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Abstract

In this study the focus was on the electrochemical techniques and aspects behind the
establishment of the better catalyst (platinum or gold) for the sulphur dioxide oxidation
reaction (SDOR). One of the primary issues regarding the SDOR is the catalyst material,
thus the comparative investigation of the performance of platinum and gold in the SDOR, as
found in this study. Ultimately, the SDOR could lead to an effective way of producing
hydrogen gas, which is an excellent energy carrier.

The electrochemical application of the oxygen reduction reaction (ORR) and ethanol
oxidation reaction (EOR) is an integral part of the catalytic process of water electrolysis, and
by using fuel cell technology, it becomes even more relevant to this study and can therefore
be used as a control, guide and introduction to the techniques required for electrochemical
investigation of catalyst effectiveness. Subsequently, the EOR as well as the ORR was used
as introduction into the different electrochemical quantification and qualification techniques
used in the electrochemical analyses of the SDOR.

Considering the ORR, gold showed no viable activity in acidic medium, contrarily in alkaline
medium, it showed good competition to platinum. Gold also lacked activity towards the EOR
in acidic medium compared to platinum, with platinum the best catalyst in both acidic and
alkaline media. Ultimately, platinum was established to be the material with better activity for
the ORR with gold a good competitor in alkaline medium, and platinum the better catalyst for
the EOR in both acidic and alkaline media.

With the main focus of this study being the SDOR, gold proved to be the best catalyst in salt
and gaseous forms of SO, administration compared to platinum when the onset potential,
maximum current density, Tafel slope and number of electrons transferred are taken into
consideration. The onset potential was determined as 0.52 V vs. NHE for both platinum and
gold using SO, gas and 0.54 V and 0.5 V for gold and platinum respectively, using Na,SO;
salt. The maximum current density using gaseous SO, for platinum at 0 RPM was 400
mA/cm? with a Tafel slope of 891 mV/decade whereas gold had a maximum current density
of 300 mA/cm? and a Tafel slope of 378 mV/decade. Using Na,SO; salt, the maximum
current density of gold was 25 mA/cm? with a Tafel slope of 59 mV/decade whereas
platinum only achieved 18 mA/cm? with a Tafel slope of 172 mV/decade. Concerning the
number of electrons transferred, gold achieves a transfer of 2 while platinum only 1 for both
SO, gas and Na,SO; salt. Taking all these summarised determinations into account, gold
was established to be a very competitive catalyst material for the SDOR, compared to

platinum.
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Chapter 1: Introduction

1.1. Fossil Fuels

The world’s current industrial system relies greatly on the usage of fossil fuels as the primary
source of energy [1, 2]. The estimated usage of fossil fuels as in the year 2013 in its different
forms can be expressed in the following pie chart (Figure 1) [3]:

M Natural Gas
M Petroleum
M Coal

M Other

Figure 1: The different forms of fossil fuels and their percentage applied usage

Regardless of a growing demand for energy, i.e. fossil fuels based energy generation, and
concerns about global fuel resources dwindling, many newly-found reserves have been
discovered by horizontal drilling and hydraulic fracturing [3].

1.2 Energy Problem

The need for energy continues to increase as many countries grow economically [2, 4, 5].
The world has thus been confronted with a crisis regarding energy, due to the depletion of
resources and an increase in environmental problems [6] as well as fossil fuel prices [4, 6,
7]. It is predicted that regardless of the large number of regulations and policies implemented
globally, fossil fuel energy demand may continue to rise by up to 33% from the year 2010
until up to 2035 with the main fuel source, i.e. fossil fuels, still providing 75% of primary
energy by 2035 [3]. Conte [2] speculates that within the next 50 years, the global energy
demand may double with a probable reliance of about 80% on fossil fuels.

Over 80% of the world’s energy is derived from fossil fuels [1, 3, 5, 7], which is the main
contributor to atmospheric CO, radiative enforcers [1-3, 5-8] as well as carbon monoxide [6].
Many other emissions from different power generation methods, which do not include
greenhouse gases, include substances such as SO,, NO, and particulate matter (PM) [9].
These latter three basic types of emissions have a detrimental health and environmental
effect. Consequently the world faces a great challenge in the promotion of energy driven
economic growth as well as keeping CO, and other hazardous emissions to a minimum [3].

