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Abstract
Oxygen evolution is the most common anode reaction in the electrowinning (EW) of metals from
acidic sulfate based electrolytes and is a reaction that requires high activation overpotentials. Since
the the oxygen evolution reaction contributes roughly 500-800 mV to the cell voltage which is
roughly 15-25% of the total cell voltage, there has been increasing interest to replace the
traditionally used lead anode by alternative anodes employing better electrocatalysts that show
lover oxygen evolution overpotentials.
In this work an alternative anode concept is explored, the composite anode consisting of ex situ
prepared MnO2 and lead metal as the composite matrix material, where a special focus has been
to investigate the role of the triple phase boundary and microscopic processes that would explain
why this material combination has been showing relatively low oxygen evolution overpotential (up
to 250 mV lower than the traditional lead anode).
After initial characterisation of different types of MnO2 as electrocatalysts for the oxygen evolution
r e a c t i o n ( O E R) , i t w a s n o t i c e d t h a t t h e o x y g e n e v o l u t i o n m e c h a n i s m w a s m a s s t r a n s f e r d e p e n d e n t
and that the current density measured at contant electrode potential was inversely proportionally
dependent on the particle size of the MnO2 catalyst material (1/r), indicating edge effects on a
microscopic level.
This lead to the development of a stochastic model describing the total triple phase boundary
length (Pb, MnO2 and electrolyte) proportional to 1/r. It was followed by a characterisation of the
microscopic process using scanning electrochemical microscopy (SECM) and conductive atomic
force microscopy (CAFM) showing that the triple phase boundary was characterised by special
electrical properties and that hydrogen peroxide was generated as an intermediate. Different
microscopic processes were simulated and it was shown that the conductivity of MnO2 and a newly
postulated 2-step 2-material mechanism could serve as an explanation of the observed
experimental results.
S i n c e t h e i n v o l v e m e n t o f H 2O 2 a s a n i n t e r m e d i a t e i n t h e O E R w a s n o t w e l l s u p p o r t e d , i t w a s
a t t e m p t e d t o m e a s u r e H 2O 2 r e a c t i o n s o n l e a d e l e c t r o d e , w h i c h w a s n o t s u c c e s s f u l . A s a
consequence a methodology involving potential step transients on a rotating disc electrode was
developed and tested for one electron transfer reactions. It was furthermore shown how this
m e t h o d c o u l d b e u s e d t o m e a s u r e r a t e c o n s t a n t s r e l a t i n g t o H 2O 2 r e a c t i o n s o n P b a n d M n O 2.
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Nomenclature
Abbreviations
AFM

Atomic force microscopy

ARB

Accumulative roll bonding

CAFM

Conductive atomic force microscopy

CMD

Chemical manganese dioxide

CTA

Coated titanium anode

CV

Cyclic voltammetry

DFT

Density functional theory

DSA

Dimensionally stable anode

EMD

Electrochemical manganese dioxide

EW

Electrowinning

MMOA

Mixed metal oxide anode

OER

Oxygen evolution reaction

ORR

Oxygen reduction reaction

RDE

Rotating disc electrode

SECM

Scanning electrochemical microscopy

SSE

Saturated sulphate electrode (Hg/Hg2SO4)

TPB

Triple phase boundary

TPBL

Triple phase boundary length

UME

Ultramicroelectrode

Symbols

Standard letters
A, B, C

constants

various dimensions

Acut

cut area of a particle

[m2]

Ageom

geometrical area of the composite

[m2]
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c

concentration

[mol L-1]

ܦ

Diffuson coefficient

[cm2 s-1]

ܧ

Electrode potential

[V]

ܧ

Standard electrode potential

[V]

 ܧ௩

Reversible electrode potential

[V]

F

Faraday’s constant

96485 A s mol-1

h

cutting height

[m]

H

time constant potential step

[s-1/2]

i

current

[A]

j

Molar flux of species

[mol cm-2 s-1]

J

Current density

[A m-2]

ܬௗ

Solid state current density (background)

[A m-2]

ܬ௦௧

Current density from potential step theory [A m-2]

ܬௌௌ

Steady state current density (RDE)

[A m-2]

݇

Standard electrochemical rate constant

depends on the problem

݇ୠ

Reverse electrochemical rate constant

depends on the problem

݇

Forward electrochemical rate constant

depends on the problem

݇୭୶

Electrochemical rate constant oxidation

[cm s-1]

݇୰ୣୢ

Electrochemical rate constant reduction

[cm s-1]

l

circumference of a cut particle

[m]

LTPBL

Length of the triple phase boundary

[m] or [m2 m-1]

MOH

Adsorbed Intermediate (here OH)

N

number of cut particles

ܳሺܽǡ ݔሻ

Regularized upper incomplete gamma function

ܴ

Gas constant

8.314 J K-1 mol-1

r

radius

[m]

rp

particle radius

[m]
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Greek letters
ߙ

Charge transfer coefficient

0...1 dimensionless

߁ሺܽǡ ݔሻ

Upper incomplete gamma function

dimensionless

ߜ

Nernst diffusion layer thickness

[μm]

K

overpotential

[V]

ߠ

Local surface coverage (composites)

0…1 dimensionless

ߠைு

Surface coverage by intermediate (MOH)

0…1 dimensionless

ȣ

Global surface coverage (composites)

0…1 dimensionless

ߣ

nth eigenvalue (boundary value problem)

[s-1]
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Introduction

Metal electrowinning from aqueous solutions has a long tradition, and is connected to
important hydrometallurgical processes that produce several primary and secondary
metals using electrical energy to reduce metals from electrolyte solutions. The most
important metals that are electrowon or electrorefined from sulphuric acid-based
electrolytes are copper (23 Mio. t/y, 2014 [1]), Zinc(14 Mio. t/y, 2015 [2]) and Nickel(2
Mio. t/y,2015 [3]).
In the case of electrowinning, oxygen evolution is the anodic reaction, reaction (1.1).
ʹ
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(1.1)

Most of the copper is electrorefined using cast 98%+ Cu anodes that dissolve
electrolytically and redeposit as 99.995+% Cu on the cathode [4]. But, because of the
decreasing availability of high quality sulphide copper ores, copper electrowinning has
gained in importance in the primary production of copper (roughly 20% of all copper is
produced that way [1]).
Cu heap leaching solvent extraction (SX) electrowinning (EW) operations, according to
Davenport [5] have a lower total operational costs as compared to electrorefining (ER)
(for primary raw materials) and are employed whenever the ore is oxide based [6]. Some
operations use direct electrowinning bypassing solvent extraction. Leaching, solvent
extraction followed by electrowinning has not yet been able to make a breakthrough for
sulphide based ores due to slow sulphide dissolution kinetics during heap leaching [6],
but alternative leaching methods have been developed in recent decades[6–9]. It is
generally assumed that the lower the quality of primary ores, the more economically
important hydrometallurgical methods will become compared to smelting followed by
electrorefining. The main reason is that copper ore needs to be pre-concentrated for
smelting by flotation (to 15-30% Cu), whilst heap leaching does not require concentrates
[5]. Since the hydrometallurgical route is less expensive in investment and operational
costs [5], and since it is expected that hydrometallurgical methods can better deal with
complex raw materials, there is interest to develop leaching methods suitable for Cu
sulphide minerals [9,10].
For secondary raw materials, large parts of the scrap contain high fractions of Cu; or
waste of electrical and electronic equipment (WEEE) contains large amounts of burnable
organic materials. Therefore pyrometallurgical processing is more attractive in this case.
Thus, in order to produce LME grade copper from secondary raw materials,
electrorefining is needed after pyrometallurgical treatment and it will continue to play an
important role.
The recovery of Zn, commonly employing Roast-Leach-Electrowinning, involves mostly
a direct electrowinning method [11]. Calcine from roasting is typically leached in
solutions directly returning from the electrowinning operations and this requires extensive
purification of the solution prior to electrowinning. Zn EW electrolyte has to be very
clean due to co-deposits triggering extensive hydrogen evolution or re-dissolution of the
Zn deposit, substantially lowering the current efficiency. This can have a devastating
13

effect, but during common operation a current efficiency close to or above 90% is
reached [11].
Oxygen evolution is known to be a very sluggish electrochemical reaction, very similar to
its counterpart, oxygen reduction. Both are connected to high activation
overpotentials[12,13] which increases substantially the cell voltage and thus the energy
needed for the electrowinning process.
Table 1.1
Cell voltages in Zn EW and Cu EW and their breakdown into factors,
adapted after [11,12,14–16]
Potentials
Cell
Cathode
Anode

Resistance
Other
Sum

Reversible potential
Activation overpotential
Activation overpotential
Ag(0.5%)
MnO2
Co additions (200 mg/L)
Solution

Zn EW
2037 mV
60 mV
840 mV
-80 mV
-190 mV
450 mV
278 mV
3395 mV

60 %
2%
25 %
-2 %
-6 %
13 %
8%

Cu EW
892 mV
50 mV
700 mV
-150 mV
500 mV
108 mV
2100 mV

42 %
2%
33 %
-7 %
24 %
5%

As can be seen from Table 1.1 the activation overpotential is typically 500-800 mV at the
various current densities employed. Ag content in the anode, MnO2 growth and on Co
additions have a decreasing effect on the oxygen evolution overpotential [15]. It has a
major share in the electrical energy consumption (ca. 17% for Zn EW, including the
positive impact of Ag and MnO2, and 26 % for Cu EW with Co added to the solution).
Reduction of the activation overpotential can thus result in significantly reduced
electricity costs without greatly interfering with the process. For both Cu EW and Zn EW
the share of electrowinning operational costs are comparatively large (41% for Zn EW,
38% for Cu EW, Table 1.2). Reducing the oxygen evolution overvoltage by each 100 mV
would reduce the production costs by ca. 1.2 % (Zn EW) and 1.8% (Cu EW). Also for Ni
EW it can be of advantage to reduce the oxygen evolution overpotential[12].
Table 1.2
Operational costs in US$/t for Zn EW and Cu EW according to
Sinclair(2000, [11] ) and Davenport et al (2002, [5] ).
Zn EW
Concentrate handling
Roasting
Acid plant
Leaching
Purification
Cadmium production
Gypsum removal
Electrowinning
Melting and Casting
Effluent treatment
Disposal
Administration
Total
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Cu EW
6.40
30.80
27.50
40.00
22.95
8.00
2.30
185.60
40.60
8.40
8.60
71.65
452.80

Sulphuric acid
Heapleaching and crushing
Solvent extraction

50
100
30

Reagents
Electrowinning

40
150

Overheads
Total

30
400

Anodes, used in electrowinning are normally lead based [17–22]. For Cu electrowinning,
lead is alloyed with Ca and Sn, whereas in Zn EW, the commonly employed anodes
contain 0.5-1% Ag [17], which is a major cost factor, because the anodes contain up to
0.5 kg of silver. Lead is comparatively cheap and relatively well corrosion resistant
compared to other materials, but it is soft and displays high oxygen evolution
overpotentials.
Electrodes, both cathodes but in particular also anodes, significantly contribute to the
investment costs, where lifetime of the anodes is also of interest (4 years in Zn EW, 5
years in Cu EW [12]). The lifetime of anodes depends on several factors such as for
example shorts growing from cathode to anode damaging the anodes.
In Zn electrowinning especially, but also in Cu EW, manganese ions are normally present
in the electrolyte[11]. In Zn EW MnO2 grows on the surface of the anodes. This layer can
either protect the anode from corrosion [23], reducing the lead contamination of the
cathodes, or, in the case of flaking [24], it can also cause shorts, thereby damaging the
anode. Due to the growth of MnO2, Zn EW anodes are washed and cells are cleaned on a
regular basis [11,25].
Manganese reactions during oxygen evolution are complex [24,26] and it is difficult to
control its levels in Zn electrowinning by other means than removing it via the cell sludge
or by anode washing [11]. Yet removal has been studied to reduce the amount of
manganese in the solution [27,28]. Commonly it has a beneficial effect on the cell voltage
(see Table 1.1 and [11]) and therefore Mn is normally a wanted impurity in the electrolyte.
Therefore it is artificially added to electrowinning solutions that use Zn SX prior to Zn
EW [12]. Reduced electrode potentials have also shown to reduce the growth of MnO2
[26]. Consequently the behaviour of manganese and/or manganese dioxide plays an
important role, because it has to be continuously removed from the solution and it can
either activate or deactivate the oxygen evolution reaction at anodes [29]. If conventional
PbAg anodes are to be replaced by alternative anode materials, an alternative removal
process for manganese is of increased interest.
Apart from improving the lead anode’s performance itself, there are several alternative
anode concepts, most of which are laid out in articles I and IV. The most important
alternative, in terms of reduced oxygen evolution overpotentials at the anode, is the mixed
metal oxide anode (MMOA), also named dimensionally stable anode (DSA) or coated
titanium anode (CTA). It goes back to the original concept by Cotton [30], which was
introduced by Beer as DSA technology [31–35] and is employed in chloralkaline
electrolysis.
For oxygen evolution from sulphate based electrolytes, this same concept has been
applied for oxygen evolution instead of chlorine evolution. Typically it contains 70%
IrO2 and 30% Ta2O5 [36–38]. RuO2 can be added to further improve the oxygen
evolution overpotential [39–41], but RuO2, although being a better electrocatalyst for
oxygen evolution, is vulnerable to corrosion [42–45]. Savings in electrical energy are in
the order of 200-300 mV [12] which presents an economic advantage, whenever
electricity prices are high enough to justify the higher investment costs. The higher
investment costs relate to the use of titanium metal and noble metals, and the expensive
coating procedure [12]. Another important aspect, for DSAs in particular, are the
industrial conditions to which the anodes are exposed. Lead based anodes are soft and
tolerate shorts better than MMOAs where the coating is locally destroyed. But also the
15

Mn present in the Zn EW electrolyte poses a challenge since they tend to deactivate in
solutions containing manganese [29].
An approach is to tailor the coating such that no deposition of impurities occurs or to
make the electrodes indifferent to growth, which is the concept behind the Morimitsu
smart anode (MSA) [46]. It uses a different, low temperature decomposition method to
create amorphous coatings that are much less affected by MnO2 (and PbO2) growth
[47,48]. In copper electrowinning, the electrolyte is relatively free of manganese and the
anodes are relatively straight forward to use. Addition of cobalt to the electrolyte is no
longer necessary and also lead contamination of the cathodes is avoided. Therefore, after
successful trials [49], the anodes are now used in Cu electrowinning operations [50].
Other alternative concepts involve mostly non-noble electrocatalysts, which are less
expensive such as Co3O4, MnO2 and PbO2, but still offer lower activation overpotentials
than standard lead anodes. Next to alloying common lead anodes, many of the concepts
involve composite electrodes [51].
The Merrlin electrode, a composite generated by pressing a mixture of lead and MnO2
onto a common lead anode, showed lower oxygen evolution overpotentials, lower
corrosion rates and reduced cell sludge [52–54]. Despite performing well during
tankhouse tests, it is not widely applied to date. Another composite electrode concept is
the sintered titanium electrode, which was then filled with lead [55–57], targeting Cu EW
and EMD deposition. Yet another alternative concept was the spraying of catalytic
coatings to conventional lead anodes[58–61]. Recently, accumulative roll bonding (ARB)
[62,63] has been used to manufacture Pb-MnO2 composites with 2 wt% MnO2, showing a
100 mV improvement versus a similarly produced PbAg anode material.
Pb-MnO2 composite electrodes have also otherwise gained attention in the last few years
[60,64–73]. The studies covered the activity of the coating [62–72], corrosion rates
[65,71,73], kinetics [65,69], and manganese reactions [65,66,72,73]. It is hoped for that
these type of electrodes might be an alternative to the traditionally used PbAg electrode in
Zn EW, because MnO2 is a relatively cheap material when regarding that a PbAg
electrode might contain up to half a kilo of Ag. The electrode might be already favourable
when similar electrode potentials to the PbAg electrode are obtained, corrosion rates are
low enough and the electrode can be produced with a reliable technology at acceptable
costs. Yet, since it has been shown that such kinds of electrodes might form only slowly
growing and dense coatings of MnO2 during Zn EW [73], the manganese balance in the
Zn EW tankhouse would be affected. As such, a similar problem might appear with the
use of CTAs or DSAs that a process would have to be invented to substitute for the MnO2
removal via anode sludge.
There are two major approaches to prepare lead based MnO2 composites: codeposition
[64,65,69]; and samples prepared by mixing lead powder with MnO2 and pressing
[66,71,72], where for electro-codeposited samples, only samples with a lower volume
fraction of MnO2 were prepared. The difference in properties resulting from these two
preparation methods are large, where the co-deposited samples are roughly as active as an
PbAg electrode and the pressed samples [73] and the accumulative roll bonded samples
[63] were about 100 mV more active. Spray coated lead anodes showed up to 250 mV
improvement [60], similar to the results in article I, where it is very dependent on the
material properties of MnO2 how much lower the electrode potential was. The MnO2
growing on both co-deposited [65] and pressed samples [66] was more compact than
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those growing on conventional lead anodes and the corrosion rate was decreased. A 30
day testing period of pressed Pb-MnO2 samples in manganese containing solutions
showed that even though a 20 μm thick MnO2 coating grew slowly on the surface of the
anode, a 100 mV lower potential than a PbAg anode was obtained throughout the
experiment [73].
The composite based pressed powder route has been chosen for this thesis, with a
particular focus on pressed composites using Pb and different modifications of MnO2 as a
model system.

