecular
oxygen in solution [1, 2]. To test this, hindered diffusion is exploited in this section
to effectively reduce the flux of oxygen and study its influence on the oxide formation

region.

Figure 4.15 shows cyclic voltammograms recorded at different tip-substrate distances
using an air-saturated KClOy solution and at 500 mV s~!. The hindered CV shows

a decreased current for the ORR due to the lower flux of Oy achieved. The hydrogen
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region and oxide reduction region potentials seem unaffected by the lower O, flux, while
the oxide formation region shows remarkable differences. In the hindered position, the
first oxide formation peak increased in size, while the second peak decreased; this
resembles what is observed in alkaline conditions, where in the presence of O, oxide

formation is shown as a continuous wave, see Figure 4.8.
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Figure 4.15: Cyclic voltammograms obtained in the hindered and bulk position. An air-
saturated 0.1 M KC1O4 solution was used with ¥ = 0.5 V s™! and a Pt microdisc electrode

(@ =25 pm).

Figure 4.16 shows voltammograms at the same positions recorded at 20 mV s=!. The
limiting currents for the ORR show that the Oy flux was decreased considerably al-
though not completely. The oxide formation region recorded in the bulk shows the
behaviour seen regularly under this conditions, where the oxide seems separated in two
sections, the first one ascribed to the formation of oxide in alkaline conditions while the
second is the formation of oxide in acidic conditions. The hinder voltammogram shows
that the first peak increased in current and is now more continuous until a potential
around 1.3 V, where a sudden increase in current is observed; in the cathodic sweep,
the wave does not return immediately to zero current, as it occurs in the CV recorded
in the bulk and in other pH. In fact, the wave has a sigmoidal shape, suggesting the
presence of a diffusion controlled current. It is possible that this wave reflects the oxi-
dation of OH ", as it is known to occur in Pt electrodes at high potentials [90]; here, this

would confirm the highly alkaline conditions of the environment. The high RG used
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Figure 4.16: Bulk and hindered Pt CVs (a = 25 pum) in aerated 0.1 M KClOy4. A scan rate
of 0.02V s~! was used.

and the short tip-substrate distance simulate a thin layer cell; due to the unbuffered
nature of the media, the pH of the solution between the tip and the substrate can be
easily altered. The experiments performed in 1 M HySOy, see previous section, did not

show this behaviour due to the higher buffer capacity of the solution.

If the extra wave seen in the hindered position is related to the diffusion controlled
oxidation of OH | then it should be possible to control its magnitude by varying the
local pH. An increase in production of OH  due to the ORR should increase the
limiting current observed, while the production of H" should decrease it. Also, due to
confinement in the hindered position, the process should be sensitive to tip-substrate
distance due to the effect of mass transport. To test this, the potential waveform shown
in Figure 4.17 was used. First, the potential was swept at 20 mV s=! from 0.9 V to
0 V, these potentials were selected to minimise oxide formation and prevent hydrogen
adsorption respectively, then the potential was held at 0 V for a certain amount of time.
Due to he reduction of oxygen, the sweep and the potential step would generate OH™
and controlling the time of the step t;, would control the amount of OH™ produced.
The third section consists on sweeping towards positive potentials at 20 mV s~! and at
around 1.3 V the wave for OH  oxidation should appear; the potential is then swept
back to 0 V to finish the cycle. Figure 4.17 shows the potentials where OH™ is being
produced as solid lines, while the potentials at which it is expected to be detected

are shown in dashed lines. Due to the presence of Oy, OH™ is produced continuously,

110



Chapter4

provided the reduction of molecular oxygen is occurring. It is important to note that,

here, a pre-conditioning waveform was not used to prevent an increased change of local

pH.
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Figure 4.17: Potential waveform used to detect OH . The sweeps were performed at 0.02V
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Figure 4.18 shows voltammograms of the oxide formation region obtained with the
waveform shown in Figure 4.17. The step time was varied to control the amount of
OH™ produced. As it can be seen, the limiting current of the extra wave seen at
high potentials increases as tg increases. From 120 s to 300 s the limiting current
does not change significantly, suggesting that the concentration of OH reached a

maximum.

111



Chapter4

0.5 1 1.‘5
EvsRHE / V

Figure 4.18: Voltammograms of the oxide formation region obtained with the waveform
shown in Figure 4.17. The time of the step was varied. A Pt microdisc electrode (a = 25

pm) in a 0.1 M air-saturated solution was used.

It would be tempting to calculate the concentration from the limiting current, how-
ever, complications arise due to hindered diffusion. To use the equation for hindered
diffusion, it is necessary to know the limiting current for OH™ oxidation at the bulk;
this is not possible since the wave only appears under confinement of OH; instead,
the charge during the production of OH ™~ was obtained by integration, this includes the
negative sweep to reduce oxygen, the holding of the potential at 0 V and the positive
sweep from 0 V to 0.6 V, where the ORR is still driven. After integration, the number

of moles produced were calculated from the Faraday’s law:

q

2 (4.6)

mol =

and by assuming that the reduction of 1 mol of O produces 4 mol of OH ™, as it is the
case for the alkaline path, Equation 1.27. In order to calculate the concentration of
OH ", the volume of the thin layer cell needs to be known; here it was assumed to have
a cylindrical geometry, with the radius given by the RG (r = RG*a) and the height
given by the tip-substrate distance (assumed h = a), with this, the estimated volume

was 120 nL. The pH was then estimated with:
pH = 14 —logo(1/[OH]) (4.7)
Figure 4.19 shows a plot of the limiting currents for OH  oxidation obtained from
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Figure 4.18 against the calculated pH; the solid line shows the linear regression for the
first three data points. The lower limiting current for the higher pH could be due to
OH" leakage, this could be improved with higher values of RG and by ensuring that

the tip and substrate are as parallel as possible from each other.

1.5

8.4 8.6 8.8 9 9.2
pH

Figure 4.19: Limiting current of the oxidation of OH™ against pH. Currents obtained from
Figure 4.18.

Figure 4.19 can also be thought of as a calibration curve for an amperommetric pH
sensor; varying the amount of OH™ produced, would change the value of the limiting
current, as reported previously [90]. Although in here, the pH was calculated by making
certain assumptions, it is shown that the Pt electrode is sensitive to small local changes

in pH under hindered and unbuffered conditions.

To continue testing for the pH sensitivity of the oxide formation region, the upper
potential of the OH™ detection section was increased to reach the oxygen evolution
reaction, known to produce H' in neutral conditions and H,O in alkaline conditions;
in both cases, OH™ are consumed by either neutralisation or by producing HsO re-
spectively. Figure 4.20 shows the results, as expected the oxide formation region is
affected by the upper potential. In all cases, the anodic sweep shows that the limiting
current ascribed to OH™ oxidation is unaffected, on the contrary, after Oy evolution,
the current of the cathodic sweep decreases with increasing £, confirming that the

current is sensitive to local changes of pH.

113



Chapter4

i / nA

EvsRHE / V

Figure 4.20: Oxide formation region obtained with the waveform shown in Figure 4.17.
The upper potential of the OH™ detection section was varied. A Pt microdisc electrode (a =

25 pm) in a 0.1 M air-saturated solution was used.

As mentioned previously, since the oxide formation region is sensitive to pH, it should
also be sensitive to tip-substrate distance, as a higher L would allow OH™ to diffuse

away, lowering the concentration. Figure 4.21 shows an approach curve recorded at

1 1

2 pm s~ as well as anodic LSVs recorded at 20 mV s™. As expected, the limiting
current for ORR is sensitive to tip-substrate distance. Figure 4.21 shows that to have

an appreciable effect on 7;;,,, L < 5 are required.

Figure 4.22 shows the oxide formation region obtained with the waveform shown in
Figure 4.17 and with ¢, = 30 s; this time was selected to ensure that small quantities
of OH™ were produced. The voltammograms show that the first oxide formation peak
increases when decreasing L, due to the higher alkaline conditions that can be achieved
in smaller volumes of unbuffered solutions. This is confirmed by the decrease of the
second peak, ascribed to oxide formation in acidic conditions; this decrease is due to
the OH™ consuming any H" produced during the oxidation itself. The H" consumption
is also evidenced by the union of both oxide formation regions at lower distances until

the OH™ oxidation wave appears.
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Figure 4.21: Approach curve and LSVs recorded in aerated 0.1 M KClOy4.The solid line in
the approach curve shows the fitting to Equation 1.19 The LSVs were recorded at 0.02V s~!.
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Figure 4.22: Oxide formation region obtained using the waveform from Figure 4.17 with ¢,

= 30 s and at different tip-substrate distances.