M.H. Steyn MSc Dissertation



Fossil fuels in the form of oil, coal, gas, or petroleum, can be used as direct forms of energy
generation, such as in automobile engines, as well as to produce electricity [3]. There are
many different alternative energy sources that can be used to ultimately generate electricity,
which include wind energy, as it is comparable to fossil fuels (coal for example) in terms of
costs and effectiveness regarding electricity generation [4], hydro-generated electricity [10]
that uses the flow of water to drive turbines [11], solar energy using solar panels containing
titanium dioxide (TiO,) [12] or silicon (Si) based alloys [13] to produce electricity, nuclear
energy that uses high temperature uranium fuel rods [9] to generate steam that drives
turbines [14], ocean thermal energy conversion (OTEC) [4] that involves the vaporisation of
low boiling point ammonia gas that drives a turbine, and geothermal energy involving high
temperature underground steam that travels to the earth’s surface, eventually driving
turbines [15]. The electricity generated by all these abovementioned techniques, can be
used to electrolyse water to form hydrogen and oxygen gas [2, 5]. Hydrogen, an energy
carrier, can also be regarded as a future alternative source of energy [5, 6], instead of using
fossil fuels, as it can be used in fuel cells to power vehicles [16] and to generate electricity
[17] for other applications, with pure water being the only emitted compound.

1.3. Hydrogen Economy

The most widely accepted view of the hydrogen economy is that the majority of fossil fuel
based energy sources will be replaced with hydrogen gas, used either as the primary fuel or
energy carrier [2, 6] in internal combustion engines utilised in almost any form of
transportation [6] (land and even air); or by using fuel cell technology to achieve effective
energy use. It is speculated by Balat [6] that if by the year 2040 about 150 million tons of
hydrogen will be produced annually by using petroleum reforming technology, that would
account for a net saving of about 11 million barrels of Brent crude oil per day. The appeal of
the hydrogen economy is thus enormous as it can be a potential solution to fundamental
energy scarcity issues by providing an abundant energy supply as well as having a minimum
impact on the global atmospheric environment [5, 8].

The Hydrogen Economy can be based on the reaction of hydrogen with oxygen to produce
water and electrical energy, as depicted in reaction (1) below [6].

H, + 720, — H,0 AH =-285.8 kd/mol at 25 °C
AG =-237.2 kd/mol at 25 °C
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Acceleration of the development of energy systems employing hydrogen as energy carrier
has been fuelled by concerns about the dependence on fossil fuels, poor air quality,
greenhouse gas emissions and energy security in general, to name but a few reasons [18].

In the future, hydrogen will have a major role to play as energy carrier, ultimately being a
source of energy supply, as is believed by many experts in literature [5, 6, 8]. As a source of
energy, primary sources used in hydrogen production, will become readily available in the
future, on a global scale [5, 6]. Since the isolation of hydrogen by Henry Cavendish in 1766,
the main idea was to use it as a fuel [1]. Jules Verne predicted in the 1870s, that mankind
will use water as the coal of the future, once earth’s coal reserves have been depleted.

Hydrogen is important in energy generation and the refining of petroleum and also plays an
important role in the generation of electricity through the use of proton exchange membrane
fuel cells (PEMFCs), as hydrogen gas is an energy carrier [19]. In the form of combustion,
hydrogen is able to release almost three times the amount of energy per gram of substance
as gasoline (H, = 142 kJ/g; Gasoline = 48 kJ/g) [20].

As hydrogen is the most abundant element in the universe [1, 2, 6], the pure form thereof is
not found on our planet [1, 5]. The most abundant form of hydrogen is found in water and
fossil fuels in a combination with other elements that form hydrocarbon compounds [1, 2, 5].

Hydrogen is only a carrier of high-quality energy and not a primary energy source [2],
therefore it needs to be produced just as electricity is produced [2, 5]. Different known
techniques for hydrogen extraction include biological, electrochemical and thermal methods
[18]. Water electrolysis is a well-known technique, which is used in the production of
hydrogen with no unusable by-products when nuclear energy is involved in the process [2,
18]. Most production processes include photo-catalytic processes [6], electrochemical
processes [2, 6], thermochemical processes, photochemical processes or even photo-
electrochemical processes [6].