1.1

Thesis objective

The thesis deals with composite electrodes consisting of Pb as the matrix element and
MnO2 as the (electro-) catalytic material. It is a continuation of catalyst oxygen evolution
on Pb-MnO2 composites development as described by the diploma work [74]. During the
diploma thesis, MnO2 was identified as a well working catalyst, a material with resistance
to acidic media, a relatively well working electrocatalyst for oxygen evolution, albeit with
a relatively low electronic conductivity. This was the reason why composite electrodes
were prepared, similarly to how MnO2 in batteries needs graphite to improve the
conductivity of the electrode.
During the diploma thesis, MnO2 was doped with different metals and different
modifications of MnO2 showing different activities. Also, the samples were analysed
using RDE, and surprisingly, for the normally totally irreversible water oxidation, a
rotational dependence of the current on the rotation rate was obtained. Therefore mass
transport related aspects in the form of edge effects were suspected and analysed in this
work.
A special focus of this work thus relates to microscopic processes happening at
composites as a result of the difference in materials (matrix and catalyst).
The improvement of the oxygen evolution overpotential achieved with MnO2 based
materials has been shown to be substantial (article I and [60]) and it was shown that the
performance of the anode materials depends on the geometric properties of the composite.
Also it is largely dependent on the properties of the MnO2 used.
A significant amount of the work is focusing on the explanation of the underlying
mechanisms, such as for example conductivity and increased electrochemical activity. It
is furthermore investigated whether they can be seen as a cause, to why using MnO2 in
composites leads to a significant improvement of the activation overpotential when
compared to standard lead anodes.
The main objectives in this dissertation can be summarised by the following 4 points:
(i)

To identify geometrical properties of composites that have an influence on
the catalytic activity of the electrode.

(ii)

To identify, list and evaluate microscopic processes happening at composite
electrodes during oxygen evolution.

(iii)

To find out which of the mechanisms are the most plausible ones

(iv)

Determine kinetic parameters and more exact mechanisms if possible
17

Additionally to the practical aspects mostly presented in the previous section, there are
several scientific electrochemical aspects that describe and affect the performance of
composites. One aspect is the kinetics of oxygen evolution itself, but also the various
methods on how to measure, model and determine oxygen evolution mechanisms are
important parts of this thesis.

1.2

Oxygen evolution mechanisms

Oxygen evolution is considered to be an innersphere electrochemical reaction, meaning
that it involves adsorption of molecules to the electrode surface. These intermediates are
mobile on the surface and undergo (electro-) chemical surface reactions. Most commonly
they are described by common reaction kinetics expressions formulae, which are however
potential dependent and involve active sites surface coverages, commonly described by
Langmuir isotherms [75,76].
On this basis, electrochemical kinetic expressions can be derived and this is normally
done by treating one of the steps being rate determining, whilst the other steps reach their
equilibrium [75,76]. This is how Tafel slopes during oxygen evolution can be calculated.
Tafel slopes are one indicator that help to decide if a presented mechanism matches the
experimental results and which of the steps is rate determining. The other information
gained from the mechanisms is the electrochemical reaction order for the involved
species.
The most common three mechanisms used are the electrochemical oxide path, the oxide
path and the Krasil’shchikov path (M denotes an active site).
Electrochemical oxide path (mechanism 1)
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Oxide path (mechanism 2)
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Krasil’shchikov path (mechanism 3)
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The kinetic expressions are derived from common kinetic expressions, where a surface
coverage T ranging from 0 to 1 is used to describe the fractions of the respective covered
active sites. The rate constants kf and kb follow the same potential dependence as in the
Butler Volmer equation:
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Rate expressions commonly involve the assumption of a quasi-equilibrium, meaning that
one of the steps is rate determing and that the other steps are treated as if they were in
equilibrium. This method can be used to determine Tafel slopes and the reaction order of
solution species, in the case of oxygen evolution the dependence of the electrochemical
reaction on pH. Additionally, often low coverage of the surface by intermediates are
assumed. As an example we show the derivation for the elctrochemical oxide path with
the second step as being rate determining (as it was used in article IV).
The rate of the second step is used to describe the kinetics and the reverse reaction rate is
consequently neglected:
 ݎൌ ݇ଶ ሺܧሻ ߠ ڄைு

(1.14)

A low coverage by intermediates is assumed, meaning that the third step can be ignored
and the quasi-equilibrium of the first step will determine the coverage by OH:
݇ଵ ሺܧሻ  ڄሺͳ െ ߠைு ሻ ൌ ݇ଵ ሺܧሻ ߠ ڄைு ܿ ڄுశ ൎ ݇ଵ ሺܧሻ ͳ ڄ
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With that the current, determined by the rate of the second step is
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The Tafel slope can then be determined from the following equation:
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And the electrochemical reaction order is then calculated as
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The resulting Tafel slopes and proton reaction order are shown in Table 1.3 and Table 1.4.
Experimental results can be compared with them to determine which mechanism is
present and which step rate determining.
Table 1.3
Tafel slopes when the respective steps of the three presented mechanisms
are rate determining, and total surface coverage is low, according to [75]
Step rate
determining
1
2
3
4

Tafel slope
mechanism 1
120 mV/dec
40 mV/dec
15 mV/dec
----

Tafel slope
mechanism 2
120 mV/dec
30 mV/dec
15 mV/dec
----

Tafel slope
mechansim 3
120 mV/dec
60 mV/dec
40 mV/dec
15 mV/dec

Table 1.4
Reaction orders of protons when the respective steps of the three presented
mechanisms are rate determining and total surface coverage is low,calculated according
to [75].
Step rate
determining
1
2
3
4

Reaction order
mechanism 1
0
-1
-2
----

Reaction order
mechanism 2
0
-2
-4
----

Reaction order
mechansim 3
0
-1
-2
-4

Other similar mechanisms were proposed by Fierro et al, that described the difference
between physisorbed and chemisorbed intermediates [77], reflecting the energetics of
water adsorption: The physisorbed mechanism involved hydrogen peroxide (OH radicals)
as an intermediate, (1.20)-(1.21), whereas for situations where water strongly adsorbs,
chemisorption was suggested to happen, (1.22). The metal itself is oxidised, (1.23), and
releases oxygen in a following step, (1.24).
20
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Table 1.5
Tafel slopes when the respective steps of the physisorbed and chemisorbed
mechanisms by Fierro et al. [77] are rate determining and total surface coverage is
low,calculated according to [75].
Step rate
determining
1
2
3

Tafel slope
physisorbed
mechanism
120 mV/dec
40 mV/dec
----

Tafel slope
chemisorbed
mechanism
120 mV/dec
40 mV/dec
30 mV/dec

Table 1.6
Reaction orders of protons when the respective steps of the physisorbed
and chemisorbed mechanisms by Fierro et al. [77] are rate determining and total
surface coverage is low,calculated according to [75]
Step
determining
1
2
3

rate Reaction
physisorbed
mechanism
0
-1
----

order Reaction
order
chemisorbed
mechanism
0
-1
-2

The chemisorbed mechanism is essentially the same as the mechanism presented by
Marshall and Vaisson-Béthune [78]. It differs from the electrochemical oxide mechanism
in that it does not involve any recombination of two MO intermediates, but frees half an
oxygen molecule which makes it similar to the mechanism by Fierro et al. Also, Marshall
and Vaisson-Béthune found that applying the quasi-equilibrium treatment to oxygen
evolution mechanisms doesn’t necessarily reproduce all possible Tafel slopes, but the
slope can depend on the coverage by the respective intermediates when the intermediate
coverage is not low but high. For example, if step 1 was rate determining it can also lead
to Tafel slopes of 40 mV, and when step 3 was rate determining it can also display a
Tafel slope of 60 mV.
The overpotential of Oxygen evolution electrocatalysts can also be predicted by the
correlation derived first by Trasatti who related the oxygen evolution capability to the
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enthalpy of formation of a higher valent oxide compared to that of the lower valent oxide
[76]. This concept was used by Rossmeissl/Man et al [79,80] who investigated the
thermodynamic equilibrium coverage of the intermediates involved in the OER. They
predicted the standard Gibbs free energies of reaction of each of the involved steps using
adsorption energies determined by DFT calculations. The applied mechanism consists of
4 subsequent electron transfer steps, (1.25) - (1.28). A connection to kinetics is gained
with the assumption that energy barriers caused by the differences in Gibbs free energy of
reaction are much higher than the energy barrier related to the formation of a
corresponding activated complex. Additionally, it can be argued that the largest barrier of
all steps will determine the rate determining step during the OER.
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Figure 1.1 The relation between adsorption energies of OH and OOH as plotted by Man
et al [79], compared for different materials:Rutiles ○, anatase Δ, MnxOy □, Co3O4, ◊, and
Ni oxides. Hollow symbols refer to clean surfaces, whilst filled symbols represent the
absorption energies at high coverage.
An essential difference to the first mechanisms presented above is the absence of the last
recombination step. As with the mechanisms given by Fierro et. al and Marshall and
Vaisson-Béthune, recombination of MO does not happen. Instead of releasing half an
oxygen molecule it is replaced with two subsequent electron transfer steps.
Recombination of two intermediates is avoided due to the unlikeliness for a
recombination step to occur [80].
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As predicted by the Sabatier principle, it could be shown that the adsorption energies of
the separate intermediates are all linearly correlated, irrespective of the catalyst material
(as seen for the MOH and MOOH intermediate in Figure 1.1).
This allows for a calculation of the standard Gibbs free energy of reaction as a function of
one variable only, shown in Figure 1.2 for the adsorption energy of the intermediate MO.
Determining the highest barrier from all steps leads then to a volcano plot, where the
regions of interests are marked by strokes for the OER and the oxygen reduction reaction
(ORR) respectively.
a)

b)

Figure 1.2 Volcano plot of the relation of energy barriers with respect to Eo = 1.23 V, as
a function of the adsorption energy of MO [81]. a) Plot for metal oxides. b) Plot for
metallic surfaces.
Due to the scaling relations between the energies of adsorption, fundamental limitations
of the OER and the ORR occur, where it is predicted that mostly steps 2 and 3 are rate
determining for OER and 1 and 4 for ORR.

Figure 1.3 Gibbs free energies of reaction for the different steps (equations (1.25)-(1.28))
calculated for a RuO2 catalyst at different applied electrode potentials [81].
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Using the potential dependence of the Gibbs free energy of reaction of steps 1-4 the
corresponding energy barriers can be plotted as a function of applied potential (Figure 1.3)
where the all energy barriers scale separately with the applied potential (by -eU).
The criteria chosen for substantial OER to happen was that all energy barriers were lower
than 0 eV. The applied potential values to achieve that can then be defined as
overpotentials and plotted versus experimental overpotentials (in Figure 1.4), with
relatively good agreement.

Figure 1.4 Relation in between theoretically predicted and measured oxygen evolution
overpotentials [82] given by Man et al [79].
The two kinetic concepts, the methodology by Bockris, Fierro et al and Marshall and
Vaisson-Béthune; and the thermodynamic considerations by Rossmeissl, Man and
Nørskov are interlinked. The Bockris method involves a purely kinetic formulation with
unknown standard Gibbs free energies of reaction and explains Tafel slopes and reaction
orders, whilst the method by Nørskov et al. involves purely thermodynamic electrode
potentials or the reversible potentials influence on the coverage by intermediates, without
involving the influence of rate constants, Tafel slopes and reaction orders with respect to
protons.
As such, the two concepts could be combined to give a similar model as derived by
Marshall and Vaisson-Béthune [78]. They calculated full kinetic expressions in the OER
involving steady state approximations to the coverage by adsorbed intermediates and
incorporated that the equilibrium constants of the separate steps (or equilibrium electrode
potentials) must be related to each other to give the standard potential of oxygen
evolution at equilibrium conditions. Nonetheless, due to the scaling relations of the
adsorption energies of adsorbates, these standard electrode potentials should be further
interrelated as given by the scaling relations by Rossmeissl, Man and Nørskov. Another
difference is the other OER mechanism suggested by Rossmeissl, Man and Nørskov and
the suggestion that in their mechanism normally only step 2, 3 and 4 should be rate
determining, meaning not step 1, as it is often suggested for the electrochemical oxide
mechanism to reach a Tafel slope of 120 mV.
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In recent literature there are some methodologies suggested to overcome the kinetic
limitations relating to the scaling relations of energies of the adsorbed intermediates on
one material [83]. It was suggested that by using a bi-metallic catalyst or by a
combination of two neighbouring sites on graphene, the formation of the OOH
intermediate can be avoided. One site would accept a proton under oxidation and
simultaneously molecular oxygen is released from a site previously covered by O. DFT
calculations showed that this would break the scaling relation and that in principle an
overpotential lower than with a catalyst following the scaling relations (< 400 mV) could
be obtained.

1.2.1

Reactions of hydrogen peroxide as an intermediate in the OER

In this work hydrogen peroxide involvement as an intermediate in OER is investigated,
where hydrogen peroxide formation would happen on a different material than its
decomposition or electrochemical oxidation to oxygen. The mechanism proposed in
article I and IV is illustrated in Figure 1.5.

Figure 1.5 Reactions of H2O2 as an intermediate in oxygen evolution on Pb-MnO2
composites.
The involved electrochemical reactions can be described by the 3 reactions (1.29) - (1.31);
the formation of hydrogen peroxide, its electro-oxidation to oxygen and the
decomposition of hydrogen peroxide to oxygen and water.
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During ORR, where the intermediate hydrogen peroxide is formed at low electrode
potentials, its reduction to water is kinetically limited and even with very good oxygen
reduction electrocatalysts (Pt), minor amounts of H2O2 remain unoxidised and are
released into the solution [84].
The formation and further oxidation of hydrogen peroxide is characterised by a similar
configuration: at potentials where the formation of H2O2 should set in, its oxidation
should proceed at very high overpotentials and high rates. If it formed during the OER it
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should be quickly oxidised to oxygen [85]. But in practice it has also shown that its
oxidation depends on the electrode material: similarly to oxygen reduction Pt was a
relatively good catalyst for its oxidation, whilst on Au its reaction was relatively slow,
especially at low pH [86]. The same counts also for the oxygen reduction to hydrogen
peroxide and hydrogen peroxide reduction to water, which are both part also of the ORR.
On Pt the reactions are relatively fast [87], whilst they are sluggish on Au [86,88].
In acidic solutions, hydrogen peroxide reduction was studied on lead sulphate in a direct
borohydride fuel cell [89]. It was also used as an oxidant during leaching of chalcopyrite
[90], where the reaction order of the reducing H2O2 was determined to be one. For
hydrogen peroxide decomposition (1.31) it was suggested that for low pH, the reaction
rate is first order [91,92]. For the hydrogen peroxide reduction and its oxidation reaction
(1.29), mechanistic studies concluded that reactions were fast and quickly lead to mass
transfer limitations [87]. For the oxidation of H2O2 to O2, it is known that the measured
currents scale linearly with the bulk concentration for lower concentrations of H2O2
[84,93–95]. It can thus be assumed that hydrogen peroxide reactions often proceed with
an apparent reaction order of one which is the basis for the suggested measurement
technique in article III. Simple potential step theory for one electron transfer reactions is
used to solve the initial transients at a rotating disc electrode (RDE).
Hydrogen peroxide formation though is a scarcely studied subject. In accordance with the
available literature, three different mechanisms are suggested here. The first mechanism
follows the concept by Rossmeissl, Man and Nørskov [79,80]. The second is a
mechanism involving recombination of MOH and is similar to the mechanisms
introduced by Bockris [75]. And the last mechanism uses the work by Fierro et al [77]
that described the adsorption of water on to physisorbed hydroxyl radicals.
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Or with a different second step which is a chemical reaction
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The Tafel slopes relating to mechanisms 1, 2 and 3 are exactly the same as for the
electrochemical oxide path, the oxide path and the Krasil’shchikov path respectively,
because the kinetic expressions derived are effectively the same; just no 3rd step exists.
Table 1.7 Tafel slopes for the mechanisms presented in equations (1.32)- (1.38), with step
1 or two rate determining, low coverage
Step
determining
1
2

rate Tafel
slope Tafel
slope Tafel
slope
mechanism 1
mechanism 2
mechanism 3
120 mV/dec
120 mV/dec
120 mV/dec
40 mV/dec
30 mV/dec
60 mV/dec

Table 1.8 Reaction orders with respect to protons for the mechanisms presented in
equations (1.32)- (1.38), with step 1 or two rate determining, low coverage
Step
determining
1
2

rate Tafel
slope Tafel
slope Tafel
slope
mechanism 1
mechanism 2
mechanism 3
0
0
0
-1
-2
-1

In most of the cases, Tafel slopes measured for Pb MnO2 composites are 120 mV/decade
[69,72], however for bulk MnO2 electrodes with high Mn3+ content, 90 mV slopes have
been measured [76]. Also the tested samples in article I showed Tafel slopes of 90 mV
and 120 mV. Anyway, with the kinetic steps of H2O2 formation being identical with that
of the oxygen evolution mechanisms, it will not be possible to discriminate between
either of the two on that basis.