Overall, this section shows that the production of OH™ during the ORR affects the for-
mation of Pt oxide. Confinement with hindered diffusion revealed a diffusion controlled

reaction ascribed to OH™ oxidation.
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4.4 Final remarks

This Chapter presented evidence that in neutral and unbuffered media, the oxidation of
Pt is influenced by local changes of pH. During the reduction of O,, the surface processes
are strongly affected by the production of OH ™, this moves the oxide formation region
to more negative potentials that correspond to oxide formation in alkaline conditions.
It was suggested that these oxides are the same adsorbed oxygen species observed by
Perry and Denuault. They reported a potential window that allowed for the adsorption
of the adspecies; this region corresponds to the oxide formation region affected by the
production of OH™ during the ORR. One fact to consider is that the ORR is not driven
during the E,; this implies that any OH™ present had to be formed before the rest.
Recalling the potential waveform, the cleaning section is performed at potentials where
the ORR is driven, and it occurs immediately before the rest, being this the source of
OH . Overall, this chapter presents evidence that the adsorbed oxygen species observed
by Perry and Denuault are oxides formed when the surroundings of the electrode have

a higher pH than the bulk solution.
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Sampled current voltammetry

Sampled current voltammetry is an old technique that relies on recording current tran-
sients obtained from a range of step potentials; the current is then sampled at a cer-
tain time and plotted as a function of potential to construct a voltammogram. Perry
and Denuault proposed the use of sampled current voltammetry with microelectrodes
(MSCV) to study the reduction of model redox species and adsorbed oxygen species on
transient conditions [1, 20]. The use of microelectrodes allowed them to discriminate
non-Faradaic currents at short times and to access higher rates of mass transport. In
Chapter 4, it was shown that the oxygenated species observed by Perry and Denuault
are in fact oxides formed during the rest potential. It is then necessary to study the
reduction of oxides in transient conditions to relate the results with those of Perry and
Denuault. Sampled current voltammetry of surface processes seems to be non-existent
in the literature, although some early experiments with polarography can be found [8].
This Chapter presents SCVs of platinum surface processes and the ORR at different
pH; an equivalent Koutecky-Levich methodology is proposed to analyse the SCVs. It is
believed that under certain considerations and assumptions presented here, it is possi-
ble to use sampled current voltammetry (or MSCV) as a substitute to RDE when high
rates of mass transport are required. Finally, the theory of sampled current voltamme-
try of an adsorbed species is presented with emphasis on the analysis to obtain kinetic

information.
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Figure 5.1 shows the potential waveform used throughout this chapter. The waveform
is similar to the one used by Perry and Denuault to study the presence of adsorbed
oxygen species [1, 20]. Here, the coverage of the oxides was changed by varying the

value of the rest potential.
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Figure 5.1: Potential waveform used throughout this chapter.

5.1 Reduction of platinum oxides

This section presents sampled current voltammograms of the reduction of platinum
oxides in different electrolytes. First, experiments in acidic conditions are used to de-
scribe the general behaviour of the SCVs, then, SCVs obtained after resting at different
potentials are presented and their shapes related to the oxide coverage. Finally, the

general response of SCVs in different electrolytes is discussed.

Figure 5.2 shows sampled current voltammograms recorded in Ar-saturated 0.1 M
HCIOy solution using the waveform shown in Figure 5.1 with E, = 1.2 V vs RHE.
The first observation that can be made is that the SCVs are peak-shaped, contrary
to the sigmoidal response of reactions with species in solution [1, 8, 20], although
similar to what is observed with sweep voltammetry of adsorbed species [91]. For the
latter, the position of the peak reveals the potential at which the coverage is half of
the initial coverage [6]; as the potential is gradually decreased !, the coverage also

decreases and so each point along the voltammogram is affected by what happened at

IFor the case of a reduction.
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Figure 5.2: SCVs and normalised SCVs recorded in Ar-saturated 0.1 M HCIO4 solution
using the waveform shown in Figure 5.1 with E. = 1.2 V vs RHE. The legends show the
sampling times. All SCVs started at E,.

previous potentials. Since the rate of the reaction is dependent on potential, a higher
overpotential makes the reaction proceed faster. For SCVs, a different interpretation
has to be made due to the difference in methodology (steps as opposed to sweeps).
For each potential step, the initial coverage is presumably the same, and as time
proceeds, it decreases at a fixed rate. This implies that points along the potential
axis are independent from each other, as they are recorded independently, then, the
peak potential observed does not reflect the potential for half of the coverage left, as
the coverage only depends on the sampling time; instead it is believed that the shape
is related to the rate constant k 2. In Section 5.3, a mathematical explanation is
attempted to understand the shape of the SCVs by assuming a simple model. Figure
5.2 also shows sampled current voltammograms normalised by the peak currents 3. The
normalisation reveals a shift towards more negative potentials as time is decreased, this
is similar to what is observed when using a range of scan rates on sweep voltammetry
for species in solution [8, 20] and adsorbed species [91]; this effect will be addressed in

Section 5.3.

Figure 5.3a shows SCVs sampled at 100 ms using different E,. The currents increase

with F,., and the shapes change accordingly, similar to what is observed with sweep

2Rate constant k, not to be confused with the standard rate constant k.
3The markers were removed to facilitate visualisation.
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voltammetry. It could be tempting to integrate the SCVs to obtain the coverage of the
oxide; nevertheless, this is not possible due to the different integration domain (time as
opposed to potential), the difference between potential steps being to big 4, the need to
calculate an equivalent scan rate, and the fact that each point along the potential axis
is independent of the others. If instead, the integration is performed in the direction
of the current transients, the charge obtained would only reflect the charge recorded
since the instrument started measuring®, and not the total charge from ¢t = 0. Due
to this limitations, it is not advised to use SCVs to measure the coverage of adsorbed

species, instead, sweep voltammetry should be used.

Figure 5.3b shows SCVs sampled at 100 ms and with E, = 1.2 V vs RHE obtained in
different electrolytes®. The SCV recorded in KCIO4 shows an increased current when
compared to the SCVs obtained in extreme pH, this support the idea introduced in
Chapter 4 where it was shown that experiments performed in neutral and unbuffered
media are affected by local changes of pH. Here, due to the nature of the experiment
(steps as opposed to sweeps), it should be noted that the change in pH occurs in the
direction of the current transients, and so the local conditions in the SCV are different
than those of an equivalent experiment with sweep voltammetry. The SCV in KClO4
also shows a higher coverage of oxide compared to the results in NaOH and HCIO,".
Since the RHE is physically located in the bulk, it can not sense the local increase
of pH occurring close to the working electrode; then, relative to the RHE, the oxide
formation occurs at potentials more negative than its bulk pH. A rest potential of 0.9 V
in neutral pH would then be equivalent to a higher potential in alkaline pH, effectively

increasing the coverage of oxide.

This section presented sampled current voltammograms of the reduction of Pt oxides.
Due to the difference in experiments, it is not advised to analyse the results in the same
way as with sweep voltammetry, and it is suggested that the information be used in

qualitative form instead. As shown elsewhere [8, 20], SCV for the reaction of species in

‘AE, = 20 mV.

5The time step was 2.5 ms.

5The voltammograms are plotted against SHE to observe the pH dependence.
"Recorded at the same conditions in time (100 ms) and E, (1.2 V vs RHE).
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Figure 5.3: SCVs sampled at 100 ms and recorded in Ar-saturated solutions. All SCVs

started at E,.

solution always show a sigmoidal wave due to the diffusion layer thickness being fixed
at each sampling time, meanwhile, the results shown in this chapter seem to indicate
that SCV for adsorbed species are peak-shaped; this suggests that sampled current
voltammetry can be used to differentiate between reactions of species in solution and
those of species adsorbed on the electrode. It can be argued that a similar effect is
possible when using microelectrodes: under diffusion controlled conditions, the voltam-
mogram is sigmoidal in shape, while surface processes are peaked in nature. Although
this is true, both processes have different time scales (long and short times respec-
tively); using low scan rates to achieve steady state and the fact that microelectrodes
have a reduced electroactive area, could make the contribution of the surface processes
virtually non-existent. Similarly, increasing the scan rate to enhance the response of
the adsorbed species would produce a non-steady state voltammogram. This observa-
tions lead to conclude that sampled current voltammetry can be used to differentiate

reactions with species in solution from those adsorbed on the electrode.
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5.2 Oxygen reduction reaction

In the previous section, sampled current voltammograms of Pt oxides were obtained.
Here, SCV is used to study the reduction of molecular oxygen. Compared to what
was done by Perry [3], here, different electrolytes and oxide coverages are used and the
results are discussed in terms of the sampling time, the state of the surface (reduced
or oxidised) and the local pH. A Koutecky-Levich equivalent methodology to extract
kinetic information is presented. Throughout this section, the potential waveform

shown in Figure 5.1 was used.

5.2.1 Transient response

Perry and Denuault used sampled current voltammetry to study the reduction of an
adsorbed oxygen species at short times [1], and although Perry obtained preliminary
results with different pH [3], this was not studied further. Perry observed that when
decreasing the pH of the solution, the adsorbed species could not be detected and sug-
gested that the oxygenated species were affected by pH. In previous sections of the
present work, it has been shown that these species are in fact oxides formed during the
rest potential, and so the preliminary results obtained by Perry have to be reconsid-
ered. In this section, sampled current voltammetry of the oxygen reduction reaction
in acidic conditions is presented; the influence of different oxide coverages on the ORR

is discussed.