The pie chart in Figure 2 shows the share of the different sources of hydrogen in the
production of hydrogen gas, with natural gas originating mostly from fossil fuels, the oils from
heavy oils and naphtha, coal, then lastly from electrolysis as chlorine production’s by-
product [1]. Electrolysis of water can also be established by using technologies such as
proton exchange membrane electrolysis cells (PEMEC) [21], alkaline electrolysis [22], high
temperature solid oxide fuel cells (HTSOFC) [2], thermochemical processes [2, 6] and the
hybrid sulphur cycle (HyS) [22-24]. The most economic and effective production of hydrogen
is by means of steam methane reforming (SMR) [5, 6]. Processes based on fossil fuels thus
account for 95% of the world’s hydrogen production [7].
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Figure 2: Hydrogen production as in 2006 [1, 2, 6]

The current uses of hydrogen include synthesis of nitrogenated fertilisers and ammonia,
hazardous waste hydrogenation (PCBs and dioxins), methanol, ethanol and dimethyl-ether
synthesis, gas to liquid synthesis technologies, fuel for rockets, internal combustion engine
fuel, fuel for high temperature industrial furnaces, refining and desulphurisation processes,
chemical plants and preparation of food and synthesis of alternative fuels by using the
Fischer-Tropsch method [6].

The following pie chart (Figure 3), summarises the consumption or usage of hydrogen [6]:

M Ammonia Production

# Other Chemical
Products

M Petrochemistry

Figure 3: Current worldwide hydrogen consumption by different uses

Because of the extreme low density of hydrogen gas, the storage thereof is very difficult and
requires cryogenic tanks for the storage of compressed H, [2, 6]. As a result of this low
density, the range to which a hydrogen powered automobile will be able to travel will be
much shorter, as much larger volumes of hydrogen gas are required to drive a vehicle the
same distance compared to petroleum [6]. The major issue affecting the future of hydrogen
usage is thus the storage thereof, making the on-demand production technologies extremely
attractive as it is much safer and cheaper than to store in compressed cylinders or chambers
[5, 6]. Regarding hydrogen as an energy carrier, the vision for the future is the
implementation thereof as a primary energy carrier for the growth and development of
economies and, at the same time, to resolve the concerns of negative environmental impact,

storage issues and on demand production [6]. The hybrid sulphur cycle (HyS) process,
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covered in the following section, is a technology, which among others, could contribute to
solving the abovementioned implementation issues regarding hydrogen.

1.3.1. Hybrid Sulphur Cycle (HyS)

Research has been done to use the two step Westinghouse cycle [23] otherwise known as
the sulphuric acid hybrid cycle, to produce hydrogen gas [18, 23, 25, 26]. HyS is a promising
process which might enable implementation of the hydrogen economy as this
thermochemical water-splitting cycle enables the mass production of hydrogen gas [23, 27].

The main challenge encountered with the HyS process development, is the development of
a cost-effective electrochemical reactor [24] using the sulphur depolarised electrolyser
(SDE). The most important inherent component of HyS is the SDE, which uses sulphur oxide
based intermediates to split water with high efficiencies where energy input can be obtained
by solar or nuclear energy [23, 24, 27]. Thermal energy is used to split sulphuric acid, and
electrical energy to electrolyse the gas. The obstacle to overcome is the electrolysis step,
which exhibits reduced kinetics [23]. The electrolyser part also accounts for more than 50%
of the total cost of the manufacturing of the process plant.

In the hybrid sulphur cycle the first step involves the decomposition of sulphuric acid at
700 - 1000 °C (reaction (2)) with the SO, and H,O being recycled for the oxidation of SO,
[18, 23, 25-27] followed by the production of sulphuric acid and hydrogen by the
electrochemical oxidation of SO, (reaction (3)).

A700-1000 C

HQSO4 — SOQ + HQO + 1/202 (2)

802 + 2H20 — HQSO4 + H2 (3)

The reactions take place as follows (reactions (4) - (5)) [18, 23, 25, 26]:

Anode: SOg(aq) + 2H20(|) — H2804(aq) + 2H+(aq) + 2e EO =017V [25] or 0.157 V [26]
(4)

Cathode: 2H" + 26" —— Hy (5)

The main attribute of the SDE is that the electrolysis of water occurs at ca. -0.158 V and not
at the normal higher theoretical voltage of -1.23 V [18, 24]. Compared to conventional water
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electrolysis, the SDE has the potential to use one eighth of the power needed to produce the
same amount of hydrogen.

The advantage of the SDE using PEM technology, is that it has a high efficiency
electrochemically, which leaves a small environmental footprint, thus enabling a prominent

possibility to be commercially viable [24].