Figure 1.6
Water oxidation on different catalysts, SnO2(110) and RuO2(110) plotted
for E = 1.77 V, the potential of formation of H2O2 [96]. For RuO2 the thermodynamic
barriers suggest the formation of O2 whilst for SnO2 the barriers suggest the formation of
H2O2.

27

An important question to answer is thus how probable the formation of H2O2 as an
intermediate is. Recently, Viswanathan et al [96] studied the adsorption energies involved
in the steps of mechanism 1 by employing the method of Rossmeissl, Man and Nørskov.
They showed that for some electrocatalysts with weak adsorption of water in the form of
*OH, hydrogen peroxide formation could be thermodynamically favoured. At a potential
of 1.77 V vs. SHE, it was illustrated that H2O2 formation would be favoured at SnO2
whilst on on RuO2 the formation of oxygen is thermodynamically more likely (Figure
1.6).
Using the scaling relations for oxide electrocatalysts, a volcano plot for the OER and the
hydrogen peroxide formation reaction were compared, identifying the optimum
adsorption energy of OH* to be the same as the standard electrode potential of the
formation reaction, 1.77 eV (Figure 1.7).

Figure 1.7
Volcano plots of OER and H2O2 formation compared in relation to the
adsorption energy of OH*[96].
When comparing this to the conventional OER, scaling relations do not seem to forbid
optimum catalysts for the hydrogen peroxide formation reactions and thus hydrogen
peroxide formation and its reduction could generally proceed at higher speeds than the
OER, which has according to scaling relations overpotentials that are at least 400 mV
[83].
The thermodynamic overpotentials for hydrogen peroxide formation are only in the order
of 200 mV for SnO2 and 300 mV for TiO2, whilst for RuO2 and oxygen evolution they are
close to optimal and still roughly 400 mV. The adsorption energy of the intermediate
OH* has been determined by Mom et al. for stoichiometric E-PbO2 (rutile/tetragonal) and
was ca. 2.1 eV [97], thus the formation of H2O2 should proceed at roughly similar
conditions as determined for TiO2. This means that H2O2 formation should be
thermodynamically favoured on PbO2, though could still proceed at a low rate.
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Yet in contrast to the OER, hydrogen peroxide reactions are not unlikely to be
quasireversible or reversible, especially as there is still room for improvement, as
indicated by Viswanathan et al in the supporting material of [96]. They showed that TiO2
doped with Ru and TiO2 doped with Ir would show ideal adsorption energies of *OH with
values close to the optimum of 1.77 eV. This emphasizes also that the catalytic ability
would depend on the stoichiometry.
PbO2 is known to be present as a nonstoichiometric oxide and its OER activity varies
with the stoichiometry [98]. Thus an actual value of the adsorption energy of *OH is
unknown, where the situation could be better or worse than for the stoichiometric oxide.
It also relates to whether oxidation of lead will form either the less active D-PbO2 or the
more active E-PbO2. It seems also that doping might eventually be used to tailor the oxide
for better properties, similar to what was suggested for TiO2.

2

Theory and methods developed in this thesis

2.1

The triple phase boundary length model for 2D composite electrodes

The triple phase boundary length (TPBL) is a concept introduced first for fuel cells [99–
104], where the electrodes are porous or therefore also called 3D electrodes. The
electrodes in article I, however, are bulk mixed powder composites, and therefore the
description of the phase boundary length is different (compare to article IV).
With 3D or porous electrodes, almost all the catalyst particles are exposed to the reaction
medium. The number of particles scales with 1/r3 and the average surface area of a
particle with r2. When multiplying these two by each other, a total surface area
proportional to 4/r is obtained (with 4beingthe average global coverage of the electrode
by MnO2). For the 2D or compact electrode, only a minor fraction of particles, those
sitting at the surface, is active and therefore the number of active particles scales with 1/r 2.
The total active surface area was then independent of the particle size.
The triple phase boundary length can be roughly described by the following relationships:
for common 2D electrodes, the number of exposed particles is proportional to 1/r2 and
multiplying the number of particles by the average circumference (  ) ݎ ןa TPBL
proportional to 1/r is obtained.
The derivation of the model, presented in articles I and IV, involved cutting the surface
particles at random heights according to formula (2.1):
ݎ௨௧ ൌ ටݎ ଶ െ ݄ଶ

(2.1)

Where the random cutting height, h, combined with the corresponding mean value of a
function, was used to derive the average surface particle properties averages cutting
radius, ݎҧ௨௧ , equation (2.2); and the average exposed surface of one microelectrode, ܣҧ௨௧ ,
equation (2.3). Both properties can be also calculated by their arithmetic means (second
terms).
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Assuming a flat surface, the number of particles can be determined by the global
coverage of the surface by microelectrodes, 4, which is the same as the volume
percentage of the catalyst used:
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The total length of the triple phase boundary, equation (2.6), is then obtained with the
help of the number of particles, equation (2.5), and the average cut particle radius,
equation (2.2).
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It is relatively straight forward to assume that the currents obtained from a composite
with edge effects will follow the derived relationship whenever the active part of the
electrode is mainly focusing on the triple phase boundary, or to strips around that
boundary with small width, also described by the term edge effect.

2.2

Mass transfer of protons in sulphuric acid during oxygen evolution on
Pb-MnO2

Proton mass transport was part of studying the reaction mechanisms on composites, with
proton mass transport suggested as a mechanism in article I, studied in article II and
simulated in article IV. Proton mass transfer in solely H2SO4 solutions as used in article
I&II is missing a supporting electrolyte and therefore migration has to be included when
deriving mass transfer equations. As a consequence of electroneutrality, the diffusion of
protons is slowed down, whilst the migration of protons remains high, when protons take
part in the electrochemical reaction.
The steady state at (macroscopic) electrodes always involves convection in the long run,
and since we are interested in steady state mass transfer, convection will be included in
the derivation of the mass transport equations. Whenever migration is involved, the
Nernst Planck equation offers one possibility to solve mass transfer related problems,
though strictly speaking, the Nernst Planck equation presupposes infinite dilution or low
electrolyte concentrations.
In the case of only sulphuric acid and no other salt present (binary case), the system can
be simplified [85], when assuming that sulphuric acid is incompletely dissociated.
Nonetheless, the solution is far from being infinitely dilute and far from being an ideal
solution, therefore, the use of activity coefficients would be normally indicated. Anyway,
it is common to model the system using the Nernst Planck equation and using effective
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diffusion coefficients instead [85]. The Nernst Planck system, involving oxygen evolution
and convection, with the assumption that sulphuric acid is completely dissociated solely
into protons and bisulphate ions, can be written out by the following equations (involving
the Nernst Einstein relation):
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This is a convection diffusion equation where the ionic diffusion coefficients are replaced
by the sulphuric acid diffusion coefficient ܦுଶௌைସ . Alternatively, the same equations can
be used for a Nernst diffusion layer approximation, when the convection term v(x) is
removed.
Similarly, from the boundary condition the potential terms can be eliminated:
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This methodology works only for binary electrolytes [85], meaning that in the case of two
salts or more, the Nernst Planck equation system has to be solved numerically, unless one
of the salts is abundantly present (supporting electrolyte).
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2.3

Solution of diffusion convection equations for SECM experimental data

In article II the SECM concentration diffusion layer fits were derived on a basis that
sulphuric acid mass transport was slow, and a transient diffusion formula was used,
which is not correct for deriving steady state concentrations subjected to the convection
caused by gas evolution. Better results should be obtained by fitting a diffusion
convection equation. For this purpose the unknown velocity profile (rising bubbles) was
simplified to a linear and to a quadratic velocity distribution, as those were assumed to be
the first and most important terms when developing the real velocity profile into a Taylor
series. Diffusion convection steady state concentration profiles of this type of convection
profiles can be calculated by involving upper incomplete gamma functions *(1/a,xa) in
the following way:
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The solution for C’ in (2.10) is  ݁ ڄ ܤబ ௩ሺఢሻΤௗఌ and can be integrated to find the general
solution for C:
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With v(x)/D=axn/D (a is negative) this equation can be solved using integration by
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For a linear velocity distribution this results in the complementary error function (erfc(x)
= *(1/2,x2)/ξߨ ), whereas for a quadratic velocity profile, the equation is the same as for
a rotating disc electrode and involves the regularised upper gamma function
Q(x)=*(1/3,x3)/*(1/3).
To interpret experimental results in article II, it is assumed that the UME’s tip current is
ideally at its limiting current, because it is always linearly dependent on the surrounding
concentration, equation (2.21):
ܫǡ௧ǡ ሺݔሻ ൌ Ͷ݊ܦܨ ܿ ڄ ݎ ሺݔሻ ൌ ݇ǡ ܿ ڄ ሺݔሻ

(2.21)

With that assumption, the measured diffusion profile can be described with the above
formulas, containing unknown constants that need to be determined.
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The constants A, B, C are first fitted to the experimental data, after which they can be
related to parameters that describe the underlying diffusion profile. They contain several
factors, such as the diffusion coefficient Di, the bulk and surface concentrations (cbi,csi),
the pre-factor in the convection term ai, the current density Ji, the mass transfer related
coefficient for the UME ki, plus the Faraday constant F and the number of electrons ni.
Additionally the Nernst diffusion layer thickness Gi can be determined.
Otherwise, if the reaction on the tip is first order and not at its limiting current, the mass
transfer coefficient ki can be calculated from experimental data, when the bulk
concentrations are known, using formulae (2.24) and (2.25).
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For a linear convection profile (v = a·x), the following properties can be calculated
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For the Quadratic convection profile (v = a·x2) some of the formula change to
ሺଵΤଷሻ
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Parameter errors obtained from nonlinear regression of A, B and C are propagated to these
properties using the above relationships.

2.4

Potential step theory for the use in RDE experiments when measuring
H2O2 reactions

This section extends the theory presented in article III to a potential step when formation
of H2O2 occurs simultaneously with its decomposition and electro-oxidation. This theory
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can then be used to derive the potential step on an RDE, which is presented in section 3.6.
It was suggested to study H2O2 reactions on lead in article IV.
Prior to deriving the potential step theory in article III, it was intended to measure the
formation kinetics and electro-oxidation of H2O2 on lead, but the standard KouteckyLevich analysis failed. One potential problem was that the standard electrode potential of
formation of lead dioxide is close to the standard potential of H2O2 formation and
therefore the measured current would be a sum of lead oxidation current and currents
relating H2O2. All reactions and their standard electrode potentials are given by (2.33) to
(2.36).
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With the standard RDE experiments the mass transport to the electrode can be controlled,
however, it is not possible to distinguish in between the oxidation of the electrode
material and reactions of soluble species that depend on convection. Transient
measurement on the RDE was one of the methods considered to separate the solid state
reactions from the electrochemical reactions of soluble species in the solutions, however,
theory that had been developed before [105–108], solving determined only transient
limiting currents for one electron transfer reactions on an RDE or solved galvanostatic
transients concentration profiles, which does not suit the purpose to measure rate
constants.
H2O2 reactions are inner-sphere reactions; it is however assumed that all H2O2 reactions
are first order with respect to hydrogen peroxide, where it was shown in section 1.2.1 that
this has been also observed experimentally. Thermodynamic calculations by Viswanathan
et al. [96] showed that oxygen evolution electrocatalysts with sluggish kinetics might
have often a tendency to form H2O2. Mechanisms have been suggested in section 1.2.1
which followed the method by Bockris [75] and could be solved without quasiequilibrium by the method used by Marshall and Vaisson-Béthune [78]. Nonetheless, due
to the high complexity of the mechanisms a simplified mechanism was used during the
simulations in article IV.
The theory presented here extends the potential step transients for one electron transfer
reactions at an RDE (article III) to the more complicated hydrogen peroxide reactions at a
lead RDE with an (apparent) reaction order of one. It is different in such that hydrogen
peroxide has the ability to oxidise and reduce, where simultaneous oxidation and
reduction will lead to its decomposition, thus without external current flowing hydrogen
peroxide can react at the electrode surface similar to that obtained by Katsounaros et al
[87].
To compensate for an eventual simultaneous decomposition or further oxidation, all the
reactions above, (2.33) to (2.35) are described by the initial boundary value problem in
equations (2.37) - (2.40) involving mixed potentials. Reaction (2.35) is the result of the
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combination of the backward reaction of (2.33) and the forward reaction of reaction
(2.34).
The gradient of H2O2 at the electrode, the boundary condition (2.38), is thus described as
a sum of the reactions (2.33) and (2.34), where k1f and k1b refer to the forward and reverse
reaction of (2.33), and k2f to reaction (2.34).
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The solution for the concentration gradient at the lead surface involved Laplace transform
methods on the initial boundary value problem and is given by equation (2.41) where H is
described by (2.42):
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Yet, currents are relating to simultaneous oxidation and reduction of H2O2, which is the
decomposition of H2O2; where also some of the H2O2 is reacting further to form O2.
Hence, the relation between current and concentration gradient needs to be determined.
This can be done by relating the concentration gradient in (2.38) to a formula describing
the current based on the oxidation and reduction rates, (2.43):
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Equation (2.43) is solved for the surface concentration, (2.44), and plugged into formula
(2.38). This results in equations (2.45) and (2.46), which relate the gradient and the
current i. Finally, the gradient is replaced in equation (2.46) resulting in expression (2.47),
where H has the same meaning as before.
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The current thus consists of a stationary current related to formation and immediate
oxidation of H2O2 and a transient part. Also, the measured transient current in equation
(2.47) is lower due to decomposition of H2O2 on the electrode.
Since the transient part of the expression contains all rate constants, it should be possible
to determine them using the methodology outlined in article IV. For absence of a further
oxidation of H2O2 (k2f = 0), a current with a more common transient is observed, resulting
in formula (2.48).
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The results can be scaled according to the methodology presented in article III, when the
initial concentrations are not from bulk concentrations but start from a previous steady
state concentration distribution. This means equation (2.41) is scaled, resulting in
equation (2.49); and the relation between the concentration and the current, (2.46), is
applied, finally leading to equation (2.50).
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cSiH2O2 is the initial surface concentration of H2O2 generated by the previous steady state;
cSSH2O2 is the steady state surface concentration of H2O2 resulting from the applied
potential; and cbH2O2 the bulk concentration of H2O2, if present.