Figure 5.4 shows sampled current voltammograms recorded in an Os-saturated 0.1 M
HCIO, solution and obtained after applying the potential waveform shown in Figure 5.1
with £, =1V vs RHE. The sigmoidal wave typical for reactions of species in solution
and the increase in the limiting current with the sampling time can be observed. The
SCVs were normalised with the Mahon-Oldham equation assuming n = 1 to reveal
the presence of adsorbed species. The normalisation seems to indicate that in acidic
conditions the adspecies are virtually non-existent, similar to what was observed in the
preliminary experiments performed by Perry [3]. Even though the normalised current

at the plateau seems to indicate the presence of a trend consistent with the presence
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Figure 5.4: SCVs (left) and normalised SCVs (right) recorded in a solution 0.1 M HClO4
saturated with Os. The legends show the sampling times used. The potential waveform
shown in Figure 5.1 was used with £, = 1 V vs RHE. The SCVs were normalised with the

Mahon-Oldham equation assuming n = 1.

of the adspecies (higher current at shorter sampling times), the values of n,,, are not
as high compared to those reported by Perry and Denuault in KClO,4 [1], suggesting
that the coverage of the oxide is low. Comparing the SCVs in Ar-saturated solution
(Figure 5.3) and that in Og-saturated solution with E, = 1 V and sampled at 100
ms, it is possible to observe that the peak current in the former is almost one order of
magnitude smaller than that of the ORR at the plateau. In order to observe an effect of

the oxide reduction to the current, it is necessary to increase the initial coverage.

Figure 5.5 shows normalised SCVs sampled at 0.02 s obtained after using different rest
potentials. ngy,, seems to increase with F), consistent with the reduction of oxides
at short times. A clear sign of the reduction of an oxide is the peak observed when
resting at 1.4 V| this indicates that the current due to oxide reduction is comparable
to that of the ORR at this sampling time; in the case of lower E,, as that used by
Perry [3], the reduction of the oxide is not evident even at short times due to the
greater contribution of the ORR. Decreasing the concentration of Oy or increasing the
electroactive area of the electrode could show a peak-shaped voltammogram at all F,
and it can be a valid strategy when studying reactions that involve surface processes

and dissolved species.
Figure 5.5 also shows background-subtracted SCVs sampled at 0.02 s. The background
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Figure 5.5: Normalised SCVs (left) and background-subtracted normalised SCVs (right)
recorded in 0.1 M HCIO4 and sampled at 0.02 s. The potential waveform shown in Figure

5.1 was used. The SCVs were normalised with the Mahon-Oldham equation assuming n =

1.

subtraction removed the contribution of the reduction of the oxides; this procedure is
commonly used when studying the ORR with steady state techniques [36]. After
the subtraction, the normalised SCVs show values of n,p, similar to that obtained
when sampling at 1 s (considered the steady state, see Figure 5.4). The background-
subtracted SCVs confirm that the extra current seen at short times is due to the
reduction of oxides. The voltammograms also show that E, strongly affects the onset
potential of the ORR; this is consistent with what other groups have observed with
sweep voltammetry [36, 37] and by the observations made in Chapter 4 in this work.
The change in the mixed-controlled region is due to the reduction of the oxide making
the ORR more difficult to proceed, and is similar to what is observed with the anodic
wave obtained with sweep voltammetry. This is an important distinction between
sweep voltammetry and sampled current voltammetry when studying the ORR: in the
former, the anodic sweep is affected by the reduction of the oxides while the cathodic
sweep is presumably oxide-free; in contrast, in SCVs, oxide-free voltammograms can
only be obtained when sampling at long times, short sampling times are influenced by

the reduction of the oxides.
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5.2.2 Kinetic analysis

Perry and Denuault proposed an equation to obtain kinetics information from MSCV
of species in solution [20]. They fitted their equation to experimental and simulated
data obtaining great accuracy. Although their equation is powerful as it can be used at
all sampling times and potentials, its implementation is cumbersome as the equation
itself is complicated and requires non-linear fitting to three parameters (c, k, and E°).
Instead, in this section, an analogy to the Koutecky-Levich analysis is used to obtain

kinetic information.

~1/2 would be

Recalling the Koutecky-Levich analysis, a plot of the current against w
a straight line and extrapolation to the intercept would reveal the kinetic current, iy.
The extrapolation is equivalent to obtaining the current at an infinite rate of mass
transport, which is not experimentally accessible. The Koutecky-Levich plot can be

generalised and rewritten in terms of the mass transfer coefficient, k,,:

1—1+ L (5.1)
i i nFACk,, '

Equation 5.1 is the basis of the analysis proposed here. It can be immediately recog-
nised that for a diffusion controlled reaction, a plot of i~! against k' should also
produce a straight line with intercept equal to i;l. This analogy is powerful since it
implies that Equation 5.1 can be used with any technique where k,, can be controlled.
The simplest transient case is that of planar diffusion, where current transients plotted
in this way would be the inverse to the Cotrell plot®. In this section, a similar analysis
is attempted with a Pt microelectrode, where higher rates of mass transfer can be

accessed.

To use the Koutecky-Levich analysis, it is necessary to first plot the current tran-

sients as a function of the mass transfer coefficient; recalling k,, for a microdisc elec-

8In a Cotrell plot, the current is proportional to ¢!, the equivalent Koutecky-Levich plot would

be its inverse.
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trode:

iy = % f(Dt/a) (5.2)

where f(Dt/a) is the dimensionless function proposed by Mahon and Oldham to ac-
count for the evolution of the diffusion field in transient conditions [13]. At the ORR
plateau, a plot of ¢ against k,, should produce a straight line if the current is diffusion
controlled. For RDE, this would correspond to the Levich plot, since k,, is linearly
dependent on w'/? while for planar diffusion it would correspond to the Cotrell plot
with k,, being proportional to t~'/2. In the case of steady state with microelectrodes,
this would correspond to a plot of ¢ against a, although it has been reported that the
use of the Koutecky-Levich analysis with hemispherical diffusion is not possible due
to the non-uniformity of the current in the surface of the electrode [16, 17]°. Instead,
here, it is proposed to exploit the planar diffusion of a microdisc obtained at short

times to ensure that the edge effect is minimised.

Figure 5.6 shows current transients obtained in Os-saturated HClO,4 solution after
resting at 0.9 V; this value of E,. was used to minimise oxide coverage. The plot shows
that at low step potentials the current is mostly diffusion controlled, as expected from
high overpotentials (Fs < 0.5 V vs RHE). When using potentials along the mixed
controlled and kinetically limited region, the current tends towards a constant value at
high k,,, which indicates the presence of an electron transfer step [8]; this maximum
current would correspond to i, and although it can be obtained for potentials in the
kinetically limited region, it is not accessible for more negative potentials. Instead, an

equivalent Koutecky-Levich plot would allow for the recovery of .

9With hemispherical diffusion, the current at the edges is always higher than that at the centre of
the disc.
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Figure 5.6: Current transients obtained by using the potential waveform shown in Figure

5.1. Air-saturated 0.1 M KClOy4 solution, with a Pt microelectrode (a = 25 pm).

The plot shown in Figure 5.6 can be transformed into an equivalent Koutecky-Levich
plot by taking the inverse of both axis, this is represented by the black lines from
Figure 5.7.

Two regions can be observed. First, a linear region is observed up to around 60 cm™!

s; this region corresponds to 0.0025 to 0.320 s. Recalling Figure 1.4, at the millisecond
scale, the diffusion field of a microdisc with a = 25 pm is starting to deviate from
planar diffusion due to edge effects. To ensure that planar diffusion dominates the
current, the microsecond scale is needed, although at this time scale, the current can
be affected by non-Faradaic processes, and, in the case of the ORR, by the reduction of
oxides. These complications can make the measurement of i, difficult; here, in the time
scale used, it is assumed that edge effects have a small influence on the current, that
the coverage of oxide is low (E, = 0.9 V vs RHE) and that the charge and discharge
of the double layer occurs in the microsecond scale. The second region that can be

I'and is due to the

observed appears after the linear region as a sudden increase in ¢~
decrease in current at long times. In this timescale (t > 0.32 s) edge effects dominate
the current and can not be used to access kinetic information. The following analysis

concerns the linear region of the equivalent Koutecky-Levich plots.
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Figure 5.7: Equivalent Koutecky-Levich plots obtained from Figure 5.6. The solid lines
show the Fitting to Equation 5.1.