Challenges for the SDE include the high working temperature in strong sulphuric acid under
heightened pressure as to enable the ensuing reaction of water with SO, [24] and also the
electrolyser component, as described earlier, which is the most expensive and sluggish part.
The main focus of electrode materials for the SO, electro-oxidation thus far was limited to
noble metals and transitional metal alloys [26] and to obtain the most stable and cost
effective catalyst [23]. Because of the complex nature of the reaction and the sensitivity
towards the surface state of the electrode, understanding of the reaction mechanism might
be helpful in assisting the search for the best catalyst [26].

The search for inexpensive electrode material is on-going and currently not too successful
with many different catalyst materials being investigated ranging from metals to carbon
based electrodes [25].

1.3.2. Approach to the Hydrogen Economy

A fuel cell uses a catalyst material such as platinum and hydrogen to power different
devices, thus fuel cells can be regarded as the hydrogen engine [5]. In a fuel cell, as
depicted in Figure 4 below, hydrogen oxidation occurs at the anode and oxygen reduction at
the cathode giving a final product of water [5, 21, 28, 29]. A fuel cell can also be used as a
water electrolysis cell by the electrolytic reduction of water at the cathode, forming hydrogen
gas whilst water is oxidised at the anode, forming oxygen, as depicted in Figure 5 [21].

Consider the following diagrams (Figure 4 & Figure 5) to demonstrate the basic structure or
components of a fuel cell and electrolytic fuel cell [5, 21]. In both Figure 4 and Figure 5, ‘A’
represents the anode or anodic catalyst, ‘B’ the proton exchange membrane, ‘C’ the cathode
or cathodic catalyst and ‘L’ the load, either in the form of current drawn from the fuel cell
(galvanic) or current being forced into the fuel cell (electrolysis).

In Figure 5 (electrolysis cell), the water is oxidised at the anode to form oxygen whilst
protons coming from the water oxidation are reduced at the cathode, forming hydrogen gas
[21]. This electrolytic process can thus produce hydrogen gas to be used in a PEMFC to
produce electricity.

M.H. Steyn MSc Dissertation



\ J
’T—w’ }7- —\Le' e?‘( ’7+ ﬁ
H HE
H* . H' .
H+ H+ H 02 Hi H+ H 02
H. AlT|B C| H, c|l”B Al ——
— T H,O —— < H.O
H* . — H* . e——
H H" H H*
Figure 4: The fuel cell being used as a Figure 5: Using the fuel cell as an
power generator (galvanic cell) using H: electrolysis cell to split water into H, and
and O; to form water [5, 21] 02 [21]

The commercialisation of fuel cell technology is hampered by the sluggishness of the
catalyst, which includes the high overpotential required for reduction of oxygen to take place
[5, 28-30], as well as the high cost of the catalyst and the short lifetime thereof [28, 29].
Because of this reaction sluggishness, the output potential of fuel cells is easily reduced to
0.8 V and even less, from the ideal voltage value of 1.23 V [5]. Investigation into catalyst
material, which is more effective and less costly than platinum for the electro-reduction of
oxygen, is thus crucial in the successful commercial implementation of fuel cell technology
[28, 31]. With alcohol fuel cells the poisoning of the electrode with carbon monoxide (CO)
inhibits the reactivity of the electrode and also shortens the lifetime thereof [32].

1.4. Motivation for this study

As will be evident from Chapter 2 the main focus of this study is on the sulphur dioxide
electro-oxidation reaction (SDOR) and to that regard platinum and gold were investigated as
electrocatalysts employing different electrochemical techniques.
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Chapter 2: Literature Study

Platinum and gold were the two catalyst materials investigated in this study, subsequently
their respective catalytic properties was evaluated.

2.1, Catalytic Properties

Regarding the metal interaction with molecular species in solution the following is of main
concern with regards to electrode effectiveness and selectivity. The adsorption and
desorption of oxide on noble metal electrode surfaces under dynamic potential cycling has
been extensively investigated in literature [23]. Both ad- and de-sorption can be clearly seen
on cyclic voltammograms as both have respective anodic and cathodic currents. Electrode
preconditioning can give reproducibility of the different peaks in a voltammogram but not the
same surface roughness of the electrode [33].