2.5

Simulation of oxygen evolution mechanisms on composites

Composite electrodes present a system where the electrode surface is not homogeneous,
and two active compounds with different electrochemical properties are present. For the
investigation of that, the microscopic current density distribution needs to be determined
which is very uneven and depends on the arrangement of the MnO2 catalyst particles in
the composite. The processes simulated in article IV are influenced by the geometry of
the random electrode surface, which affects the process on a microscopic scale.
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a)

b)

c)

Figure 2.1
Illustration of the (diffusion) domain approach with Nernst diffusion layer
approximated steady state concentrations at an UME array surface under limiting
currents (c = 0 at the disk, gradients at the ridges/domain boundary are zero). a)
Randomly spaced UMEs with domains determined by Voronoi tessellation. b) Histogram
of the domain sizes in part a. c) Simulated domains, where the complex shaped polygons
are made circular and solved in cylinder coordinates. Numbers indicate weighting
factors used in the summation.
The overall response of a Pb-MnO2 random composite was simulated to show how a
composite behaves during oxygen evolution, and on that basis, it was attempted to
explain why low overpotentials of oxygen evolution were obtained.
In article I, several mechanisms are suggested that can lead to the observed experimental
behaviour: Mass transport of products of the electrochemical reaction; reduced ohmic
drops with catalysts of low conductivity when dispersing them into a metallically
conducting matrix; reaction mechanisms involving intermediates; and screening of the
catalyst area by oxygen bubbles.
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The first three mechanisms were simulated in article IV and this involved solving steady
state diffusion and conduction equations, all of which are Laplace equations. The
diffusion domain approach was extended to solve steady state, with which an interacting
array of microelectrodes can be simplified to a relatively easily computable system of
independent domains.
To obtain a random composite electrode surface, first a surface was obtained from sphere
distribution simulations. This was achieved by first generating a random set of points in a
cubic box. The resulting overlapping of spheres was subsequently removed using a
molecular dynamics code. The iterative procedure involved collision detection using a
linked cell algorithm and velocity Verlet integration [109] using Hertzian contact stress
formula [110] as repulsive forces acting on the particles.
To generate a random electrode, the cube was cut 10000 times and a Voronoi tessellation
was generated on a periodically continued surface, describing the (diffusionally)
independent areas (compare to Figure 2.2). After tessellation the sizes of the areas are
calculated. Selected domain sizes are first made circular and the catalyst particle is placed
at the centre such that cylindrical coordinates can be used during the simulation.
The central idea with the diffusion domain approach is that the domains on random
electrode surfaces can be approximated to be independent and thus simulated separately
followed by summing up the separate domain responses. The sizes of the domains and its
local coverage by the active catalyst can be either derived by using histograms or by
using statistical distribution functions, if they are known [111].

Figure 2.2
Cutting process on a cube filled with 1000 spheres (25 vol% spheres).
Voronoi tessellation is generated for each cut on a system that is continued periodically.
Left) Cutting through the distribution. Right) Generation of a Voronoi tessellation on the
extended cut area.
For the simulations in article IV, not only the domain areas were determined, but also the
radius at which the particles were cut. Instead of the domain areas, following the method
by Davies et al. [111], the local coverage, Tand the cutting radius, rcut are used in the
summation formula (2.51).

38

(2.51)
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The details of the simulations, equations to be solved, and the boundary conditions for the
respective mechanism are found from article IV.

2.5.1

Reactions of hydrogen peroxide on Pb-MnO2 composites

In article IV, the formation of H2O2 (reaction (1.29), and the decomposition of H2O2
(reaction (1.30) are assumed to proceed with an apparent reaction order of one with
respect to H2O2. The formation of H2O2 happens at the oxidised lead surface, whilst
decomposing on the neighbouring MnO2 catalyst particles (shown in Figure 2.3a). Part of
the generated H2O2 ② decomposes directly on the neighbouring MnO2 ③ whilst the
rest is released to the bulk of the solution ① and finally returns to the MnO2 particle ④.
This means that initially the bulk would be filled up with H2O2 and at steady state a
typical result of the simulation, the concentration profile of H2O2 near the electrode is
obtained, shown in Figure 2.3b.
a)

b)

Figure 2.3
a) Generation of H2O2 at the Pb matrix followed by decomposition at
MnO2. The diffusion of the H2O2 intermediate is sketched by arrows. b) Typical
simulation result in cylindrical coordinates (mmol/L). H2O2 formation near the triple
phase boundary is thought to be accelerated by its successive decomposition on MnO2.
With the potentials closer to the reversible potential of H2O2 formation, the above
mechanisms are closer to equilibrium and therefore the mechanism is more likely to be
quasireversible. At the equilibrium, surface concentrations then approach the Nernst
equation, described by equations (2.52) and (2.53).
ோ்

 ܧ௩ ൌ  ܧ  ଶி ݈݊
ಹమೀ

ܿுమ ைమ ൌ 

ಹశ

మ

ಹమೀమ ڄಹశ మ
ಹమೀ
ଶி

  ڄ൬ோ்  ڄሺ ܧ௩ െ  ܧ ሻ൰

(2.52)
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The derivation of an exact H2O2 formation and decomposition mechanism in a similar
manner as presented for example by Marshall and Vaisson-Béthune [78], would be
strictly speaking necessary to take into account the formation and reduction reaction of
H2O2. For a quasireversible reaction, the commonly employed quasi steady state
approximation would fail with both oxidation and reduction contributing to the current. It
means that the separate steps in the hydrogen peroxide formation reaction would proceed
in both directions and therefore all rates must be significant.
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In article IV however, a simplified reaction mechanism was used because evaluating a
proper mechanism basing on quasi steady state approximations coupled to mass transport
would have been too elaborate. This was done to obtain a qualitative, not a quantitative
explanation for the experimentally obtained results.
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(2.55)

To keep the reversible limit correct, the above H2O2 formation mechanism was rewritten
as an artificial two electron transfer reaction (with apparent rate constants). The pH
dependence and water activity were ignored.
Step 1, the quasireversible formation of H2O2 happens at the Pb matrix and step 2 at the
MnO2 catalyst. The rate constants kf and kb presented by the following formula can be set
to equilibrium, by setting equal equations (2.56) and (2.57). This leads to the Nernst
equation formulation, equation (2.58), which is the same as (2.53), when the activities of
protons and of water are neglected, both of which are constant and relatively close to 1.
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(2.58)

When the decomposition reaction is assumed to be irreversible with (quasi) first reaction
order, ignoring mass transport, the kinetic expression for the steady state at the catalyst
matrix boundary can be written out in the following:
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For the reversible limit (݇ ሺܧሻ ݇  بଶ ), the surface concentration follows the Nernst
equation, where (2.62) is kf/kb; or when described by equation (2.58); ൫ʹܨΤܴܶ ሺ ܧെ
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 ܧ ሻ൯. Plugged into equation (2.64) this gives ݊݇ܨଶ ݇ ሺܧሻΤ݇ ሺܧሻ or with (2.58) a Tafel
slope of 30 mV = (RT/2F ln 10). Despite being small compared to the reverse reaction
rate constant, the decomposition rate constant k2 remains in the numerator, which
emphasizes the importance to the final rate. Thus if oxidation of H2O2 to oxygen is slow
due to a low standard rate constants of decomposition or electro-oxidation, without a
decomposition catalyst, the current would be zero, once the bulk of the solution is filled
with H2O2 and reaches its reversible concentration at steady state.
For the irreversible limit (݇ଶ ݇ ب ሺܧሻ ), obtained at larger overpotential, the rate in
equation (2.64) would only be determined by kf, and a Tafel slope of 60 mV (= 2D RT/F
ln 10, (2.56)) would result, where the Tafel slope then would change with the applied
potential from 30 mV to 60 mV. But when the mechanism is one of the three suggested
more complex mechanisms in section 1.2.1 and proceeds irreversibly then this should
give irreversible Tafel slopes of 30, 40, 60 or 120 mV at larger anodic potentials.

3

Results

3.1 The influence of the nature of the MnO2 catalyst used
MnO2 is a very complex material, since its properties are difficult to describe and to
characterise. It exists in a variety of modifications (14 are known [112]) and has a lot of
defects that have major effects on the materials’ properties [91,113,114]. The best known
modifications are α, β, γ and δ, all shown in Table 3.1.
They consist of octahedron structures that are connected by 1-edge or 2-edge sharing.
Pyrolusite or β-MnO2 is the most stable modification with 1x1 channels in its structure.
Ramsdellite interconnects octahedra in structures with 2x1 channels. γ-MnO2 is a mixture
of these two basic 2x1 and 1x1 octrohedral units, where the extent of Pyrolusite blocks in
otherwise ramsdellite structure (De Wolff’s disorder) is a major parameter of the defect
fraction. α-MnO2 is another base structure of MnO2 with a 2x2 channel structure, often
stabilised by intercalated cations. And finally there is δ-MnO2 which has a layered
structure, where the layers are densely edge shared octahedra that leave no gaps within
the layer, however gaps between the separate layers.
An important feature of the larger tunnel structures in α-MnO2 and γ-MnO2 are the
oxygen’s pyramidal configurations which exhibit presumably a different chemistry than
the oxygen at planar positions and which can be the main source of difference between
the materials and the difference in their abilities to catalyse the OER respective the
hydrogen peroxide decomposition or its electro-oxidation.
γ-MnO2 or more generally all MnO2 materials are typically described by their preparation
method, because the preparation has a major influence on the resulting properties. Chabre
and Pannetier [112] present the defect structures in MnO2 and give methods for their
experimental characterisation. They propose the amount of De Wolff defects and micro
twinning present in γ-MnO2 as the parameters describing many of the obtained properties
in different studies on MnO2, making a link between the defects in γ-MnO2 and its
resulting properties. They also tabulated the resulting defect structures as a function of the
preparation method.
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Table 3.1

Modifications of MnO2 , from article I, sketch after [112]

phasen Crystal
ame
names/description

structure’s Sketch

D

2x2 channels

E

Pyrolusite, 1x1 channel



Ramsdellite,
2x1
channels,
channels contain two different
types of oxygen: in planar and
pyramidal configuration.

J

Mixture of
ramsdellite

G

Layered structure

pyrolusite

and

The conductivity of MnO2 is generally poor [115,116]. γ-MnO2 is an n-type
semiconductor but doesn’t have the common properties of semiconductors, because its
conductivity is not determined by the amount of free charge carriers (the charge carrier
density is sufficiently high) but by the mobility of electrons [115]. Electron hopping
between the manganese (III) and (IV) centres describes the main conduction mechanism,
influenced by the amount of water and the amount of Mn3+ extending the distance
between the centers [116]. Using bulk MnO2 as an electrocatalyst as it is, is thus usually
detrimental. In battery materials this is commonly circumvented by mixing powder with
conducting material (such as carbon black) and binder to get a porous, but mechanically
stable and electronically conducting composite, which can be penetrated by electrolytes
(Zn-MnO2 battery technology).
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This was the main reason to choose a metal matrix Pb composite to prevent significant
ohmic losses through a layer of MnO2. As a surplus, the ex-situ preparation of different
manganese dioxide powders (chemically prepared (CMD), electrochemically prepared
(EMD)) is possible.
In article I, five different types of MnO2 were tested; three different commercial samples,
and two samples were prepared by oxidation of manganese with NaClO3, one from nitrate
based solutions (CMD2, J-MnO2), and the other from sulphate based solutions (CMD3,DMnO2).
a)

b)

Figure 3.1
Polarisation curves in the form of Tafel plots for a) CMD1 ▲, EMD ●, EMnO2 ■ and PbAg ͩ; and b) CMD1 ■, CMD2 ● and CMD3 ▲. The determined Tafel
slopes are a) 85 mV (CMD1 ▲), 97 mV (EMD ●), 114 mV (E-MnO2 ■), 190 mV(PbAg ͩ)
and b) 109 mV (CMD1 ■), 154 mV (CMD2 ●) and 93 mV (CMD3 ▲).
Figure 3.1 shows the polarisation results. The CMD samples were the most active ones,
EMD second most active and the E-MnO2 sample was least active; all samples however
were far more active than a PbAg sample. With the three CMD samples, the nitrate based
CMD2 (J-MnO2) was more active than the sulphate based CMD3 (D-MnO2) and the
commercial CMD1 was the least active.
The differences could be related to an increased presence of 2x1 (ramsdellite) and 2x2 (DMnO2) channels in the MnO2 structure with more active samples, where bigger channels
relate to a higher fraction of pyramidal oxygen sites. CMD samples typically have the
highest fraction of ramsdellite blocks, EMD samples less ramsdellite, whereas E-MnO2,
the most stable compound, usually has no defects thus no ramsdellite blocks [112].
Anyway, D-MnO2 (CMD3) does not appear much more active than CMD2 (J-MnO2) and
therefore there might be a chemical difference between the pyramidal sites in the tunnel
structure of D-MnO2 and those in the ramsdellite blocks in J-MnO2.
For the Pb-MnO2 composites, Tafel slopes were either 90 mV (for CMD1, CMD3/DMnO2 and EMD) or 120 mV (for E-MnO2), and slightly larger for CMD2 (150 mV)
whilst for PbAg the Tafel slope was much higher (190 mV). Higher Tafel slopes
compared to Pb-MnO2 composites were also reported by Lai et al [69] who found
decreasing Tafel slopes during 72 hour tests, and related that to the formation of the
porous PbO2 layer common for lead anodes. According to them the high Tafel slopes are
related either to Ozone formation influencing the oxygen evolution reaction [117,118] or
43

to the porous nature of the lead dioxide layer forming during oxidation of lead sulphate to
lead dioxide. Inside this layer mass and charge transfer are reduced [119] and/or pores
blocked by the evolving oxygen [120–122]. Thus the difference in between the Pb-MnO2
composite electrodes and the PbAg electrodes could be related to porosity, where the
composites remain much more compact during oxygen evolution [71].
The Tafel slope of 120 mV could fit an irreversible slope of both oxygen evolution and
the H2O2 generation mechanism (presented in section 1.2.1). Lai et al [69] obtained a
Tafel slope of 120 mV and related that to an oxygen evolution mechanism with the first
step rate determining, however, the mechanisms of the OER and the suggested
mechanisms for the hydrogen peroxide formation reaction in section 1.2.1 do not allow
for a straight forward discrimination on the bases of Tafel slopes. 90 mV is a Tafel slope
that has been previously obtained [76], however, the origin of such a Tafel slope is not
clear, as none of the mechanisms presented in literature ([75,77–80], section 1.2) show
such kind of Tafel slope. One possible explanation might be that two electrochemical
processes occur simultaneously and result in an overall Tafel slope of 90 mV, another
reason might be a charge transfer coefficient, D = 2/3 with a first step rate determining.
Generally, MnO2 has been identified as a potential non-precious catalyst for oxygen
evolution, both for alkaline [123] and acid media [124]. As also shown in article I, it
depends on the modification of MnO2, how active the electrocatalyst is [123]. Since it has
a relatively low conductivity, the use of MnO2 in composites, in particular Pb-MnO2
composites, have gained some attention, targeting the field of electrowinning [60,62–72].
As mentioned and studied in article IV, the effect of ohmic drops generated in such
composites has not been otherwise studied as a separate subject. The simulations in
article IV, however, suggested that there is a relevant ohmic drop connected to the OER
mechanism on Pb-MnO2 composites. In particular, since the differences between electrocodeposited [64,65,69], spray coated [60], pressed [66,71,72] and samples prepared by
accumulative roll bonding (ARB) [62,63] were relatively big. Amongst others this could
also relate to a difference in the contact resistance in between the catalyst particles and
the lead matrix caused by the different preparation methods.
MnO2 is also a relatively well known decomposition catalyst for H2O2 decomposition.
For example, the decomposition mechanism has been studied by various authors
[91,125,126]. In particular, the effect of different modifications on the decomposition has
been studied by Kanungo et al [91]. According to them, the stoichiometry of the catalyst
plays a significant role: generally, samples with higher Mn(IV) content tended to be more
active, whilst a small fraction of Mn(III) was still necessary to maintain the
decomposition reaction.

3.2

The influence of volume fraction and particle size

The effects of fraction and size of the MnO2 particles were studied in article I. For
fractions more than 10 weight percent (about 20 volume percent) the current density
obtained does not anymore increase linearly (15 wt% ≈ 30vol%), even decreased for the
high volume fractions. The Tafel slope changed, see Figure 3.2a. One reason for the
changes is that at increasing weight fraction, the volume percentage increases more than
linearly due to the large density difference between MnO2 and Pb. Another aspect is the
starting mechanical disintegration of the composite, such that the MnO2 particles are not
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anymore firmly integrated into the composite, supposedly leading to contact resistance
problems and detachment of MnO2 catalyst particles during oxygen evolution.
Another aspect that was studied in article I, was the influence of the particle size on the
oxygen evolution current densities at constant applied electrode potentials. During the
diploma thesis [74], rotating disc electrode tests were used to characterise the kinetic
parameters of prepared catalysts by using a rotating disc electrode.
Normally one would not expect to see any effect of rotation rate due to the irreversible
oxidation of water, however, as the current obtained depended on the rotation rate and the
increase of the current was significant, it was concluded that there was some mass
transport involvement. As discussed in article IV, it is in principle possible that mass
transport of protons or that of soluble intermediates can lead to mass transfer related
effects. In this thesis the related mechanisms are derived and sketched in sections 1.2.1
(H2O2 intermediate reactions) and 2 (acid mass transfer). The experimentally obtained
behaviour on RDEs was the original reason to study the effect of varying particle sizes,
where it was expected that the electrode would behave like an array of
ultramicroelectrodes (UMEs) [127]. This means it was suspected to show some edge
effects, even if the diffusional fields of the single electrodes overlapped.
Sieving of CMD1-MnO2 into fractions around 22.5/28.5/34 and 41 mm indeed displayed
linearly increasing current densities with 1/r at equal potentials, additionally being current
density dependent (Figure 3.2b).
a)

b)

Figure 3.2
a) Effect of the fraction of CMD1 in weightpercent: ■ = 3%, ● = 5%, ▲ =
10%, ◊ = 15%, □ = 20%, ○ = 25%, ᇞ = 30%. b) Effect of the particle sizeof CMD1 for
different potentials versus SSE ■ = 1.10 V, ● = 1.09 V, ▲ = 1.08 V, □ = 1.07 V, ○ = 1.06
V, ᇞ = 1.05 V.
This was an important result at the beginning of the thesis and therefore it was decided to
investigate the cause of such obtained behaviour in more depth. Studying of such
composite effects made it necessary to study the microscopic behaviour. Therefore the
local processes were studied by both simulation and experiment, as conventional methods
do not provide any insight into the region near the electrode. SECM and CAFM
experiments were chosen to analyse the local processes (section 3.3), and the diffusion
domain approach was chosen for the simulations (3.5).
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Additionally, it was attempted to describe the surface of a composite electrode
mathematically, to see if there are geometric properties that scale with 1/r. This work lead
to the triple phase boundary length model introduced in article 1 and verified in article IV
(section 2.1 respective validation in section 3.4). Finally, it was attempted to
experimentally measure the rate constants related to formation of H2O2, for which the
potential step theory in article III was developed (section 3.6).