To obtain i, the linear region was fitted to Equation 5.1, represented in Figure 5.7
with red solid lines. Following the Koutecky-Levich methodology, a Tafel plot was
constructed by plotting 7, against E, in a semi-log scale, see Raw curve from Figure 5.8.
At high potentials a straight line can be observed; noting that this region corresponds
to the kinetic and mixed controlled regions, this plot can give information about the
kinetic parameters ks, and «. In the case of the ORR, it is commonly accepted to
report the inverse of the slope. Here, a fitting to the linear region (red solid line)

resulted in an inverse slope of 104 mV dec™!

, close to the expected value of 120 mV
dec™!; discrepancy may be due to the assumptions mentioned earlier with respect to the
quasi-planar diffusion. Figure 5.8 also shows the Tafel plot obtained from background

1

subtracted SCVs, the obtained inverse slope was 106 mV dec™". The similarity between

values validates the assumption of having a low oxide coverage.
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Figure 5.8: Tafel plots obtained from the Koutecky-Levich methodology for SCV. The solid
line shows the linear region from where the Tafel slope can be extracted. See Figure 5.6 for

details.
5.2.3 pH comparison

This section presents results obtained with different electrolytes. SCVs are discussed
in terms of the sampling time and n,,, followed by the use of the equivalent Koutecky-

Levich analysis to obtain kinetic information of the ORR.

Figure 5.9 shows SCVs sampled at 15 s. The shift in potential due to changes of
pH observed in KClO, is similar to the response when using sweep voltammetry (see
Chapter 4). Since every point of the SCV is independent of each other, the shift in
potential suggests that the local production of OH™ is too high in transient conditions,
even at low overpotentials and long times (15 s), and that mass transport can not
compensate it. The SCVs were normalised with the Mahon-Oldham equation assuming
n = 1 to reveal the apparent number of electrons at the ORR plateau; this is also shown
in Figure 5.9. The values of n,,, obtained are consistent with those reported in the
literature for the different electrolytes used [4, 66] and suggests that SCVs at the steady
state can be used as a replacement to other steady state techniques (rotating disc, flow
cells, microelectrodes) to calculate the number of electrons. Another observation can
be made regarding the potential to drive the ORR: in KClOy4, a higher overpotential

is needed than in solutions with extreme pH due to the ORR proceeding in alkaline
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Figure 5.9: SCVs (left) and normalised SCVs (right) sampled at 15 s and recorded in Os-
saturated solutions. The potential waveform shown in Figure 5.1 was used with F. = 0.9V

vs RHE. The SCVs were normalised with the Mahon-Oldham equation assuming n = 1.

conditions.

Figure 5.10 shows normalised SCVs sampled at 20 ms after resting at 0.9 V. All the
SCVs show an increase in ngy,, from their expected value that can be related to the
reduction of oxides at short times. Here, the SCV in KClO, is peak-shaped, suggesting
that the contribution of oxide reduction to the total current is comparable to that of the
ORR. Even though in all cases the same rest potential was used (E, = 0.9 V vs RHE),
the higher value of n,,, and the peak voltammogram obtained in KClO,4 suggests that
the coverage of the oxide is higher than that of the other electrolytes.

0 P
”
4 + ]
E 1
S ,
£ 67 !
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10 F7ea” -=-0.1 M KCIOy4|
-04 -02 0 02 04 06 0.8
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Figure 5.10: Normalised SCVs sampled at 20 ms. See Figure 5.9 for the experimental
details.
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(a) Raw currents. (b) Subtracted currents.

Figure 5.11: Tafel plots obtained from the raw and subtracted currents of SCVs. The solid
line shows the linear regions from where the Tafel slopes can be extracted. See Figure 5.9 for

the experimental details.

Koutecky-Levich analysis was performed with the results obtained in different elec-
trolytes. Figure 5.11 shows the Tafel plots obtained with the raw and subtracted
results. The analysis in subtracted KClO4 was not performed due to the observations
made in Chapter 4 regarding the different states of the surface in the presence and
absence of O,. Still, it can be observed that linear regions are present in all three
electrolytes that can be related to the mixed and kinetically controlled regions; more
negative potentials fall into the mass transport controlled region, where kinetic infor-
mation can not be accessed. Table 5.1 shows the inverse slopes obtained from the linear
regions of Figure 5.11; the results are similar to the expected values of 60 and 120 mV
dec™! for the ORR that are related to the higher presence of adsorbed OH™ on NaOH
than in HCIOy4 [60].

slope™ / mV dec™! | Raw | Subtracted

HCl1O4 104 106
KCl104 115 -
NaOH 54 53

Table 5.1: Tafel slopes obtained from Figure 5.11.

This section presented the comparison of SCVs at different pH and their relation with
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the reduction of oxide and the ORR. It was shown that, similar to the results with sweep
voltammetry, SCVs in KCIO4 are also shifted in potential due to the local changes of
pH. Kinetic analysis through the equivalent Koutecky-Levich methodology resulted in
Tafel slopes similar to the ones reported elsewhere [60]. It is important to stress that
the analysis of the SCV in KClOy is complicated due to the continue production of
OH . At any given time, during the reduction, the electrode behaves as a source of
OH ", effectively increasing the pH at its surface; as time is increased, OH  diffuses
away from the electrode, also increasing the pH of the surroundings while still being
produced at the source. This generates a pH profile, with higher values at shorter
distances from the electrode. This has several implications: the ORR always proceeds
in alkaline conditions since the reaction occurs at the OH ™ source (the Pt electrode),
the RHE takes into account the pH at the bulk of the solution and not the pH in
the surroundings of the working electrode which increases the overpotential needed to
drive the reaction, and the diffusion coefficient of O, is affected when O, reaches the
diffusion layer of OH . Due to this complications, the results obtained in KClO4 have

to be taken with care.

5.3 Analytical derivation of SCV of adsorbed species

The electrochemical response of adsorbed species has been well described by Laviron
when he proposed a simple methodology to extract kinetic information that relies on
sweeping the potential at different scan rates v and plotting the peak potential against
In(v) [91]. This methodology assumes that the species is irreversibly adsorbed, that the
coverage follows a first order rate law and that the rate constant has a dependency on
potential according to Butler-Volmer kinetics. Following Laviron’s methodology, other
groups have developed methodologies to investigate the response of adsorbed species
using transient and differential techniques, although their implementation and analysis
to extract kinetic information is cumbersome [92, 93, 94, 95]. Voltammetric techniques
are easy to implement and visually descriptive. The double layer current contribution

is easy to observe, and generally, it can be subtracted by assuming that its value is
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constant over the potential window of interest. Nevertheless, it is well known that
adsorbed layers modify the capacitance response of electrodes [8], and the subtraction
procedure may lead to errors when calculating the coverage of the adspecies. Transient
techniques, on the other hand, are not as visually powerful and the extraction of kinetic
information and coverage is cumbersome as it requires mathematical treatment of the
data by fitting to a model [96]; on the other hand, they have the advantage that their
capacitive contribution has an exponential decay. By minimising the electroactive area,
the timescales of the capacitive and Faradaic currents can be separated, allowing one
to record only the latter without resorting to subtraction, as it is the case for voltam-
metry. Furthermore, if the current at different potentials is recorded, sampled current
voltammograms can be obtained, providing a visually powerful mean to obtain kinetic
information that can rival classical voltammetric techniques. To construct SCVs, the
current is sampled at a specific time and plotted against its respective potential. A
special case is called normal pulse voltammetry (NPV), and it was introduced with the
use of polarographic methods, where the current was sampled at the end of the po-
tential step, just before the detachment of the mercury drop [8]. Due to the difficulty
to implement them, NPV and SCV were replaced by more user-friendly techniques
(cyclic voltammetry, chronoamperometry, etc); now, with the advent of digital poten-
tiostats and the use of solid electrodes, sampled current voltammograms can be easily

constructed and analysed.

SCV has been sporadically used to study diffusion controlled species, mostly by sam-
pling at long times to obtain a quasi-steady state response when true steady state
techniques can not be used (rotating disc electrodes, thin layer, flow cell, microelec-
trodes, etc.) [18, 28]. The ability to extract information at different time regimes makes
SCV a powerful technique, and, although the theory to obtain kinetic information of
diffusion controlled species is already developed [8, 18], its implementation can be dif-
ficult since the current sampled at short times could be influenced by the charge of the
double layer. Recently, the use of microelectrodes to minimise this effect was proposed,
and it was shown that this combination of techniques is specially useful to compare
kinetic information at different diffusion regimes [1, 20]. In previous sections, sampled

current voltammetry was used to study the presence of Pt oxides and it was revealed
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that the voltammograms are peak-shaped as opposed to being sigmoidal for the case
of reactions with species in solution; the present section tries to give a mathematical

support to this response.