Platinum and gold have been used in literature for various electrochemical applications and
have therefore been chosen as the two main electrode materials for the investigation into
their catalytic activity towards the different model reactions in this study i.e. ORR, EOR and
SDOR. Platinum was used in this study, as the literature on its performance is readily
available, and could thus be used as a reference point to compare gold’s electrocatalytic
performance. Gold is readily available and if proven to be an effective electro-catalyst, could
be used for a diversity of electrochemical applications.

The double layer region on a metal catalyst’s CV is the region of potential where no change
in current density occurs as to indicate a reaction taking place [23, 34-39]. For polycrystalline
platinum it occurs in the potential range between oxide adsorption/desorption and hydrogen
adsorption/desorption potential regions in alkaline and acidic media.

2.1.1. Platinum

The cleanliness of Pt particles can be established from the hydrogen adsorption/desorption
region of the characteristic voltammogram, which can indicate whether or not the electrode
is in an uncontaminated state [40]. The hydrogen sorption region can be used as a
fingerprint in the characterisation of the electrode (refer to Figure 6 below).

The well-known hysteresis observed in the voltammograms of noble metal surfaces (Figure
6 below) is due to the change in the dipoles of the adsorbed hydroxide on the metal surfaces
as depicted in the reaction mechanism in equations (6) - (8) [23, 26], as can be derived from
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Figure 6: Typical hysteresis of platinum in acidic medium depicting hydrogen and oxygen adsorption and
desorption (adapted from [23])

the mechanism for gold oxidation described in section 2.1.2 and demonstrated in equations
(9) - (11) [41],

Pt-(Ho0)ass —> P-OH + H + & N
Pt-OH — Pt=O + H* + € "
Pt=0O + Hzo — Pt:o'(HZO)ads °

which have repulsive interactions and in turn cause the surface lattice to reconstruct from the
parallel dipole orientation to the anti-parallel orientation [42]. In the voltammograms, as
demonstrated in Figure 6, the shape and onset of oxide adsorption and desorption depends
on the solution pH and surface structure [23]. Activation of platinum is believed to occur
when the oxide species have been desorbed by either chemical or electrochemical stripping.
It has also been found that activation of the electrode does not necessarily entail the removal
of the oxide layer where, in some instances, certain reaction species have been found to
activate the catalytic effectiveness of the electrode.

2.1.2. Gold

For a long time gold was believed to be a relatively inert material and not preferable as an
electrocatalyst [31, 43, 44]. Gold has been shown to have a much higher electrocatalytic
activity towards the oxidation of organic compounds in alkaline than in acidic medium [40,
45-47]. It was shown to have the lowest reactivity towards gases and liquids at its interface
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[47]. It has been suggested that gold has great potential as a catalyst for use in fuel cells and
hydrogen fuel processing related to that technology by taking into account the relative
scarcity and high cost of platinum [45, 48, 49] although the recent trends in gold prices tend
towards the contrary.

Gold is a very electronegative metal that can draw electrons from the surrounding metal
atoms especially when not of the same origin [50]. Activated electrode surfaces have been
shown to be less effective because of over-oxidation of the surface, causing competition with
the electrocatalytic process [45]. lll-defined surfaces are mostly produced by pre-treatment of
the electrode by electrochemical, chemical or thermal techniques. It is thus important to have
a standardised method of pre-treatment, to attempt to maximise the surface reproducibility.

Consider Figure 7 below. Active gold pre-monolayer oxidation is more facile in alkaline than
in acidic medium because of the stability of the hydrous oxide product, which inadvertently
affects electrocatalytic activity [45, 46], even though gold is known to bind hydroxyl anions
more weakly than platinum [31]. The anodic process, better known as the oxidation process,
in an alkaline solution, begins with the hydroxyl ion adsorbing on the surface of the
electrode, which then further oxidises to form the oxide layer and continues to grow until the
whole electrode surface has been covered by an oxide film; this process takes place just
below the oxygen evolution potential [33]. The composition of the initial surface film and the
mechanism of formation remains an unresolved question [41]. In an acidic solution a
possible mechanistic approach includes a one-electron transfer oxidation reaction of
adsorbed water on the gold electrode surface, forming an adsorbed hydroxyl radical -
reaction (9). The oxide film forming process in alkaline medium follows almost the same path
as the acidic by skipping the first water adsorption step by following the same route as
reaction (10):

Au-(H:0)ags — Au-OH + H* + & (©)

The subsequent reaction is also a one-electron transfer reaction to form the oxide (10):

Au-OH — Au=0O + H" + & (10)

Au=0 + H,O —> AU=O-(HzO)ads (11)
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The net effect of these three reactions above is to introduce the oxygen atom to the surface
gold lattice below the electrode/electrolyte interface [41].