3.3

Scanning probe measurements

Local variations on the composite electrodes were measured using conductive atomic
force microscopy (CAFM) and scanning electrochemical microscopy (SECM) found in
article II.
Conducting atomic force microscopy involves a conventional atomic force microscopy
instrument, where both the sample and the tip are connected to an external voltage or
alternatively a current source. During the scanning of the surface with the AFM tip
simultaneously an AFM and a CAFM image can be recorded, where the AFM results
show the topological information and the CAFM image shows the local variation of the
surface conductivity. The CAFM image is normally generated from the current flowing
through the tip at constant applied potential difference between sample and tip.
A diamond-like carbon tip was used due to high wear of other metallically conducting
tips, giving a good compromise between image generation and simultaneous current
measurements.

Figure 3.3
Left) a) 20 μm × 20 μm AFM contact mode image ('h = 600 nm, brighter
area reflects larger heights). Right) The simultaneously recorded CAFM image (Δi = 30
pA, E = +500 mV against the sample), brighter spots show higher currents through the
DLC tip.
Figure 3.3 shows the AFM and the CAFM image of a single MnO2 particle embedded in
the lead matrix, where the highest current is flowing through the interfacial lines in
between the lead matrix and the MnO2 catalyst, supporting the argument that the potential
drop in the MnO2 particle is big and reduces the current passing into the regions towards
the centre of the particle. Surprisingly however, the current flowing through the MnO2
particle was bigger than that flowing into the lead part of the sample. This can possibly be
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explained by the partly semiconducting properties of diamond-like carbon, emphasising
the special nature of the electrical properties of the triple phase boundary.
Scanning electrochemical microscopy normally involves ultramicroelectrodes (UMEs)
that have dimensions normally much smaller (1-25 μm diameter) than the material under
investigation and the surface is scanned or placed relatively close to the sample [108].
Typical measurement modes that are employed are feedback modes and generation
collection modes, shown in Figure 3.4.
In positive feedback, shown in Figure 3.4a1, the SECM tips reactions interact with the
reactions at the substrate, where normally exactly the opposite reaction is happening such
that when the tip is placed close enough the surface, shuttling of the active species occurs.
This leads to an amplification of the current measured at the SECM tip, which increases
with shorter distances to the sample. For negative feedback (Figure 3.4a2), on the other
hand, the reaction at the surface of the substrate does not happen and therefore the
constriction of the diffusion field around the UME tip is affecting the current at the tip,
which decreases with decreasing distance to the substrate.

Figure 3.4
The two typical working modes in SECM experiments [61]. a)
Feedbackmodes with 1) positive feedback and 2) negative feedback. b) substrate
generation tip collection mode.
The collection modes of substrate generation tip collection and tip generation substrate
collection try to avoid feedbacks, but instead detect the species that are generated at the
other electrode. In tip generation substrate collection mode, the species generated at the
tip are measured as a current on the substrate. And vice versa, in the substrate generation
tip collection mode (Figure 3.4b), species that are generated at the substrate are measured
as a current on the tip.
Substrate generation tip collection is the mode employed throughout paper II, where a too
close approach to the surface was avoided to not generate feedbacks. It was used to
measure the concentration profiles within the diffusion layer occurring near the electrode
during oxygen evolution.
The measurements were conducted in 2 molar sulphuric acid solutions. After one hour
preconditioning, the surface was approached under negative feedback which occurred
close to the surface. The tip was then retracted and scanned in x and y directions to
carefully align the tilt of the sample. After that, several different scans through the
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diffusion layer next to an active spot were performed, where it was taken care that
forward and backward scan were giving the same results. This indicates that the results
are reproducible and stable, meaning that the initial decay [128,129] of the tip current has
stabilised. This explains also why lower tip currents were measured than what one would
expect for a limiting current. Therefore, if possible, the mass transfer coefficients for each
case had to be determined to relate concentrations and tip currents.
a)

b)

c)

d)

e)

f)

Figure 3.5
Images recorded at three different tip potentials, in planes paralell to the
electrode (XY, on the left), or vertical to the surface (XZ, on the right) a+b)-0.3V vs.
AgAgCl c+d)-0.05V vs. AgAgCl e+f)1.1V vs. AgAgCl.
A particle, probably sticking out the surface as indicated by the AFM image, could be
imaged at three different potentials referring to three different electrode reactions at the
tip (Figure 3.5).

The reactions occurring depend on the potential that is applied to the tip:
ʹ
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Near the electrode, hydrogen peroxide is reacting at limiting current conditions to form
oxygen and protons according to either of the following reactions
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Despite an expected very noisy image due to the oxygen evolution at the composite, the
structure of the Nernst diffusion layer was clearly visible and allowed fitting of the data to
an analytical formula in article II. As indicated earlier, fitting a transient formula to
steady state diffusion profiles (XZ images) is not correct and therefore the concentration
profiles were refitted with the earlier presented formula in section 2.3. Additionally, the
interpretation of the concentration distribution of sulphuric acid, recorded at Etip = -0.3V
vs. Ag/AgCl, needs some care. As it discussed within article IV and with the solution of
the Nernst Planck equations introduced in section 2 a large concentration gradient of
sulphuric acid would only be obtained if it would be present as a supporting electrolyte.
And this was not the case for water oxidation that frees as many protons as electrons
being transferred during the reaction.
To refit the concentration profiles, it was first assumed that hydrogen peroxide reduction
occurred also at -0.05V and -0.3V, and oxygen reduction also at -0.3V. Additionally it
was assumed that proton concentration was not constant, reflecting the following
simultaneous fit:
ଵǤଵ
ܫ௧
ൌ ܣுమ ைమ  ܤுమ ைమ ǡଵ   ڄ൫ܥுమ ைమ ݔ ڄ൯

(3.6)

ିǤହ
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(3.7)

ିǤଷ
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 ൫ܥுమ ைమ ݔ ڄ൯

(3.8)

Fitting revealed that no hydrogen peroxide reduction occurred at the lower potentials
(BH2O2,2/3 ≈ 0), and that the proton concentration had no gradient (BH+ ≈ 0), meaning that
in article II an oxygen concentration gradient was probably mistaken for a supposedly
high proton concentration gradient. The equations to be fitted were then altered to
ଵǤଵ
ܫ௧
ൌ ܣுమ ைమ  ܤுమ ைమ   ڄ൫ܥுమ ைమ ݔ ڄ൯

(3.9)

ିǤହ
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(3.10)

ିǤଷ
ܫ௧
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(3.11)
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And respectively for the quadratic convection profile
ଷ

ଵǤଵ
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(3.12)
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(3.13)
(3.14)
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Equations (3.10) and (3.11) respective (3.13) and (3.14) where fitted simultaneously to
the XZ data recorded at -0.05 V / -0.3 V vs. Ag/AgCl. The fitting results are shown in
Figure 3.6 and the fitting parameters with their standard errors in Table 3.2.
Table 3.2 Parameters obtained by fitting equations (3.9) to (3.14). Values in the upper
rows were fitted to the linear velocity profile and the lower rows to a quadratic velocity
profile
Species
H2O2
O2
O2/H+
Species
H2O2
O2
O2/H+

Alin/nA
1.4488
-0.6482
-3.4838
Aquad/nA
1.4389
-0.6522
-3.4885

Blin/nA
-2.1480
-1.8324
-3.1767
Bquad/nA
-1.9379
-1.5606
-2.7310

Clin/m-1
13886
15129
Cquad/m-1
11949
12467

stderrors
0.0046
0.0076
0.0081
stderrors
0.0043
0.0075
0.0079

0.0426
0.0634
0.0858

219
288

RMSE
0.1578
0.3002

0.0339
0.0500
0.0638

157
201

RMSE
0.1574
0.3003

All parameters were determined with an estimated standard deviation of a few percent
which is surprising for such a noisy signal. The parameter errors are slightly lower for the
quadratic velocity profile. The root mean square values for both models are relatively
similar, and therefore it is difficult to decide which of the equations gives a more
adequate description of the diffusion convection equations.
The fits with their 95% prediction intervals are shown in Figure 3.6. It is seen that a linear
velocity distribution has better prediction capabilities and therefore the linear convection
profile fits better the measured data.
Diffusion coefficients measured for H2O2 span a relatively large range in aqueous
solutions from (0.66-2.20)u10-5 cm2/s [94,95,129–132], however most of the studies
were conducted in solutions close to neutral pH or solutions up to pH 2. Our solutions,
however contained 2M sulphuric acid and therefore the value determined by Shen et al.,
employing 0.5M solutions of sulphuric acid, was used with DH2O2 = 1.6u10-5 cm2/s [84]
which is still in relatively close agreement with the values used in article I and IV.
The oxygen diffusion coefficient is known to decrease with increasing salt concentrations
[133–135] and has been explicitly also measured for solutions containing different
molarities of H2SO4 at 25°C, described with the following formula (3.15) [136].
ܦைమ Ͳͳ ڄହ ൌ ʹǤͳʹ െ ͲǤͶͷͺ  ڄඥܿுଶௌைସ ܿ݉ଶ Τݏ
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(3.15)

where the values measured for solutions without sulphuric acid and for 0.5 M solutions
agrees relatively well with the values in literature.[133,134,137,138]. The measured value
for 2M H2SO4, 1.48u10-5 cm2/s was chosen for the calculations.
a)

b)

c)

d)

e)

f)

Figure 3.6
Data and the fitted curves to diffusion profiles recorded with SECM, where
the images on the right are showing the results from a linear convection profile, and
those on the right from a quadratic convection profile. Prediction intervals with 95%
confidence are sketched in magenta a+b)-1.1 V vs. AgAgCl c+d)-0.05 V vs. AgAgCl
e+f)-0.3 V vs. AgAgCl
The two values for the hydrogen peroxide and oxygen diffusion coefficient should be
reflected in the difference of the parameters C that can be calculated with the following
equations (3.16) and (3.17)
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Here, the quadratic velocity profile, equation (3.17), gives values closer to those in
literature.
The determined parameters are shown in Table 3.3 and Table 3.4, where the mass transfer
coefficient k was determined using the limiting current formula (2.21) using the above
diffusion coefficient literature values. A four electron transfer reaction for oxygen on Pt
and a two electron transfer reaction for hydrogen peroxide oxidation was assumed.
Table 3.3
Parameters determined from the fits to a convection diffusion
concentration profile for v = a*x. Fixed fitting parameters in bold. Assumptions 1Mass
transfer coefficient determined from tip CV. 2Bulk saturated with oxygen. 3Bulk saturated
with air.
Species
H2O2
O2
Species
H2O2
O2

k/(nA/mmol∙L-1)
6.397
2.4761
-11.84
-0.5493
-2.6157
G/ μm
63.82
58.58

cb / mmol L-1
0.2265
0.5851
0.0548
1.182
0.2483
a / s-1
-0.6170
-0.6775

cs / mmol L-1
0
0
0.2096
4.5159
0.9483

Std errors
0.0007
0.0018
0.0006
0.0064
0.0306
Std errors
1.01
0.0195
1.12
0.0258

0.0044
0.1218
0.0256

The bulk concentrations were calculated by dividing parameter A by the respective fixed
mass transfer coefficient, resulting in 0.22/0.23 mmol/L for hydrogen peroxide and 55
μmol/L for oxygen. The surface concentration of oxygen was approximately 4 times that
of the bulk (180/220 μmol/L).
Table 3.4
Parameters determined from the fits to a quadratic convection profile.
Fixed fitting parameters in bold. Assumptions 1Mass transfer coefficient determined from
tip CV. 2Bulk saturated with oxygen. 2Bulk saturated with air
Species
H2O2
O2
Species
H2O2
O2
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k/(nA/ mmol∙L-1)
6.397
2.4761
-11.84
-0.5527
-2.6318
G/ μm
74.73
71.63

cb / mmol L-1
0.2249
0.5811
0.0551
1.182
0.2483
a / m-1s-1
-8189
-8604

cs / mmol L-1
0
0
0.1870
4.0037
0.8408

Std errors
0.0007
0.0017
0.0006
0.0063
0.0302
Std errors
0.99
325
1.15
416

0.0043
0.0960
0.0202

For hydrogen peroxide another mass transfer coefficient was calculated from the CV at
the UME with known bulk concentration of 1 and 2 mmol/L. This k value is about half of
the one calculated with the limiting current formula and refers to bulk concentrations for
H2O2 of 0.59/0.58 mmol/L. It is however possible that the actual value is higher due to
the ceasing reaction at the tip which was reported by Liu and Bard [128] and Evans et al
[129].
Different k values for oxygen were also determined, assuming that the bulk of the
solution is at least saturated with air or oxygen. The calculated k values are 20 respective
4 times lower than the one relating to the limiting current. In such assumed cases surface
concentrations are roughly 4 times higher or 0.84 mmol/L, where this value that agrees
relatively well with measured supersaturation of oxygen near an electrode during the
OER [139].
The values presented here are one order of magnitude lower than what was presented in
article II, which was the result of fitting a transient equation to a steady state
concentration profile.

3.4

Validation of the triple phase boundary length model for 2D composite
electrodes

The validation of the model is presented in article IV (see Figure 3.7a). Another
important result was that the distribution statistics were not influenced by ordering of the
spheres which will happen at higher volume percentages; the cutting distribution still
followed the derivation involving random distributions along the cutting height h,
equation (2.1), as seen in Figure 3.7b.
a)

b)

Figure 3.7 Validation of the triple phase boundary length (TPBL) model presented in
section 2.1. a) TPBL derived from equation (2.6) versus the simulated TPBL b)
Probability distribution of the cut radius calculated from equation (2.1), red line, versus
simulated results for the cutting radius, blue symbols.
This model was the basis for the following work in article II and IV. In article II the triple
phase boundary was attempted to be imaged, and in article IV processes happening at the
composite that supposedly lead to a focusing of the current to the triple phase boundary
were simulated. All of the following presented mechanisms have the potential to cause
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said focusing of the current to the triple phase boundary for which both experimental and
simulation results will be summarised in the following sections.

3.5

Oxygen evolution mechanisms on Pb-MnO2 composites

This section represents the different mechanisms proposed in article I and investigated in
articles II and IV; especially in relation to the triple phase boundary. Proton mass transfer
was measured during SECM measurements, however displaying some contradictory
results between measured and theoretically predicted results. Hydrogen peroxide
formation as an intermediate was one of the candidates mainly targeted, next to
conductivity issues resolved by the use of composite electrodes.

3.5.1

Mass transfer of protons and oxygen during oxygen evolution

Mass transfer at disc shaped ultramicroelectrodes is known to cause the current to focus
on the boundaries of the electrode, also called edge effects. The hemispherical fraction of
the limiting current as an example can be described by its limiting current equation that
scales with 1/r [108] and the situation for a MnO2 Pb composite during oxygen evolution
is illustrated in Figure 3.8. Edge effects remain with both cathodic deposition and anodic
reactions because it is a general property of the diffusion process happening at electrodes.