5.3.1 Theory

The following reaction where O and R are both adsorbed on the electrode surface is
assumed:

k
Oaqs + ne” % Rags (5.3)

b
where the equilibrium is controlled by the relative magnitude of the forward and back-
ward rate constants, ky and k, respectively. Assuming a first order reaction, the dif-

ferential equation describing the dependence of the coverage of O on time is:

dr,
dt

= kTl + KTk (5.4)

It is also assumed that at ¢t = 0 the coverage of O in mol cm™? is given by I'}) and that

I'% = 0, so that at any given time:
Iy +Th =T9 (5.5)

With these definitions, the differential equation is then:

dr,
dt

= —kiTh + k(TS — T%) (5.6)

Rearranging and by defining K = k¢ + ky:

dr,
dt

= — KT} + kI (5.7)

Solving the differential equation by change of variable:
t dF6 /t
— 0 [ 4t (5.8)
/0 kL — KT 0

u =kl — Kl (5.9)
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du = —KdI'; (5.10)
1 du 1
evaluating:
1 s 1 kY — KT
——In(kTY — KT =—=1 (M) =t 5.12
(ko O)FOO K \&T% — KTO (5.12)
Solving for I'}) and rearranging:
kY — KT
——————— = exp(—Kt) (5.13)
kel
kpL'Y + kT2 —Kt

K

Equation 5.14 describes the coverage of O as a function of time. Since the charge

describes the coverage of R:
Q=nFTy =nF(TY —Tk) (5.15)

Introducing Equation 5.14 and by defining Q° = nFTQ, the charge is now:

- Ky + kfexp(—Kt)} (5.16)

Q:QO[ K

It is also assumed that the rate constants have a potential dependence following Butler-

Volmer kinetics:

nk'
kf = ks exp( — a—RTn> (5.17)
nk
ky = ksexp [(1 — oz)—RTn} (5.18)

where k; is the standard rate constant for electron transfer, « is the transfer coefficient,
n = E — EY is the overpotential, E° is the equilibrium potential, n is the number of
electrons, F'is the Faraday’s constant, R is the gas constant and T is the temperature.
The solution to Equation 5.7 requires that only O is present (initial condition), this
is only possible through the application of an infinite positive potential before the
experiment starts. Here, it is assumed that this initial potential is sufficiently positive

so that the initial coverage of R is negligible.
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To simplify the potential dependence on the charge, it is convenient to express the rate

constants ky and k; as a function of € according to:

o (nF >

— ex e

€ p RT”
k)f = ksﬁ_a
ky = ksee @

At infinitely long times, () then can be expressed as:

Q“’”ZQO(l_ kf]fﬁk:) :Q0<1_ 1ie>

which can be rearranged to obtain the Nernst Equation:

Qiim = Q()(l 1+ exp(—lnFn/RT)>
E=E+ %111(—@0 Zglem>

With these definitions, Equation 5.16 can be rearranged and simplified:

B € exp(—Kt)
Q_QO[1_1+6_ 1+e }

0

Q = Qum — IQ—Hexp(—Kt)

noting that
QO

Qlim: 1+e

the charge ) at any given potential and time can be described by:

Q = Quim|[1 — exp(—K1)]

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

Equation 5.28 is akin to the charge of a pseudo-capacitor where its time constant is

given by 1/K and can be used to estimate the rate constant K with a non-linear fitting

of Q/Qum against t; the mathematical treatment to obtain kinetic parameters will be

136



Chapterb

presented in following sections. With j = d@/dt and Equation 5.22, the current density

as a function of potential and time is:
j = Q%;exp(—Kt) (5.29)

Equation 5.29 has the same form as the one reported for the complete irreversible case,
when K = kg [96, 97, 98, 99]; the main difference is that it takes into account the

backward reaction.

Figure 5.12 shows the charge and current transient responses according to Equations
5.28 and 5.29. Only two potentials are shown to facilitate the comparison. This plot
shows the relationship between charge and current with the reaction given by Equation
5.3, where the current shows the consumption rate of species O while the charge shows
the increase in coverage of R. The plateau reached by the charge density does not
correspond to Q°, instead, it shows a dependence on potential and is a result of the
backward reaction controlling the ratio of O and R as given by the Nernst equation,
then, at infinite times it is possible to use Equation 5.23 to calculate Q° and E° by

recording the charge at two different potentials.

§/Q° /st

Figure 5.12: Normalised charge (right axis, dashed lines) and current (left axis, solid lines)
transients from Equations 5.28 and 5.29 respectively, calculated with n = 1, a = 0.5 and k;

= 5 5L, The legend indicates the overpotentials used.

Figure 5.13 shows the plots of Equations 5.28 and 5.29 as a function of time and

potential. The projections show selected sampled and transient plots. Figure 5.13
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Figure 5.13: Plots of j (left) and Q (right) as a function of ¢ and 1. Q° = 210 uC cm~2.

See Figure 5.12 for the rest of the parameters used.

shows that sampled current voltammograms are peak shaped, while sampled charge
voltacoulograms are sigmoidal. In order to obtain kinetics information, it is necessary
to analyse the transients at short times, since at long times the charge reaches Qi
while the current reaches zero due to the full consumption of O; a timescale that allows

for the quantification of kinetic information has to be estimated.

Figure 5.14 shows the projection of @ and j onto the ¢-n plane normalised by Q° and
Jpeak Tespectively. The SCVs and SQVs can be recovered by sampling the plots at a
fixed time, while the chronocoulograms can be recovered by keeping a potential constant
and moving along the ¢ axis. Due to the normalisation, the chronoamperograms can
not be visualised in this way, as the current at short times would be several orders of
magnitude higher than in the rest of the plot. The transition region observed in the
charge plots correspond to the rising part of the sigmoidal SQVs. This region contains
the dependence of () on 7. At long times, kinetic information is not accessible, as the
charge reached Qy;,,. Focusing on a fixed value of the charge, Q/Q° = 0.5 represented
in the plot in cyan, it can be seen that a combination of short times and negative
potentials are needed to achieved that charge, and the shorter the time, the more
negative the potential required, for more positive potentials, the charge reaches the
equilibrium and do not depend on time any more. Then, kinetics information is only

accessible at short sampling times and negative potentials. For a system with a lower
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Figure 5.14: Projection of j/jpeak, Q/Q" and Q/Qyin, onto the t-n plane with different k.

See Figure 5.12 for the rest of the parameters used.

ks, as in Figures 5.14b and 5.14d, the time where kinetic information can be accessed
is increased. A similar analysis can be made with the plots of the current. Here, the
transition region represents the peak of the SCVs. At long times, the peak current
(7/jpea = 1) approaches the equilibrium potential and so lower times are required
to obtain kinetic information, in agreement with the charge plots. In the following
sections, different methodologies to obtain kinetic information from current transients

are presented.
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5.3.2 Tafel analysis

Equation 5.28 is akin to the charge of a pseudo-capacitor with a time constant 1/K.
To reach approximately 95 % of the final coverage, a characteristic time can be defined
as 7 = 3/K; this would correspond to the maximum time where kinetic information
can be obtained. A plot of 7 against overpotential is given in the left axis of Figure
5.15, where it can be seen that this characteristic time is maximised at the equilibrium
potential for o = 0.5 and shifts up to E° + 25 mV for transfer coefficients between 0.3
and 0.7 (see Figure 5.16); applying a potential in this region would make the reaction
proceed slowly enough to make the kinetic regime last longer with the drawback of

reaching only 50 % of a monolayer, as allowed by the Nernst equation.
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Figure 5.15: Plots of In(K) (right axis) and 7 (left axis) against 1 calculated with n = 1,

a = 0.5 and ks = 5 s~!. The dashed lines show the extrapolation to E°.

Figure 5.15 also shows a plot of In(K') against overpotential (right axis), where a linear
region at high overpotentials is present. The branches seen correspond to the logarith-
mic plots of k¢ and k;, and the values of k5 and a can be obtained, as traditionally done
with Tafel plots, from the intercept and slope respectively (Equations 5.17 and 5.18).
The dashed lines show the extrapolation of the linear regimes; E° would correspond
to the potential where both lines intersect and, contrary to the plot of the character-
istic time, it does not depend on the value of the transfer coefficient (see Figure 5.16).
Experimentally, K can be obtained by fitting Equation 5.28 to chronocoulograms nor-

malised by their respective plateau or by linearisation of the current transients. For a
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process with slow kinetics, this methodology may suffice, however, for a system with
higher k4, obtaining K from Equation 5.28 can lead to errors, since it requires a wide
range of overpotentials to ensure that the branches can be clearly distinguished. In
the following sections, the analysis of sampled current voltammograms is introduced
and shows that kinetic information can be obtained at any range of overpotentials,

provided the value of 7 falls into the timescale of the instrument.
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Figure 5.16: Effect of the transfer coefficient o on the characteristic time 7 (left) and
on In(K) (right). Calculated from Equations 5.17 and 5.18 with ks = 5 s™! and n = 1.
The dashed line in plot of In(K) shows the extrapolation to EY of the cathodic and anodic

branches.

5.3.3 Laviron analysis

This section concerns with the analysis of SCVs to obtain kinetic parameters of ad-
sorbed species in the absence of diffusion. SCVs and SQVs for an adsorbed species at
different sampling times are shown in Figure 5.17. As the sampling time is decreased,
the waves shift to more negative potentials away from the equilibrium potential. A
similar behaviour is observed with voltammetric techniques when the scan rate v is
increased; in this case, the values of ks, and o can be obtained by extrapolating the
linear region observed in plots of Ej..; against In(r) [91]. This requires obtaining
voltammograms at a wide range of v to ensure that the linear region is not mistaken

with the quasi-reversible behaviour.
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Figure 5.17: Sampled current voltammograms (left) and sampled charge voltacoulograms
(right) for different sampling times. Calculated from Equations 5.29 and 5.28 respectively
with Q¥ = 210 uC cm™2, n =1, ks = 5 and a = 0.5. The SCV is more sensitive to kinetics

than the SQV, as seen by the greater shift of the waves at long sampling times.

Following a similar approach as that reported by Laviron for voltammetry [91], the
peak potential and current of an SCV can be obtained analytically if only the forward

reaction is taken into account:
k
Oads + 16~ — Rads (5.30)

the equation for the coverage is:

dgf) = —k; TG (5.31)
and its solution is straight forward:
I = Iexp(—kst) (5.32)
with charge and current given by:
Q = Q[L — exp(—kst)] (5.33)
j = Qksexp(—kyt) (5.34)

The initial charge Q° is always reached for the case of no backward reaction, provided

enough time is given to the experiment; this is contrary to the case when the backward
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reaction is taken into account, Equation 5.28, where the final charge reached after
infinite time is controlled by the ratio between the oxidised and reduced adsorbed

species.

The second derivative of the coverage on potential carries the information of the peak

potential (Epeqr) and current (jpear) as a function of the sampling time:

arY,

5.35
TP 0 (5.35)
Obtaining first and second derivatives:

drs ankFt
=TY k —k st 5.36
a O RT rexp(—Fkyt) (5.36)

A’ ranF\?2

= ro(—RT ) ket (k st — Dexp(—kjt) (5.37)

To fulfil the condition given by Equation 5.35, it is necessary to set kst = 1 so that the
term (kst —1) = 0. Substituting k; = 1/t in Equation 5.20 and solving for E,;:

1 nkF
7= ksexp(—aﬁnpk) (5.38)
1 nkF
(i) - ol -
n i Qo ok (5.39)
RT 1
By =B = —In( ) 5.40
pk ankF . kgt ( )
After substituting Equation 5.40 in Equation 5.34:
0
Jpk = Q—exp(—l) (5.41)

t

Equation 5.41 describe the peak potential and peak currents respectively as a function
of the sampling time. Figure 5.18 shows this at short (left) and long (right) times
for a system that contains both forward and backward reactions; it can be seen that
Equation 5.41 predicts the peak currents only at short times, where it can be assumed

that the backward reaction does not influence the current.
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Figure 5.18: Peak current from SCVs as a function of the sampling time, the right plot
shows longer times. SCVs obtained from Equation 5.29 with Q° = 210 uC cm™2, n =1, ks =
55! and a = 0.5. The solid line represents Equation 5.41 and it shows a good agreement at
short times (left plot, irreversible behaviour) but not at long times (right plot, quasi-reversible

and reversible behaviours).

To obtain kinetic information, it is possible to construct an equivalent Laviron plot as
E,) against In(1/t). Figure 5.19 shows some examples obtained with different values
of ks. The linear region seen at short times can be extrapolated to n = 0 to obtain a
characteristic time 4uiron, that is, Equation 5.39 is now:
1
1n<—) ~0 (5.42)
kstLaviron

which can only be true if ks = 1/t14piron. The value of the transfer coefficient can be

readily obtained from the slope of the linear region, by noting from Equation 5.40:

T
s = _ AT (5.43)

ankF
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Figure 5.19: Equivalent Laviron plots for different rate constants. SCVs obtained from
Equation 5.29 with Q° = 210 uC cm™2, n = 1 and o = 0.5. The dashed line represents
Equation 5.40 for each k.

This methodology is presented as an analogy of that proposed by Laviron for voltam-
metric techniques [91], and as such, has similar constraints. For a system with high ks,
short sampling times are required to ensure that the plot of 7,; against In(¢~!) shows
the linear region. In addition, a high number of potential steps are required to resolve
the peaks. The following section introduces a new methodology that exploits SCVs to

obtain kinetic information for systems with higher k.

5.3.4 Logarithmic SCVs

This section presents a methodology to extract kinetic information with sampled cur-
rent voltammograms. Figure 5.20 shows the comparison between normalised sampled
current voltammograms and normalised sampled charge voltacoulograms. The sig-
moidal shape of the SQV is a direct consequence of the charge being proportional to
the amount of O that has reacted, Equation 5.28. Kinetic limitations are seen as a shift
in the potential for short sampling times, while at long times the wave tends towards
the equilibrium, Equation 5.23. Experimentally, the equilibrium can only be seen in
SQVs sampled at long times due to the cumulative nature of the charge; in contrast,

at long times the current decays to zero as the process is finished.
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Figure 5.20: Normalised sampled current voltammograms (left axis, solid lines) and nor-
malised sampled charge voltacoulograms (right axis, dashed lines) calculated with n = 1, «

=0.5and ks =5 s L.

In this section a methodology is proposed to analyse sampled current voltammograms
in order to obtain kinetic information without the need to apply a large number of

potential steps. First, linearising Equation 5.29:
In(|j) = In(Q"ky) — Kt (5.44)

Equation 5.44 indicates that In(|j|) should be a linear function of time; while this is
true and it can be used to obtain the value of the rate constants through the plot of
In(K) againts E (Figure 5.15), this is only possible for systems with low ks or when a
wide range of potentials can be applied. Applying Equation 5.44 to sampled current
voltammograms is visually more powerful, since the evolution of the kinetic regime as
a function of the sampling time is revealed. This is shown in Figure 5.21, where the
peaks seen in the sampled current voltammograms are now turned into parabolas with

an increasing flattened region as the sampling time decreases.
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Figure 5.21: Logarithmic sampled current voltammograms calculated with n =1, « = 0.5

and k; = 5 s~!. The dashed line represents the irreversible case, Equation 5.45.

At the limiting case when ¢t = 0, the second term in Equation 5.44 disappears and the

intercept can be simplified to:

(1) = (@) — T (5.45)

where ;° refers to the extrapolated current at ¢t = 0. Equation 5.45 would correspond
to the case when no backward reaction is assumed, where In(;°) is a linear function of
potential (this has been represented in Figure 5.21 with a dashed line). In this way, by
recording current transients at different potentials and extrapolating them to the no
backward reaction case that would be obtained at infinitely short sampling times, the
transfer coefficient can be obtained from the slope of Equation 5.45. Once the value of
« is known, it can be used to obtain ks from K = k; + k;, and finally, the value of Q°

from the intercept.

The analysis of SCVs has a clear advantage over traditional voltammetry: in SCV,
the current transients can be extrapolated to ¢ = 0. This can be seen graphically
in logarithmic SCVs, as they are sensitive to kg, contrary to normal SCVs or even
SQVs (see Figure 5.17); as long as an effect in the logarithmic SCV is shown, kinetic
information can be obtained by extrapolating to the complete no backward reaction
case. In contrast, Laviron’s methodology for voltammetry requires the use of a wide

window of scan rates to clearly distinguish the kinetic regimes that can be limited by
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the instrument and so high ks may not be accessible. Using Laviron’s methodology
with SCV (Equations 5.40 to 5.43) has similar constraints: a wide range of sampling
times is needed, in addition to a high number of potential steps to be able to resolve

the peaks.

5.3.5 Double layer capacitance

An important issue to assess is the impact of the double layer capacitance that appears
at short sampling times. Similar to electroadsorbed species, capacitive currents follow

an exponential decay [8]:

- Rgexp(—t/RSCd) (5.46)

where F is the potential applied, R, is the solution resistance, and Cy is the double
layer capacitance. Equation 5.46 indicates that the sampled current voltammogram of
a capacitor would be a linear function of potential, with an intercept at ¢ = 0 and slope
R;'exp(—t/R,Cy,), where t is the sampling time. Furthermore, Equation 5.46 can be

linearised to obtain the values of R, and Cy from the intercept and slope respectively:

In(i) = 1n<R£S) - R: c (5.47)

In this way, SCVs sampled at short times would reveal capacitive currents as linear
regions, as opposed to peaks for adsorbed species (this work) and sigmoidal waves for
diffusion controlled reactions [8, 20]. If the value of Cy and R, can be obtained, a
safe time constant to start measuring kinetics of electroadsorbed species independently
would be 7 = 5CyR,; this imposes an upper limit on the rate constants that can be
measured, corresponding to K = 1/7. Experimentally, to reduce the time constant 7
and to access higher rates of electron transfer, smaller electrode areas need to be used.
The methodology proposed here is then directly applicable to microelectrodes, since
their time constants are typically in the microsecond scale. In fact, this methodology
can be used with any electrode such that the charge and discharge of its double layer

is over within the first current data point acquired by the instrument.
In order to access kinetic information from high rate constants, a short timescale is
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needed (high v for LSV, short 7 for transients); at this time scales, the charging of the
double layer may affect the measurement of the kinetic parameters. The charge of the
double layer is a function of both, the applied potential F, and time ¢ and it depends
on the capacitance C' in F cm™2 and the solution resistance R, according to Equation