Figure 3.8
Diffusion and migrations of protons and oxygen away from the surface
during oxygen evolution, where the diffusional fields overlap.
To make a difference in electrode potentials, the current has to depend negatively on the
proton concentration, which is sometimes the case for the above presented mechanisms of
oxygen evolution and refers to concentration overpotential as proposed by article II. This
requires that some of the later steps are rate determining, such that also reverse reactions
happen which are proton concentration dependent. This introduces negative reaction
orders with respect to the proton concentration. For the electrochemical oxide path, when
the 2nd step is rate determining, for example a reaction order of -1 is obtained, but then
also the Tafel slope should change to 30/40 or 60 mV/decade, which was not measured.
Additionally, one might expect, that sulphuric acid gradients would be small or nonexistent due to migration of the protons, where an increase of the sulphuric acid
concentration towards the surface can be only expected when protons are not formed or
consumed during the electrochemical reaction [85]. A small concentration gradient was
obtained during simulation, where the increase of proton concentration towards the
surface was only a few percent (see article IV). Consequently, in the simulation, the
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microscopic current density did not increase towards the triple phase boundary and
neither did the particle size have any influence on the results (compare to Figure 3.9).
a)

b)

Figure 3.9
Diffusion and migration of protons combined with a reaction order of -1 at
a 25 vol% electrode. a) Results for different potentials and particle sizes. b) Current
density distribution for different potentials with 10μm catalyst radius in 20μm domains.
The reinterpreted results of article II in section 3.3 showed similar characteristics. The
fitting resulted in expressions with only two species present, and the current related to
proton mass transport was constant throughout the Nernst diffusion layer. Thus the
diffusion profile that was earlier described as being related to sulphuric acid was actually
another image of the oxygen Nernst diffusion layer profile. This fits also well with
otherwise extreme current densities that would need to occur to establish a meaningfully
large concentration gradient, as can be seen by the boundary condition in equation (2.14).

Figure 3.10 Fits to the SECM XZ image recorded at Etip = -0.3 V vs. Ag/AgCl where
the tip current is a sum of oxygen reduction current and hydrogen evolution current.
The SECM tip currents relating to oxygen evolution respective hydrogen evolution at -0.3
V vs. Ag/AgCl are sketched in Figure 3.10. The concentration of dissolved oxygen near
the electrode raises to values roughly 4 times the saturation limit (Figure 3.10), which in
theory could also have an influence on the electrode potential. Whenever the rate of the
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reverse reaction of the last step in the oxygen evolution mechanisms is not negligibly low,
the concentration of the surface intermediates is influenced by the oxygen dissolved in the
solution near the electrode. Such a situation, however, is very unlikely since this would
mean that the mechanism is very close to its reversible limit, where oxygen evolution
anyway happens at high overpotentials and is normally strongly irreversible. The same
applies for hydrogen peroxide oxidation to oxygen.
Mass transport influences of the products, oxygen and sulphuric acid, can thus be
considered to be very unlikely to play any role in the observed experimental results.

3.5.2

Secondary current distribution influenced by the conductivity of
MnO2

The conductivity of MnO2 is much lower than metals or other oxides such as IrO2, RuO2
used as MMOA catalysts [76]. Conductivity values for MnO2 span 103 to 10-6 S/cm,
which varies with the modification and the preparation method [115]. It is dependent on
the water content [116] and on the degree of reduction [115]. It is described to have ntype semiconducting properties, where however, the conductivity is not determined by
the amount of charge carriers as is typical for semiconductors, but the charge transport is
mobility limited and has been described by electron hopping [115,116]. For a discharging
battery, it is coupled to the accompanying movement of protons [112,115,116].

Figure 3.11 Pathway of electrons in the composite from article I. 1)matrix is well
connected. 2) Current path is hindered by the MnO2 particles. 3) Inset shows the
electrons passing through the surface MnO2 particles.
In the case of thick coatings and high fraction composites of MnO2, the low conductivity
leads to a substantial potential drop across the coatings. Therefore, MnO2 is typically
mixed with carbon and PTFE binder in batteries. Mixing MnO2 particles with Pb and
pressing them into a composite remediates the problem that is related to low conductivity
of electrocatalysts (see Figure 3.11).
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In the case of too high a volume fraction of MnO2, the matrix in the composite will not
percolate and therefore the conductivity of the composite will be significantly lowered
(compare to mark 2 in Figure 3.11). Also, the composite will tend to be mechanically
unstable (compare to article I). But for low enough MnO2 weight fractions in the
composite, the current is carried to the surface through the lead matrix and the electron
transfer into the catalyst particle will first happen right at the surface: due to the potential
difference caused by the longer distance for electrons to travel to reach the centre of the
catalyst particle (see detail in Figure 3.11), the reaction rate at the centre of the catalyst
particles will be lowered, because less activation overpotential would be available at spots
closer to the centre of the particles.
a)

b)

c)

d)

Figure 3.12 Influence of a) and three different conductivities at E-Eo = 0.6 V. b) MnO2
particle size and different electrode overpotentials at V= 1 S/m. c) Radial current
distribution for varying electrode potentials. d) Measured data from article I. Potentials
in SHE scale.
In the CAFM measurements presented earlier (section 3.3), it was shown that the triple
phase boundary possesses special electronic properties and that most of the current was
passing through a region close to the MnO2 catalyst particle lead matrix boundary.
In article IV the conductivity values with the range 10-3 to 10-1 S/cm were chosen; values
that had an effect on the ohmic drop for particle radii in the range of 10 to 25 μm and are
typical for MnO2 [115,116].
The results of the simulations in article IV are shown in Figure 3.12a-c. Figure 3.12a
displays the influence of the conductivity where the ohmic resistance caused a drop in
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current density. With the lower conductivities, the dependence of the current density on
the particle size was more pronounced than for catalyst particles with higher conductivity.
The particle size dependence magnitude depended also on the applied potential, or on the
current that flows, which is seen in both Figure 3.12b and d. The current density
increased as predicted close to the triple phase boundary (Figure 3.12c).
By comparison, measured results from article I are shown in Figure 3.12d, and the
characteristics from both simulation and measured results are relatively similar. Although
with the experiments, there is no sign of deviation from a 1/r relationship at low particle
diameters. This could be a result of stronger focusing of the current to the triple phase
boundary than what was obtained in the simulated model.
Nevertheless this mechanism represents a reasonable explanation to the observed
geometrical relations (1/r) and represents also a possible explanation to why low oxygen
evolution overpotentials are obtained. This would then emphasise the catalytic ability of
MnO2 for oxygen evolution which otherwise suffers from high ohmic drops, when it is
used in thicker coatings.

3.5.3

The hypothetical Hydrogen peroxide formation and decomposition as
an intermediate

As already introduced in section 1.2.1, hydrogen peroxide is a common intermediate
during oxygen reduction, where on almost all catalysts at least small amounts of H2O2 are
formed. For oxygen evolution, however, hydrogen peroxide formation is not reported,
although recent literature suggests catalysts that might selectively favour hydrogen
peroxide formation over oxygen evolution [96].
Eventual mechanisms were presented in section 1.2.1 and were very similar to those
known for oxygen evolution showing the same Tafel slopes and reaction orders with
respect to protons.
According to Viswanathan et al [96], it is known that many of the electrodes that are
poorer oxygen evolution catalysts are good electrodes for organic decomposition and they
suggested that hydrogen peroxide (or its radical) is formed at higher rates than for
electrodes containing good OER electrocatalysts. Electrodes that contain good oxygen
evolution catalysts are less efficient at destroying organic molecules. Viswanathan et al.
also suggested that hydrogen peroxide or hydrogen peroxide radicals are formed on lead
electrodes and other materials, used for that purpose. The amount of hydrogen peroxide
forming, the potentials at which the formation happens and whether hydrogen peroxide
formation is involved in the oxygen evolution reaction as an intermediate was and is,
however, less clear.
Therefore it is important to notice, that the newly suggested 2-step 2-material mechanism
is more of a conceptual nature and describes synergetic effects obtained when combining
different catalysts for different reactions involving intermediates. The main purpose of
the methodology is that the materials are combined to serve an efficient generation of the
desired product, here oxygen.
Accordingly, the simplified model used in the simulation of H2O2 reactions on Pb and
MnO2 does not necessarily give an accurate picture with respect to all scientific details
that are possibly present in the actual case. As mentioned earlier, H2O2 reactions are
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inner-sphere electrochemical reactions and this was approximated here by an artificial
quasireversible two electron transfer reaction. Quasireversible multistep mechanisms,
such as presented by Marshall and Vaisson-Béthune [78] for the OER would be more
appropriate to use, however, it is a hopeless endeavour to determine exact kinetics
mechanisms when there is not enough experimental data available to validate it.
a)

b)

c)

Figure 3.13 Simulated two-step two-material mechanism for different decomposition rate
constants k2. a) Resulting current densities; b) Tafel slopes connected to quasireversible
and irreversible behaviour; and c) Resulting steady state bulk concentrations. The dash
dotted line indicates the equilibrium concentrations (Nernst equation).
Nonetheless with the use of the simplified model, important possible synergetic effects
that might occur with the use of composites have been modelled; and the influence of the
composite geometric properties on the reaction rates can be seen when they are combined
with (electrochemical) reaction kinetics:
Figure 3.13a shows the simulated current densities of the simplified apparent mechanism
as a function of the decomposition rate constant on MnO2 and as a function of potential. It
can be seen that the decomposition rate constant has an important influence on the current
density. The resulting Tafel slopes in Figure 3.13b show that there is a transition from
quasireversible behaviour to irreversible behaviour, just as it was predicted in section
1.2.1.
The influence relates to the steady state nature, where the bulk of the solution is filled up
with H2O2 and all generated hydrogen peroxide decomposes on the catalyst. Only the net
generation rate is seen then as a current. The conclusion was that within this hypothetical
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mechanism, the reverse reaction of the H2O2 formation reaction is slowed down by the
decomposition and therefore, the net reaction rate and the current are increased when a
decomposition catalyst is near.
The main characteristics can be seen from the simulated bulk concentrations in Figure
3.13c. Again, the reader has to remember that a simplified model was used and therefore
unrealistically high concentrations of H2O2 resulted for large applied potentials. This is,
however, not important for assessing the key characteristics of the hypothetical
mechanism.
a)

b)

Figure 3.14 25 vol% MnO2, k2=10 cm/s and E-Eo= -10 mV, different catalyst particle
sizes a) Radial distribution of the current density on lead; b) Corresponding surface
concentrations.
For low decomposition rate constants, when the current density and the decomposition
rates were low, the concentrations followed approximately the Nernst equation, and the
Tafel slope was that of the reversible reaction (30 mV). This suggests that the reverse
reaction of the generation reaction was much faster than decomposition. Because at
steady state, generation rates must be the same as the decomposition rates, low
decomposition rates lead also to low net generation rates of H2O2, and therewith to low
current densities. At higher potentials, the rate constant kb is decreasing with increasing
potential according to equation (2.63) and the equilibrium concentration of H2O2
described by the Nernst equation is not reached. Consequently, the current flowing is
mainly determined by the forward reaction of the generation reaction and with that the
Tafel slope changed to 60 mV, its irreversible limit. This though relates to the artificially
simplified mechanism and could be different with the true reaction mechanism.
An important result is that on a microscopic scale in the simulated domains, the proposed
lowered reverse reaction leads to a net increase of current at the triple phase boundary.
This is seen in Figure 3.14a that shows the current distribution at the lead component of
the composite. Comparing the current density distribution to the surface concentration,
displayed in Figure 3.14b, the correlation between high current density and low surface
concentrations is seen. Additionally, the current density increase is catalyst particle size
dependent.
The catalyst size dependence of the current density is seen in Figure 3.15a and can be
compared to the measured results from article I, shown in Figure 3.15b. As earlier with
the previous conduction based mechanism, the simulated results show a decrease of the
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slope with smaller particles, something that was not seen in the experimental results.
Otherwise the slope increased in both with the applied potential.
a)

b)

Figure 3.15 Simulated results versus measured result for different particle sizes and
different potentials. a) Simulated results with potentials E-Eo; b) Measured results with
potentials in NHE scale.
Another result from article IV was the dependence of the current density on the volume
fraction of the catalyst. Since both lead matrix and MnO2 catalyst particles are active
constituents in the proposed reaction mechanism, choosing the right amount of
decomposition catalyst would be essential. With too high fractions of MnO2, the area on
which H2O2 formed was diminished and that is seen as a reduction of the current density
when a certain volume fraction is exceeded (Figure 3.16).
a)

b)

Figure 3.16 a) Current density as a function of the volume fraction; b) Current density
maxima plotted as a function of the logarithm of the current density.
If this mechanism is more substantiated by experimental evidence, then both the matrix
element and the decomposition catalyst can be chosen or tuned with their respective
abilities to form or decompose H2O2 and the catalyst particle size and the optimum
amount of both components for the use at a certain current density can be determined.
So far however, after reinterpretation of the SECM data, the bulk concentration of H2O2
was suggested to be lower than anticipated. This probably means that even greater
catalytic capabilities of the materials would be required.
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3.5.4

Gas bubble screening and its influence on the current and
concentration distribution

As is mentioned in article IV, gas evolution will influence the reactions happening on the
composite electrode especially when covering the active area. Especially in the case that
was suggested in article I, where a bubble directly forming on the active MnO2 catalyst
particles as shown by Figure 3.17, was given as one reason why edge effects could occur
and thus why the experimental results showed the 1/r particle size dependence of the
current density. That the bubble size and the affective area would correlate with the
particle size seems reasonable since line tension and material discontinuity have to be
overcome to extend the bubble growth to the matrix area of the composite.
The microscopic processes involved during gas evolution are relatively complex and are
described by Vogt et. al. [140–145]. The global surface coverage 4 of the electrode can
be described by an empirical relationship as a function of the applied current density, or
by formulations that relate it to the breakoff diameter or breakoff time, a parameter that
can be measured. Nonetheless, the simulations by Dukovic and Tobias [146] showed that
the secondary current distribution on the uncovered area is relatively even and as a result
the bubble screening effect of the can be taken into account by assuming a smaller
(effective) electrode area. This counts for the conventional OER.

Figure 3.17 Bubble covering the MnO2 catalyst particle leaving only the boundary for
electrochemical reactions.
Supersaturation having a feedback on the electrode voltage, however, was found to cause
a more uneven (tertiary) current distribution. It can be thus expected that the distribution
of the hypothetical intermediate H2O2 would be more complexly affected than the
conventional OER, for which normally supersaturation of oxygen or mass transport of
protons does not show a noticeable effect.
The composite electrode can be, however, also considered as a more homogeneous
material, where both materials would be covered by bubbles. On spray coated electrodes,
which are in some aspect similar to composite electrodes, the process of the gas evolution
was studied [147] and it was found that bubbles cover about 15% of the area at the
current density of interest. There was no big difference in coverage between the materials
and methods with which the electrodes were spray coated. The gas bubble size
distribution was however different from material to material. Pb electrodes modified with
PTFE particles showed bigger bubbles and at the same time lower potentials, which could
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be interpreted as an influence of the gas bubbles on the microscopic processes. On the
other hand, however, the ohmic drop was determined to be greater for bigger bubbles.
Otherwise, the preparation method and the used catalyst had more influence on the
obtained electrode potentials than effects that could be related to gas evolution. Therefore
it seems natural to assume that only the active surface area is reduced and that otherwise
the kinetic mechanisms behind oxygen evolution are important, such as it is commonly
assumed during OER studies.