5.48:

@pr = ECRy [1 - exp( - .R,;C;Iq}%f)} (5.48)

where A is the geometrical area and Ry is the roughness factor. The characteristic time
of a capacitor is then R;C' ARy, and it can be proved that to charge the capacitor up to
approximately 95 % of its maximum value, the time needed is 7p;, = 3R;CARy. The

solution resistance R, has to be calculated; for the case of a macroelectrode:

T
R, = — 5.49
I (5.49)
and for a microelectrode:
1
= — 5.50
4ra ( )

where x is the distance between the Luggin capillary and the working electrode, a is
the radius of the microelectrode and & is the conductivity of the solution. With these

definitions, the expressions for the charge of the double layer for both electrodes are:

Qmacro = ECRy [1 - exp( - xg;f)] (5.51)
Qmicro = ECRy [1 - exp( - ng;f)] (5.52)

In both cases, the time constant depends on a characteristic length, being the Luggin-
electrode distance for the macroelectrode (z) and the radius for the microelectrode
(a). The smaller time constant for the latter is one of the advantages of using small
electrode sizes, this allows the exploration of shorter time scales without the influence
of the charging of the double layer. Figure 5.22 shows the charges as a function of
time for different electrode sizes assuming C' = 20 uF cm ™2, typical for Pt in HyO, x =
0.0632 Q' em™!, typical for 0.5 M NaCl, Aaero = lcm?, E =01V, Ry =5 and z
= 0.1 cm. As expected, the characteristic time decreases with the size of the electrode,
going from 1 ms for a macroelectrode to about 20 us for a microelectrode with ¢ = 50

pam.
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Figure 5.22: Charging of the double layer for different sizes of electrodes, calculated with
Equations 5.51 and 5.52 assuming C' = 20 pF cm™2, typical for Pt in HoO, x = 0.0632 Q7!
cm ™!, typical for 0.5 M NaCl, A gero = 1 cm?, E = 0.1V, Ry =5and z = 0.1 cm.

The charge of an adsorbed layer, according to Equation 5.28 and reproduced here is:

Q = Quim|[l — exp(—Kt)] (5.53)

this equation has the same form as that for the double layer, Equation 5.48, and gives
the ability to treat the consumption of species O as a pseudo-capacitor. By analogy,

the time constant to reduce 95 % of the oxidised species is:

3
Tads = 3 (5.54)
contrary to the time constant for the double layer, 7p;, = 3R,C ARy, Toq4s depends on
potential due to € = exp(nF'n/RT) and the standard rate constant for electron transfer,
ks. Figure 5.23 shows this plot, where 7,4s goes through a maximum at E°, and its

magnitude is controlled by the rate constant.
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Tads / S

Figure 5.23: Dependence of the characteristic time of an adsorbed layer, 7,45, as a function

of potential, according to Equation 5.54. k in the plot refers to k.

The potential dependence can be explained as follows. At £ >> E°, the driving force
for the reaction is small, but also, only a small amount of I'p can react at that potential
according to the Nernst equation, and so 7,4 is small. When £ << E°, the equilibrium
requires more coverage to react but the driving force is high and so the characteristic
time is also small, that is, O is reduced faster. At precisely £ = E°, a balance is
achieved and 7,4, is maximum. This implies that the reaction takes longer to complete
at E°, giving more time to obtain kinetic information than at other potentials. The
dependence of 7,4, on potential can also be seen in the chronocoulograms. Figure 5.24
shows chronocoulograms normalised by the Nernst equation for different potentials.
The time for 95 % of the charge agrees with what is predicted by Equation 5.54 and
Figure 5.23, where the maximum 7,4 is obtained at E° (Equation 5.55), and the time
constants decrease as E moves away from E°. If the value of E° is known, then &, can
be obtained directly from Equation 5.55; in fact, the general expression for the time
constant, Equation 5.54, has a dependency on « and k, and if two chronocoulograms
at different potentials are recorded, the problem can be treated as a system of two
equations with two unknowns (« and k) to solve for both parameters. This is a fast
way of obtaining kinetic information but it requires a non-linear fit to Equation 5.28
to obtain each time constant.

o = 1.5/k, (5.55)
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Figure 5.24: Chronocoulograms normalised by Qy;,, for different 7.

With the analysis made so far, it is clear that the charge of the double layer and
the charge of the pseudo-capacitor due to the adsorbed species can occur at different
timescales. To study the latter, the shortest time that can be used would be limited
by the characteristic time of the double layer, while the longest would be limited by
the potential used and it will be maximum at E°. To see the range of k, that can be
studied on transient conditions, the characteristic time of the adsorbed species at E°
was plotted against the standard rate constant and compared with the characteristic
time of the double layer. In Figure 5.25 the plot shows that a macroelectrode can be
used even at k; = 50 s, this is because the charge of the double layer was completed
in less than 1 ms, while 50 s™! would correspond to 7,45 = 30 ms (Equation 5.55), that

18 Tpr << Tuds-
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Figure 5.25: Calculated time constants at E? for the adsorption process and the charging

of the double layer of a macroelectrode for different values of ks. k in the plot refers to k.

The time constants obtained for higher values of k, are shown in Figure 5.26, where the

time for the double layer of microelectrodes is also included. Due to the fast charging

of the microelectrodes giving by the expression of the solution resistance, Equation

5.50, higher values of rate constant (k, > 100x10® s7!) can be accessed.
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Figure 5.26: Calculated time constants at E° for the adsorption process and the charging

of the double layer of a macroelectrode for high values of k;. The time constants for the

double layer charging of different sizes of electrodes is also included. k in the plot refers to

ks.
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Chapter 6

Conclusions and future work

This work is a continuation of the project started by Perry and Denuault, where it
was observed that an oxygenated species was adsorbed on Pt microelectrodes after
exposure to dissolved oxygen [1, 2, 3]. The adsorbed species were detected due to
the specific conditions used, namely the use of a neutral and unbuffered electrolyte
(0.1 M KClOy), the analysis of current transients in the millisecond scale, the use of
microelectrodes that were not affected by capacitive currents in transient conditions,
as well as the potential waveform used. One of the major problems was the difficulty to
separate the current contribution of the adsorbed and dissolved oxygen species, as their
reduction occurs at similar potentials. To solve this, Perry and Denuault subtracted
a theoretical diffusion controlled current that assumed a constant value of ng,y,; this
theoretical current was used as a substitute to the reduction of dissolved oxygen. The
integration of the subtraction allowed them to obtain a charge ascribed to the reduction
of the adsorbed species. Although this methodology showed promising results, it was
believed that the charge was underestimated due to the value of n,y,, decreasing with
increasing mass transfer coefficients, and also, the identity and source of the adspecies

was unknown.

In Chapter 3 of this work, their methodology was improved by exploiting the mass
transfer coefficient. The use of small microelectrodes ensured that the mass transport

controlled rate of the oxygen reduction reaction was quickly established. In this way the
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current due to the ORR remained almost constant in the timescale of the experiment
and any deviations corresponded to the reduction of the adsorbed species. This was
confirmed with the use of a sub-micron spherical electrode and a carbon fibre microdisc
electrode with Pt nanoparticles. In this way, a more precise value of () was obtained

using electrodes that allowed the assumption of a constant ngy,, to be valid.

Chapter 3 also introduced a stripping voltammetry methodology to measure the charge
of adsorption in a more visual and fast way that does not depend on a theoretical equa-
tion. The methodology relies on recording several cycles after the oxygen species were
adsorbed on the electrode; the current of the first cycle would have the contribution of
the adsorbed oxygen species and the reduction of molecular oxygen, while subsequent
cycles would only have the contribution of the latter. In this way, a direct subtrac-
tion of the cycles would generate a voltammogram for the reduction of the adsorbed
species. As this methodology does not depend on a theoretical equation, it can be
used with any diffusion regime (planar, hemispherical, hindered). The methodology
has the added advantage of subtracting non-Faradaic currents and so it can be used
with electrodes that possess a high electroactive area (macroelectrodes, nanoparticle-
based catalysts), as well as with systems where adsorbed and dissolved species have
similar redox potentials. The use of different electrode geometries is proposed as future
work, specifically, using nanoparticle-based catalysts to test for the presence of the ad-
sorbed oxygen species, as it is believed that nanoparticles adsorb oxygenated species

too strongly.