3.6

Transients on the rotating disc electrode

The convection diffusion equation to be solved, resembles the equations presented in
section 2.3, yet involves an additional term reflecting the transient nature. Transients on
the rotating disc have been numerically calculated by Bard [108,148], Nisancioglu and
Newman [107], and Krylov and Babak [106].
In paper III the convection diffusion equation is approximated by a Nernst diffusion layer
equation, similar to the work by Siver [105,108], and uses separation of variables for
reversible, irreversible and quasireversible reactions. It was shown that the Nernst
diffusion layer approach is particularly useful for short transient measurements, where not
only initial conditions of bulk concentrations, but also steady state initial concentrations
resulting from polarization on the RDE were considered.
This system has the big advantage that the eigenfunctions of the underlying system are a
linear combination of sine and cosine, for which reversible potential step and constant
current experiments (Dirichlet and Neumann boundary conditions) produce analytical
eigenvalues, such as the ones derived by Siver [105,108]. The calculation of many terms
of the infinite sum is straight forward, which however have proven to be difficult for the
eigenfunctions calculated by Nisancioglu and Newman [107].
For irreversible reactions (or Robin boundary conditions) the solution of the eigenvalues
is more elaborate, as it involves the calculation of the roots of the equation (3.18):
ܥඥߣ  ൫ඥߣ ൯ ൌ Ͳ

(3.18)

where C depends on the rate constants, Diffusion coefficients and on convection.
The difference between the series solution to a potential step with a reversible electrode
reaction is seen in Figure 3.18. The series solution describes well the initial part of the
transient and was matched to the same steady state current. It deviates, however slightly
for intermediate times.
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Figure 3.18 Series solution to the potential step at the RDE using the Nernst diffusion
layer approximation versus simulated transient convection diffusion equation in
COMSOL. Both deviate from each other only for intermediate times as indicated in the
inset.
Additionally, in article III the closed form solution of potential steps were compared to
the initial transient of a simulated convection diffusion equation, for which an agreement
was found for short times, as expected.
This comparison can be used to derive the steady state current due to reactions of the
electroactive species in solution. It is offset during measurement by a constant solid state
background current, lead sulphate oxidation to lead dioxide. The measured initial
transient can be used to eliminate it from the calculations. In article III, this is done for
steady state initial currents, something that cannot be acchieved with potential steps,
because a steady state is missing for the traditional potential step method. The
methodology is presented in Figure 3.19.
Given known bulk concentrations of Ox and Red, potential step theory is used to describe
the initial transient which is represented in blue and can be extended to longer times. For
steady state initial concentrations, the equations are modified by a pre-factor, which is the
result of a comparison of Nernst diffusion layer approximated transients with bulk
concentration initial concentration and steady state initial concentrations. Those prefactors can be transferred to the potential step closed form solution, given by equation
(3.19) - (3.21):
ܬሺݐሻ ൌ

݇௫ ሺܿௌோ െ ܿௌௌோ ሻ െ ݇ௗ ሺܿௌை െ ܿௌௌை ሻ
 ڄ൫ܬ௦௧ ሺݐሻ െ ܬௌௌ ൯  ܬௌௌ  ܬௗ
݇௫ ሺܿோ െ ܿௌௌோ ሻ െ ݇ௗ ሺܿை െ ܿௌௌை ሻ
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(3.20)

ܪൌ

݇௫
ܦோ

ଵȀଶ



݇ௗ

(3.21)

ܦை ଵȀଶ

Figure 3.19 Method of background current detection, where the steady state current can
be predicted from the fit of potential step theory to the initial transient data.
Where cSRi/ cSOi are the initial surface concentrations of O and R, generated by the
previous steady state, cSSR/cSSO are the steady state surface concentrations of O and R,
resulting from the applied potential, and cbR/cbO the bulk concentrations of O and R. H, is
a constant given by equation (3.21).
In practice the initial transient data for example of a staircase voltammetry experiment
will be split into separate steps and then fitted separately to the following equation, (3.22),
resulting in as many values for A,B and H as there are steps in the staircase voltammetry:
ܬሺݐሻ ൌ ܣሺܧሻڄሺܪሺܧሻଶ ݐሻ ڄ൫ܪሺܧሻݐଵȀଶ ൯  ܤሺܧሻ

(3.22)

The constants A and B contain all the values in equation (3.19). From the fitted values of
H, the values of the rate constants kox and kred, and the diffusion coefficients DO and DR
can be determined, either when the diffusion coefficients are known or, the potential
dependence of the rate constants can be determined from their exponential dependence on
the electrode potential, which then also involves fitting the diffusion coefficients.
ఈி

݇௫ ሺܧሻ ൌ ݇   ڄ൬ோ் ሺ ܧെ  ܧ ሻ൰
݇ௗ ሺܧሻ ൌ ݇   ڄ൬െ

ሺଵିఈሻி
ோ்

ሺ ܧെ  ܧ ሻ൰

(3.23)
(3.24)

After fitting, for the determination of the steady state current, the constant B is subtracted
from the total current value of the experimental data (compare to Figure 3.19, step 1).
This gives the value 'Jinf which was shown to be related to the steady state current JSS by
equation (3.25).
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(3.25)

After this the pre-factor can be determined from A and with the help of the determined
rate constants using the following equation (3.26):
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Then the steady state current JSS can be determined (step 2), (3.27).
ܬௌௌ ൌ
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ȟܬ


(3.27)

And finally (step 3), the background current can be determined by subtracting the steady
state current from the total current Jtot.
This concept can be transferred to the hydrogen peroxide reactions, when the hydrogen
peroxide reactions involved are first order, where the theoretical derivation is presented in
section 2.4. The initial potential step transient at an RDE to the H2O2 generation, reaction
(2.33) in section 2.4, can be obtained by modifying the equations for the irreversible step
in article III, and results in equations (3.28) to (3.30).
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In this case, only the rate constant of the reverse reaction kb can be obtained from fitting
H. Thus, the pre-factor for initial concentrations other than bulk concentrations must be
determined from fitting expressions to both A and H. The fitting of factor A involves
describing the steady state surface concentrations, and the steady state of the preceding
step, involving kb and kf, the bulk concentrations and other parameters, such as the
diffusion constants, written as equations commonly used during interpretation of RDE
experiments. In such cases, it can be straighter forward to use potential steps and no RDE,
however risking that big changes in potential induce large solid state currents, which are
possibly not anymore constant in time. And due to the oxidation of PbSO4 to PbO2, the
active electrode material might change, especially if big potential steps are performed. It
could thus be of advantage to conduct for example staircase voltammetry experiments
with small step size to control the solid state reactions involved.
Similarly the oxidation reaction and the decomposition reaction of H2O2 could be studied
as an additional reaction using the same methodology, even when common OER happens
as the main reaction at the electrode and its current is constant. The current resulting from
this potential step is more complicated, as it was already shown in section 2.4. The
current is a sum of both oxidation and reduction of hydrogen peroxide and therefore not
anymore simply related to the concentration gradient. Consequently, also the scaling and
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offset methodology presented in article III works differently, as seen from equations (3.31)
- (3.33).
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It can be seen that the reverse reaction would show up as negative current transients when
scanning into cathodic direction, whilst the oxidation to oxygen would show up as
positive transients. When both oxidation and reduction are simultaneously present, in the
case of decomposition, the current would be lower; and with simultaneous formation and
oxidation of H2O2, an additional steady state current will flow. Again, the transients shape
is depending on H, and both kf2 and kb1 are relatively easily determined. kf1 on the other
hand is only showing up in the amplitude of the transient and in the additional steady
state current, arising from simultaneous formation and oxidation of H2O2. This means that
it would be necessary to determine the pre-factors of the transient which does not seem to
be a trivial task. Thus again, common potential step experiments could avoid the
calculation of the initial surface concentrations, with the drawback of potentially large
and non-constant solid state reaction currents.
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Figure 3.20 Staircase linear sweep at an RDE rotating with 2500 rpm. a) Current as a
function of time; b) Potential versus a Pt quasireference electrode as a function of time.

3.6.1

Experimental proof of the concept

The concept of the transients at the RDE involving steady state initial concentrations have
shown to work out for simple one electron transfer reactions. Experimental data plus their
interpretation was presented at the international society of electrochemistry (ISE)
conference 2012 in Prague.
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Potential step transients at an RDE at 2500 rpm were recorded for a 20 mM solution of
CuCl2 in a deep eutectic solvent consisting of ethylene glycol and choline chloride with a
sampling rate of 100000 samples per second. The transient data was split into its steps
and analysed separately by fitting equation (3.22) to each step to obtain H. The potential
step data is shown in Figure 3.20 where each separate step is marked in a different colour.
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Figure 3.21 Fits . a) Illustration of the fitting procedure, equation (3.22); b) H as a
function of potential and fit to equation (3.21).
The fitting of the data was done for times where no double layer charging occurred and
were the influence of the convection has not yet set in, as it is shown in Figure 3.21a. The
results of the fitted H values (dots) plus the additional fit to determine k0 Eo, D, Dox and
Dred (red line) are shown in Figure 3.21b.
Table 3.5

Parameter fitting results for the potential step at an RDE

EO / V vs. k0 / cm∙s-1
Ag/AgCl
0.48 ± 0.002
1.065u10-3
±1.3u10-5

D

DOx / cm2∙s-1

DRed / cm2∙s-1

0.34 ± 0.01

9.25u10-8
±1.2u10-9

2.020u10-7
±2.9u10-10

Since the parameters were only determined from the transient part of the potential step,
they are independent of any background currents, assuming that they are constant. Also,
the methodology seems to be relatively well suited to determine rate and diffusion
constants.
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4

Discussion

This work suggests several new concepts for evaluating processes that happen during
oxygen evolution on composite electrodes. Processes were suggested on the basis of
experimental work and studied further by scanning probe techniques and simulation.
Finally a method to measure the rate constants of H2O2 reactions on Pb was suggested.
Many of the used methods and experiments are not really well established and a straight
forward interpretation of the measurement results in form of processes is not simple due
to the complexity that is exhibited by the random arrangement of MnO2 particles in the
Pb matrix.
Therefore, the methodology and suggested interpretations are discussed here combining
all of the results and theories that are presented in this thesis. First of all in article I the
experimental basis for further investigations were laid out, continuing the work of the
diploma thesis [74], in which different catalysts were studied with the help of a rotating
disc electrode. The work showed that mass transfer was playing a role which is an
important input to the interpretation of the obtained results.
In article I, a statistical TPBL model was introduced to describe geometrical factors that
could explain the observed experimental results of the article. A general expression was
derived that related global surface area coverage 4, geometrical surface area Ageom and
particle size rp to the number of active particles N which was found to be N =
3/(2S ∙Ageom4/rp2. Multiplying the number of cut particles by respectively average
circumference allowed the TPBL of LTPB= 3/4S∙Ageom4/rp to be obtained. Doing the same
for the surface area, multiplying the number of cut particles by the average surface area of
a cut particle, the total active area can be obtained, which is the geometric surface area
multiplied by the surface coverage, A = Ageom4. It is known that the surface coverage and
the volume percentage are identical, as was also shown in article IV.
A common assumption would be that the larger surface to volume ratio of smaller
particles extends to the use of composite electrodes. If all particles, even those buried in
the composite, were active, then this inevitable correct relationship would be transferable,
but since not all particles are active in compact composites this does not anymore hold
true.
The question thus is only whether the electrodes in this study are considered to be porous
or if they are compact as defined by Cattarin and Musiani [51]. Composites with a metal
matrix, were classified as compact, whilst mixtures of oxides, such as those present in
elecro-codeposited composites [64,65,69] are considered to be porous. In compact
electrodes only the outer catalyst particles take part in the electrochemical reactions with
the consequence that only particles within a distance of rp to the surface can be counted,
which was exactly the assumption used in the model. Therefore, it can be argued that the
TPBL model holds for the studied composites and that the total active surface area in the
composite is not increased when using smaller particles.
Another important aspect in article I is the observation that different MnO2 catalyst
materials showed very different polarisation behaviour, as was also obtained by other
groups [60,123,147,149]. Article I related this to the different crystal structure and to the
defect model suggested by Chabre and Pannetier [112]. This argumentation can be related
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to the kinetic concept by Rossmeissl, Man and Nørskov [79,80]. It showed that MnO2 as
a catalyst with the modification studied by them is not optimal. To enable comparison to
the other oxygen evolution electrocatalysts, DFT simulations of the adsorbent’s Gibbs
free energy of formation on the different MnO2 modifications would be necessary,
however, the difference in chemistry between pyramidal and planar oxygen sites could be
seen to explain the difference also in a kinetic perspective, because the samples that
contain more pyramidal oxygen sites could be correlated with increased activity. Also
with the stoichiometry of the MnO2 catalyst, changes can occur and doping could modify
the stability and the catalytic ability [124]. Thus the kinetic concept by Rossmeissl, Man
and Nørskov can be seen as a good tool to explain and predict the catalytic ability of OER
electrocatalysts.
Article II studied the role of electrochemical reactions and the role of conductivity in a
composite during oxygen evolution. It was attempted to image the triple phase boundary
which succeeded only for the CAFM results that showed that the triple phase boundary
had special electrical properties that lead to an increase of the current. SECM experiments,
however, were less successful to image the triple phase boundary, but the reaction
products of the OER were identified: H2O2 was reacting at the surface, forming oxygen.
The reinterpretation of the proton image and the simulation in article IV showed that
protons were forming hydrogen at the UME, however, migration was contributing so
strongly to the mass transport of protons that no concentration gradients of sulphuric acid
should be obtainable. The origin of H2O2 was discussed and it was concluded that its
origin could not be related to oxygen reduction. First of all the current densities used were
relatively high and the solubility of oxygen in the solution is low. This means that oxygen
reduction would happen at limiting currents and therefore also hydrogen evolution is
probable. The dissolved hydrogen thus would react with the hydrogen peroxide that could
possibly form. Another argument against the hydrogen peroxide formation at the counter
electrode is the use of Pt. For Pt it is well known to catalyse mostly a 4 electron reduction
of oxygen resulting in water and not in hydrogen peroxide. It seems therefore very
probable that hydrogen peroxide was formed on the working electrode.
Article IV showed that formation of hydrogen peroxide could either happen as a side
reaction or as the main reaction forming oxygen and that it was not possible to determine
which of the two was the case. Thus for a clarification further experiments would be
needed to find out if the main mechanism during the OER was a conventional OER
reaction or a two-step, two-material mechanism that was suggested as an alternative
mechanism.
In favour of the alternative mechanism can be said that it fits the obtained experimental
results: mass transfer dependence as it was measured during the diploma work, H2O2
occurance during SECM and simulated results that suggest that edge effects would occur.
Also the work by Viswanathan et al. [96] suggested that H2O2 formation on lead is
thermodynamically feasible. The results by Pavlov and Monahov showed that the electrooxidation of H2O2 on Pb anodes is probably a slow reaction [20] and therefore if it formed
on Pb it would maybe not be fully oxidised to oxygen on lead. With the results in article
IV it furthermore seems thinkable that in such cases an equilibrium amount of H2O2 could
form but that the current would quickly decay because it is not oxidised or decomposed
when there are no MnO2 catalyst particles sitting at the surface.
One important result in article IV, however, was also that the rate constants needed for
these processes to be realistic would need to be very high and that the formation reaction
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of H2O2 on lead would need to be quasireversible. Quasireversibility seems likely at
potentials close to the standard electrode potential of that reaction. But additionally, the
work by Viswanathan showed that there are no fundamental kinetic limitations that result
from the scaling relations between the adsorbed intermediates (there is only one
intermediate MOH). Therefore it depends mostly on the size of the rate constants
involved in the electrochemical reactions. Such kind of data is not available as hydrogen
peroxide formation is a very scarcely studied subject. Here, additional experiments would
be needed, especially to see if the observed H2O2 during the SECM experiments was an
intermediate or the result of a side reaction.
In favour of a conventional OER mechanism producing the by-product of H2O2, it has to
be said that lead as an anode material has been studied a lot, but H2O2 hasn’t been
observed as an intermediate, or in particular, large fractions of it have been never detected
at higher anode potentials. This is supported by the H2O2 injection test by Pavlov and
Monahov [20]. However, at higher potentials with a slow electro-oxidation, large
concentrations of it should form, which can be excluded. This can be seen as a suggestion
of slow kinetics of H2O2 formation. But it might also relate to that lower concentrations
of hydrogen peroxide could be easier formed and react, similar to autocatalytic reactions
of H2O2 found on Pt [94,95]. Without oxygen or proton mass transport having an
influence (as shown by article IV), it is however difficult to explain the results obtained
during the diploma work that showed that mass transport was involved during the OER.
Therefore another explanation for this behaviour should be found. On the basis of the
Tafel slopes measured in article I, a distinction cannot be made, since the H2O2 formation
reaction has not been addressed experimentally. Mechanisms suggested in section 1.2.1
for the formation of H2O2 were relatively similar to the conventional OER mechanism
present in literature and would result in the same Tafel slopes.
As such it cannot be really argued in favour of either of the mechanisms, but experiments
are needed to clarify the main electrochemical mechanism and the role of H2O2.
Even if the suggested hypothetical two-step two-material mechanism is not present in this
case, it is though of more general nature. It describes synergetic effects connected to
different abilities of the components of a composite to form and to further react
intermediates. The intermediate forming and decomposing does not necessarily need to
be a soluble species, it can moreover also be a surface intermediate that diffuses on the
surface to the other component of the composite where it forms the final product,
something that is called spillover [150]. The concept is of similar nature than the use of
bimetallic catalysts, where the different elements can serve different purposes which
would also break the limitations of the scaling relations [83]. Anyhow, unlike in a typical
bimetallic catalyst [151], the properties of the materials themselves are not altered in
composites, just combined. One serves the purpose of generating the intermediate whilst
the other decomposes it. With two distinct materials, it should be straighter forward to
separately study the reactions happening on one and the other catalyst and optimize them
for the respective purpose.
Conductivity related issues were suggested in article I and simulated in article IV. As
with the characteristics of the two-step two-material mechanism, it was found that the
characteristics of the simulation results were similar to the obtained experimental
characteristics. Although in the simulations it was connected to a conventional OER
mechanism, it can be expected that similar results would be obtained when other
electrochemical processes are studied. An exact determination of an electrochemical
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mechanism that takes place on the MnO2 catalyst particles is therefore limited.
Decomposition of hydrogen peroxide on the catalyst however, would not require any
external electron transfer and therefore in this case the conductivity of the catalyst is less
relevant. For an electrochemical oxidation reaction which is combining mass transfer of
the intermediate H2O2 and the potential drop, however can be argued to amplify further
the focusing of the current to the triple phase boundary. As mentioned also in article IV, it
would also explain partially the high rate constants involved in the release of oxygen. The
standard electrode potential connected to this reaction is low and therefore the
overpotential available for the oxidation would be high.
Similarly gas evolution connected to bubbles covering the catalyst, which is another
candidate to explain an active triple phase boundary would still require identifying the
electrochemical process of the OER that happens on the composite. If the coverage of the
electrode by bubbles is not happening in particular on the active MnO2 catalyst, then one
would not expect that catalyst particle size and the current density would be correlated.
To clarify the nature of the electrochemical reactions on the composite it was therefore
suggested in article IV to study the H2O2 reactions happening on lead. For achieving this
potential steps at the RDE where derived in article III and extended in section 2.4 to the
use with all thinkable H2O2 reactions. The derivation required first order reactions of
H2O2, which is found to be nearly always true for the H2O2 reactions studied in literature.
Anyway, the suggested method to determine the rate constant of formation of H2O2 seems
relatively complex, though the rate constants of H2O2 reduction and its oxidation should
be relatively easily obtained from the time constant H. A key aspect of the potential step
starting from initial concentrations of a previous step was that the magnitude of solid state
reactions can be possibly reduced or assumed to be constant. Also the risk of the active
material radically changing its catalytic behaviour e.g. by oxidizing PbSO4 to PbO2
should be reduced. Small potential steps should help to suppress large steady state
currents and great changes of the rate constants due to oxidation of the lead surface.

5

Conclusion

This work describes the processes that can happen during oxygen evolution on Pb-MnO2
composite electrodes. In article I an experimental basis for the processes is given and it
was obtained that the oxygen evolution reaction strongly depends on the catalyst particle
sizes used in the composite. The modifications of MnO2 and the preparation method had
an influence on the catalytic ability to catalyse electrochemical oxygen evolution, which
could be explained within the defect structure model introduced by Chabre and Pannetier
[112].
The influence of the catalyst particle sizes on the current density obtained at a fixed
potential was used to derive a triple phase boundary length (TPBL) model which showed
on the basis of statistical geometry that the triple phase boundary was inversely
proportional to the catalyst size, where a similar relation between current density and
particle size was obtained from the experimental results. An active triple phase boundary
was related to edge effects, which were used to explain the experimental results. In article
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IV this model was simulated and validated and found to be valid even for higher ordered
composite in the case of large volume percentages up to 50%. Article IV also discussed
the similarity in between porous electrodes for which the electrochemical reactions
happen everywhere inside the electrode and compact electrodes where the
electrochemical reactions only happen on the outer surface of the electrode. It was found
that also for porous electrodes a similar relationship would be obtained, where the active
surface area would scale inversely proportional with the particle radius. In this work
however, compact pressed powder electrodes were used that should not show any
noticeable reactions on the inside of the composite. Therefore edge effects and an active
triple phase boundary were assumed to be responsible for the experimental results.
Four different processes that could cause said active triple phase boundary were given in
article I and were the basis for further investigations. In article II CAFM and SECM
experiments were conducted studying the electrical and electrochemical properties of the
composite. The CAFM measurement showed that the triple phase boundary was
especially active and that the potential drop in the particle prevented higher currents to
flow towards the centre of the particle. During the SECM experiments the diffusion layer
of the reacting and forming products was scanned and could be imaged. Despite a
relatively high noise level the diffusion layer was clearly visible. Analytical fits to a
transient formula for a current step were refitted to a set of diffusion convection equations,
involving only the reaction of hydrogen peroxide to oxygen. For the proton image
originally taken at the lowest potential it was found that the reactions happening at the
UME were actually composed of a oxygen reduction current, changing from the bulk to
the surface, that is overlaid with proton reduction to hydrogen at a constant current, which
was also supported by the results of the simulations in article IV. The conclusion in
article IV was that mass transport by migration and diffusion of protons was negligibly
small. After refitting the concentration profiles, a bulk concentration of H2O2 of at least
0.2 mmol/L was determined, reacting under limiting current conditions at the MnO2
particle to form oxygen. The origin of the H2O2 forming somewhere in the cell was
discussed and it seemed plausible that the H2O2 was generated somewhere at the lead part
of the component. The triple phase boundary, however, could not be imaged as the
surface was not flat and therefore there was no direct evidence of H2O2 forming and
consuming near the triple phase boundary. Thus as a conclusion it could be said that H2O2
was forming somewhere on the electrode and decomposed or electro-oxidised at the
catalyst particle to oxygen.
The suggested mechanisms in article I were analysed in article IV employing simulations.
It was found that two out of the three simulated mechanisms were showing to produce
edge effects with characteristics similar to the experimental results.
It was shown that the conductivity of the catalyst material can play an important role in
the distribution of the current and that the ohmic loss inside the catalyst can be substantial.
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Using catalyst particles that are in contact with the matrix metal of the composite had the
advantage that electrocatalysts with lower conductivity could be effectively used. Also, it
was shown that the use of smaller catalyst particles lead to a more even current
distribution on the catalyst. Further reducing the particle size had thus a further improving
effect on the ohmic potential drop and a more effective use of the catalyst.
Mass transport simulations of protons, however, showed that due to the high transport
number of protons, the obtained sulphuric acid gradients near the surface of a composite
during oxygen evolution could be neglected, unless very high current densities would
occur locally. This was an important result as it showed that mass transport related
phenomena measured during the diploma work could not be explained by mass transport
of sulphuric acid.
The third mechanism that was studied was a new hypothetical mechanism involving two
materials, where on one material (the Pb matrix), hydrogen peroxide was formed and
reacted further on the MnO2 catalyst particles to form oxygen. It could be shown that
such a mechanism would produce edge effects, by lowering the reverse reaction velocity
of the hydrogen peroxide formation reaction and thereby enhancing the generation of
H2O2. Another important result was that both materials of the composite are actively
involved in the reactions and that an optimum catalyst amount existed above which the
generation reaction area was too small and lead to a reduction of the current density.
The influence of gas evolution on eventual edge effects and on the performance of the
electrode was only estimated. It was concluded that it can only lead to edge effects when
a preferential bubble formation occurred on the MnO2 catalyst area. In the case of a
macroscopic treatment of gas bubbles coverage of the composite, it was argued on the
basis of the literature, that only the effective area would be slightly decreased, where the
average coverage of the electrode area by bubbles can be estimated to be roughly 15%
[147] which is a relatively small coverage.
In article IV and within this thesis a central aspect of the discussion was the
electrochemical mechanism finally leading to evolution of oxygen. In favour of the
conventional OER mechanism, it can be argued that due to ohmic drops within the
catalyst the secondary current distribution is characterised by edge effects. At the same
time it could be excluded that the mass transport of protons would significantly affect the
current distribution. This, however, contrasts to the findings of the diploma thesis that the
reaction rate was affected by convection.
The two-step two-material mechanism, however, shows mass transfer limitations and can
therefore be related to the results of the diploma work. Nonetheless, a lot of questions
remained unanswered due to the lack of experimental data supporting the newly proposed
hypothetical mechanism. Especially the high rate constants that were needed to explain
the experimental results, needs substantiation and therefore it was suggested to study
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hydrogen peroxide reactions on lead to determine the rate constants involved in the
reaction.
For this purpose potential step theory was developed for the rotating disc electrode, found
in article III. A proof of concept was given by experimental results that showed that
determination of rate constants, diffusion coefficients and charge transfer coefficients was
possible and lead to relatively exact results. The potential step theory in article III was
further developed in section 2.4 for H2O2 reactions. The model showed that the transient
on an RDE involving steady state initial concentrations is relatively complex, as only the
rate constants related to reduction and oxidation of H2O2 could be determined from the
time constant. And only the time constant is conceptually easily determined in the way it
was shown in section 3.6.1.
It is however believed that smaller potential steps could help to control and reduce the
effect of unsteady solid state reactions of lead, such that it should be easier to determine
rate constants than with simple potential step experiments. In those large potential steps
from open circuit potential are needed, to avoid that hydrogen peroxide near the electrode
would start to react prior to the measurement.
Here, the RDE offers the decisive advantage that steady state concentration profiles exist,
where in comparison to that, a simple potential step does not offer such a possibility.
Common RDE experiments on the other hand have the drawback that background
currents cannot be easily excluded, which was believed to be the reason why these types
of measurements failed.
It should be also noted that even if the hypothetical two-step, two-material mechanism
involving H2O2 cannot be confirmed, the concept behind the idea could prove useful in
the design of efficient oxygen evolution composite electrodes. It was shown that the
common oxygen evolution mechanisms are characterised by thermodynamic limitations
because the Gibbs free energies of reaction of the different steps and intermediates are
correlated by scaling relations [79,80]. However, hydrogen peroxide formation does not
suffer from this feature when it is assumed that only one intermediate is involved in the
reactions [96]. It was suggested that the scaling relations can be broken by employing
bimetallic catalysts or by interaction of two different types of active sites, which occurs
however on an atomic level.
This works suggests with the two-step, two-material mechanism, a microscopic concept
based on the length of the triple phase boundary. It seems possible that an improvement
of oxygen evolution reaction kinetics could be achieved within certain limits when
applying this simple geometric concept. Similarly, also the spillover of surface
intermediates - formed on one material, reacting further on the other - might be related to
a particular active triple phase boundary, where the methodology presented in this thesis
could possibly help to improve reaction rates on heterogeneous catalyst surfaces.
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5.1

Significance of this work

The presented work uses methods and concepts that go beyond typical measurement
techniques and simulation techniques. It tries to bring together many different
mathematical and theoretical concepts to analyse synergetic effects on composite
electrodes.
A central role is taken by the development of a triple phase boundary length model that is
purely focusing on geometrical aspects of particle distributions in composites that are cut
to expose a random electrode surface. This model was derived and confirmed by
simulations and generally can be seen to be able to model composite phenomena that are
based on edge effects. A similar geometric explanation can be gained from a porous
electrode, where the total active surface area can be expressed as a function of the particle
radius and leads to similarly scaling results.
As this can be anticipated to be the common way to interpret particle size effects (“an
electrode with smaller particles has a larger surface area”), the central result of the TPBL
model is rather surprising, as it can be shown that for nonporous electrodes, this easily
assumed correlation does not necessarily hold true. The reason is the difference in the
number of active particles which in the end renders the active area on the surface of a
composite to be independent of the catalyst particle size.
Another important aspect used for the simulation was the diffusion domain approach,
which was extended to steady state and was also used to solve the secondary current
distribution. This approach is vitally important to be able to simulate huge random arrays
of electrodes, as which a composite material can be described.
Otherwise a central key aspect of the thesis is the suggestion of a hypothetical oxygen
evolution mechanism, the two-step, two-material mechanism involving intermediates.
However, the experimental data generated during the thesis does not allow a conclusion
that this mechanism is present on a Pb-MnO2 composite. This is why specific RDE
experiments were suggested to measure H2O2 reactions on lead.
Nonetheless, it is a macroscopic concept that is suggested to overcome kinetic barriers
during heterogeneous reactions and could possibly have some real world application even
though it is only a concept and needs further experimental evidence for support.

5.2

Future research recommendations

As this work is more of conceptual nature, there are many questions that arise from the
application of mainly theoretical new concepts. Most of the questions relate to whether
the presented concepts are applicable in reality and in particular if the concepts can be
used to design a real product.
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In the introduction it was stated that industrial catalysts used during electrowinning face a
lot of problems that relate to the harshness of oxygen evolution in acidic media. The
actual applicability thus relates to a number of points that can be summarised by the
following:
1. corrosion of the electrode and the stability of the electrocatalyst;
2. the applicability of the concept in electrolyte solutions that are not pure;
3. a sound and economically useful manufacturing method for composites; and
4. for Zn EW in particular:
a. A solution to the problem with the manganese balance.
b. The possible inactivation of the catalyst and the composite by a MnO2
layer forming on top.
c. Cleaning of the electrode surface to remove any inactivating deposits.
d. Long term operability that offers economical and process-wise
advantages without compromising too much of the existing technology.
Point 4b is an especially critical point that has been addressed in literature for the use of
CTA in Zn EW [47], modifying the catalysts by incorporating Mn in the coatings [29]
and a 30 day test of mixed and pressed Pb-MnO2 composite electrodes [73] with varying
success. Especially the Pb-MnO2 composite electrode tests of ref. [73] showed that MnO2
was still forming on the surface of the electrode. It has to be however said that the
growing MnO2 showed favourable properties with a reduced oxygen evolution
overpotential by 100 mV throughout the test. Nonetheless, it seems improbable that a
concept involving intermediates would ever work since the forming MnO2 would make
the composite electrode behave like a conventional OER anode. With a coating of 20 μm
MnO2 only, it can be expected that the resulting iR drop in the coating might still be
acceptable. Yet, a method has to be found that would remove the coating (4c). Washing
of the anode might not be successful as the formed coating is fairly dense.
Nonetheless, regarding operational costs, any improvement of the oxygen evolution
overvoltage would lead to cost saving by roughly 1.2 % (Zn EW) and 1.8% (Cu EW) per
each 100 mV potential saved. This has to be related to the investment costs into this new
anode technology and especially the advantage to save roughly half a kilo of silver per
anode seems very attractive. The catalyst itself, its production, its optimisation and the
use of accumulative roll bonding does not seem to be a very expensive manufacturing
method. This though leaves the problem with the manganese balance unsolved.
From the conceptual point of view, however, studying composite electrodes for the use in
the OER makes sense, since it offers benefits that are not conceptually possible with other
electrodes. First of all, the use of a less well conducting catalyst can be an asset.
The influence of the catalyst conductivity has been studied in this work; however contact
resistance between the catalyst particles and the conducting matrix has been neglected,
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although there could be an important contribution to the potential drop. Therefore it
seems useful to study the effect of different electrode manufacture methods on the
resulting contact resistance.
It is suggested that a key aspect of the results relates to the electrocatalytic abilities of the
MnO2 catalyst, where the difference between the different modifications of MnO2 was big.
The difference between the different modifications has been accessed experimentally, but
is however lacking an explanation as to why MnO2 is actually a very active material when
used for oxygen evolution. The best improvement up to now has been a 250 mV lower
oxygen evolution overpotential than for a PbAg electrode similarly tested.
In particular the concept used by Rossmeissl, Man and Nørskov [79,80] could be used to
analyse the differences between the different crystal structures and defect structures of
MnO2 where a focus should be on the differences between pyramidal and planar oxygen
at the surfaces which should also be reflected by different adsorption energy of
intermediates. Although this concept was mainly used to predict the role of intermediates
in the OER, the work by Viswanathan et al showed that it can be also used to predict
thermodynamic relations in H2O2 reactions, which were shown to be in the simplest case
free of limiting scaling relations. Therefore overpotentials relating to H2O2 reactions were
in theory systematically lower than for the OER and it seems useful to analyse the
energetic situation when H2O2 is involved as an intermediate in the OER. Similarly to the
concept by Busch et al. [83], the suggested macroscopic two-step, two-material
mechanism might offer advantages relating to the absence of limiting scaling relations.
This could be useful to a certain extent when comparing it to more expensive
electrocatalysts such as IrO2 and RuO2.
Otherwise, as it was shown in this work, the actual kinetics, in particular the rate
constants are very important. Therefore the theory by Rossmeissl, Man and Nørskov
[79,80] could be extended to include kinetic terms similar to the methodology by
Marshall and Vaisson-Béthune [78] and surely this would offer some conclusion about
the Tafel slopes that can arise from such a mechanism.
Apart from this, true experimental evidence is needed to confirm the hypothetical
mechanism and with the potential step at an RDE, a methodology was given to achieve
the determination of rate constants.
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Pb-MnO2 composites could serve as nonnoble electrode materials with relatively low
oxygen evolution overpotentials. This thesis
shows that the geometrical properties of
composites can have a signiﬁ cant inﬂ uence
on the performance of anodes which is
explained by edge effects leading to active
triple phase boundaries.
Microscopic processes are studied using
scanning probe techniques and simulated by
combining sphere packing with the diffusion
domain approach. Results show that
embedding non-metallic electrocatalysts into
metallic matrices can reduce ohmic losses. A
newly suggested conceptual two-step twomaterial mechanism is explored. It could help
to overcome the known fundamental kinetic
barriers in the oxygen evolution reaction, but
it might also be applicable to other complex
reactions where the reaction rates follow the
Sabatier principle.
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