Chapter 4 studied the relationship between the adsorbed species, the presence of Oy in
solution and pH. First, it was observed that the reduction of oxide in KCl1O,4 occurred
at more negative potentials due to a local increase in pH; in a similar manner, steady
state voltammograms for the oxygen reduction reaction appeared at potentials closer
to the expected potentials for alkaline conditions. The ORR waves were shown to be
affected by the presence of the adsorbed species formed in KClO,4 in a similar way as
with other electrolytes: higher coverages inhibited the ORR. These results, along with
the observations made in respect to the reactions being affected by local changes of

pH, suggested that the adsorbed oxygen species observed by Perry and Denuault were
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oxides formed during the rest, specifically, PtOH due to the low potentials used. It
is believed that a smiliar effect would be observed when studying other pH dependent
reactions, namely hydrogen evolution, hydrogen peroxide oxidation and reduction and

oxygen evolution, etc.

In Chapter 4 it was also observed that the oxide formation region in alkaline and
acidic conditions was not influenced by the presence of molecular oxygen, as reported
elsewhere [52, 53|; in contrast, in neutral and unbuffered media, the oxide formation
region was strongly affected by Os, as reported by Perry and Denuault [1, 2]. These
observations suggested that the adsorbed species were related to local changes in pH
and not to the presence of Oy. Voltammograms recorded at high scan rate in Os-
saturated KC1O4 showed the presence of two oxidation peaks, the first one ascribed to
the formation of the adsorbed oxygen species reported by Perry and Denuault, while
the second one was ascribed to the formation of thicker oxides. By comparing the
oxide formation region in different electrolytes, it was suggested that the first peak
was related to the formation of oxides in alkaline conditions while the second peak
was related to oxides being formed in more acidic media. This change in local pH is
ascribed to the high production of OH™ during the ORR that can not be compensated
by mass transport. In an anodic sweep, after the reduction of Os, oxide formation
occurs in a highly alkaline local environment, forming the first oxidation peak; after the
OH" is exhausted by either its diffusion or the production of H" during the oxidation
itself, the second peak appears at potentials closer to acidic conditions. As future
work, it is proposed to perform these experiments with a rotating disc electrode: the
oxidation region in neutral and unbuffered media in the presence of O should be mass
transport dependent due to the production of OH™, this in turn would control the

relative magnitude of both oxidation peaks.

To probe for the presence of OH ™, hindered diffusion was exploited. This was done to
minimise the current contribution of the ORR to the total current by decreasing the flux
of oxygen. These experiments were designed to simulate a degassing process, where the
bulk position would correspond to a fully aerated solution while the hindered position

would simulate a degassed one. Experiments performed in highly acidic media were not
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influenced by the different oxygen fluxes, confirming what other groups reported with
flow cells and quartz crystal microbalance regarding the presence of O, not affecting
Pt oxide formation [52, 53]. This is an important result, as it is the first time that this
has been observed with the use of SECM; in addition, hindered diffusion allowed the
experiment to be performed in the presence of Oy at all times, contrary to the literature
reports where the solution is changed before the stripping. These experiments can be
generalised and used to study adsorbed species when a dissolved species with a similar
redox potential is present; a short electrode-substrate separation would decrease the

contibution of the diffusion controlled species to the overall current.

Voltammograms in KCIO, were shown to be strongly affected by the tip-substrate
distance. The oxide formation region in the hindered position showed the presence of a
diffusion controlled oxidation wave that was affected by the amount of OH™ produced
and the tip-substrate distance. Although no direct confirmation exists, this wave is
consistent with the oxidation of OH™ that occurs in slightly alkaline conditions [90];
a quick calculation showed that the local pH was about 9. More importantly, the
voltammograms seemed affected by the tip-substrate distance; the magnitude of the
two oxidation peaks changed with distance, and in the hindered position, only one
continuous peak appeared along with the OH™ oxidation wave. This change in the
oxide formation region is ascribed to different mass transport regimes; in the bulk,
a high amount of OH™ can diffuse away from the electrode, producing two oxidation
peaks, while in the hindered position the OH™ formed is trapped between the substrate
and the electrode, greatly increasing the local pH and producing a continuous oxidation
peak that would correspond to oxide being formed in alkaline conditions. Overall, these
experiments show evidence that the adsorbed oxygen species observed by Perry and
Denuault, are in fact oxides formed in alkaline conditions. FEven though the results
strongly suggest that the oxides are PtOH, spectroscopic evidence is needed and is
proposed as future work. It is important to state that although this methodology
was designed to be used with the specific conditions of this work, it can be used to
study any adsorbed species when their redox potential is similar to that of species in

solution.
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Chapter 5 focused on the use of sampled current voltammetry to study the oxygen
reduction reaction and adsorbed species. First, SCVs of Pt oxides were obtained,
observing that the voltammograms were peak-shaped, as opposed to the sigmoidal
waves observed when studying reactions of species in solution [8]. This suggested that
SCVs for the ORR with an oxidised electrode would show a peak at short times, as the
reduction of the oxide would contribute more to the current. This was observed when
using high oxide coverages: normalisation to obtain an apparent number of electrons
showed a value higher than 4, similar to what was observed by Perry and Denuault,
supporting the idea of the adsorbed oxygen species being an oxide. After subtracting
SCVs in the absence of O, and in electrolytes with extreme pH, n,y, remained constant
independently of the sampling time. In neutral and unbuffered media, the subtraction
was not possible due to the differences in local pH when working in the presence and
absence of O,. This methodology opens up the posibility of decoupling adsorbed and
dissolved species with sampled current voltammetry, where short sampling times would
enhance the current contribution of any adspecies present, while long sampling times

would ensure the steady state response of the diffusion controlled species.

Chapter 5 also introduces a kinetic analysis equivalent to the Koutecky-Levich ap-
proach. Noting that the mass transfer coefficient varies in transient conditions, equiva-
lent Levich plots were constructed with current transients and transformed into Koutecky-

! against k,!. Extrapolation to the Y axis allowed for the

Levich plots by plotting ¢~
determination of kinetic currents for each potential step; this in turn allowed for the
construction of Tafel plots where the values of the Tafel slopes obtained were similar
to the reported ones for the ORR. Perry and Denuault proposed the fitting of an equa-
tion to obtain kinetic parameters with microelectrode SCVs [20]. Compared to their
methodology, the Koutecky-Levich approach does not depend on a complicated equa-
tion and is easier to implement, as the methodology is essentially the same as when
using RDE. Furthermore, it can be used with any mass transport technique, provided

the electrode is uniformly accessible; here, this was ensured by using timescales where

planar diffusion dominated.

The last section of Chapter 5 and of this work, tries to give mathematical support
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to the observation made previously regarding the SCVs for oxides being peak-shaped.
As formation and reduction of Pt oxides are complicated reactions, it was decided
to assume simpler conditions, specifically, that the redox species do not desorb and
are quasi reversible, that the reaction follows a first order process and that the rate
constant follows Butler-Volmer kinetics. With this assumptions, an analytical solution
for the transient response of the coverage was obtained and turned into charge and
current. The obtained sampled current voltammograms showed a Gaussian peak where
its potential depended on the sampling time, while the sampled charge voltacoulograms
showed sigmoidal waves. For the simple reaction studied here, kinetic information can
be extracted by extrapolating the current transients to ¢ = 0. It is proposed to convert
SCVs into logarithmic SCVs, that is, plotting In(7) against E; this is visually more
powerful as kinetics limitations are shown as a linear regime. Although the system
studied here is simple, it is believed that it can be improved by the addition of charging
current and solution resistance to the differential equation, as well as including the

possibility of different isotherms; this is left as future work.

Overall, in this work, strong evidence was shown that the adsorbed oxygen species ob-
served by Perry and Denuault are in fact oxides formed at a higher local pH. Method-
ologies to obtain kinetic information from sampled current voltammograms of species
in solution and adsorbed species were also proposed. It is believed that the work
presented here can influence the way electrocatalysis is studied; as this is normally
done with the use of steady-state techniques, the effect of adsorbed species is generally

ignored. The main contributions of this work are listed below.
e Chapter 3: Reduction of oxygenated species at high rates of mass transport.

— The use of electrodes with high rates of mass transport where the assumption

of ngpp to be constant is valid.

— The use of a stripping voltammetric technique to obtain the charge of ad-

sorption from purely experimental results.
e Chapter 4: Interaction between adsorbed oxygen species, Oy and pH.

— The voltammograms obtained in neutral media are shifted to alkaline po-
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tentials due to local changes of pH.
— O3 does not affect Pt oxide formation and reduction.

— Under hindered conditions and in neutral unbuffered media, a diffusion con-

trolled oxidation wave appears that is ascribed to OH™ oxidation.
— The adsorbed oxygen species are oxides formed in an alkaline environment.
e Chapter 5: Sampled current voltammetry.
— The SCV of the reduction of Pt oxides is peak-shaped.

— The SCV for the ORR shows a peak at short sampling times due to the

reduction of the oxides contributing to the current.

— An equivalent Koutecky-Levich analysis can be used with sampled current

voltammograms provided planar diffusion controls the current.

— An analytical solution to SCV of adsorbed species was derived.
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