Double-Layer /
Region

Oxide
Adsorption

Oxide
Desorption

Figure 7: A typical CV of gold in acidic medium depicting the oxide ad- and de-sorption (adapted from
[23])

The reverse path is followed when the oxide layer is being reduced. Hence, the typical
electrochemical hysteresis as depicted in Figure 7 above.

2.2. Electrode Characteristics

Reaction kinetics can be more easily evaluated on rotating disc electrodes (RDEs) than
stationary electrodes [51]. Because of higher convective diffusion rates, adsorption
processes can be easily hidden and consequently, more difficult to identify. It is therefore
recommended to study complex reactions on both stationary and rotating electrodes, as
many reactions have adsorption and diffusion character combined. Using rotating
electrodes, the effect of diffusion limitation can be excluded from the mechanistic studies
[52]. Thus the source of reaction limitation can be determined as either diffusion or kinetic by
monitoring the limiting current, should it not change with the rotation rate of the electrode
[26].

Three main advantages of RDEs include: i.) The fixation of the rotational velocity w of the
electrode, which enables the exact control of the rate of mass transport of reactants to the
electrode surface [53]; ii.) Steady state values 8/& =0 of electrode currents / are quickly

achieved after the applied electrode potential E,,, has been established with a moderate to
high rate of rotation velocity (w > ca.10 rad/s). iii.) Response of current is not affected by
incidental vibrations coming from the electrochemical apparatus.

2.3. Electrochemical Qualification Techniques

Electrochemical techniques used in this study will include cyclic voltammetry (CV) that
enables quick interpretation of qualitative data without requiring mathematical analysis [54]
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and linear polarisation (LP) that is the same as CVs without the return/backwards voltage
scan [54], which can be used to further analyse a reaction by means of mathematical
processes described in this section’s following subsections. A chrono-amperometry run (CA)
is used to investigate the diffusion characteristics of species in solution to and from the
electrode surface [55] and can be used to clean the electrode from contaminating species or
to polarise it.

In Figure 8 below, a generic LP is given with the different control regions indicated. It
includes kinetic control, mixed control and diffusion control. The Koutecky-Levich analysis
technique (section 2.3.3) is applied on the mixed control region and Levich (section 2.3.2) on
the diffusion control region.

+y

-X 0 Electrode Potential (V) +x

\

Kinetic Control

\

Mixed Control

\

Diffusion Control

Current Density (<i>)

'
el

rd

s

Figure 8: An LP to demonstrate the different control regions (adapted from [23])

2.3.1. Tafel Slope

Qualification techniques such as the Tafel slope have been developed as a measure of the
reaction kinetics, with a large Tafel slope indicating a sluggish reaction and a small Tafel
slope indicating a reaction with favourable kinetics [23] in different experimental conditions.

The Tafel equation can be mathematically expressed as follows [56]:

a nkn

a

RT (12)

J=Ja = JoXP

j is the experimental current density, j, the anodic current density, j, the exchange current
density, « the transfer coefficient, n the number of electrons involved in the electrode

reaction, F the Faraday constant, 7 the overpotential, R the universal gas constant and T

the temperature. The subscripts ‘@’ and ‘c’ for & indicate the anodic or cathodic forms of

current.

Equation (12) can be rewritten as equation (13) for anodic reactions
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and as equation (14) for cathodic reactions:
. . ank
log(=j) =log j, — n (14)

2.3RT

Equations (13) and (14) are in a linear form with the slope facilitating the determination of the

transfer coefficient .

Reduction

Oxidation

Figure 9: A representation of Tafel plots used in the analysis of current versus overpotential data as to
obtain kinetic parameters (adapted from [56])

Tafel behaviour is the area of overpotential, where the current density changes by a factor of
more than 1 for every increase in overpotential of 120 mV [56] and is used to determine the
Tafel slope. In this study the Tafel slope was used to compare the sluggishness of each
reaction on gold and platinum, by plotting overpotential 77 vs. log(j), towards the reaction i.e.
oxygen reduction reaction (ORR), ethanol oxidation reaction (EOR) and sulphur dioxide
oxidation reaction (SDOR).

2.3.2. Levich Analysis

The Levich equation can be used to determine the number of electrons transferred in an
electrochemical reaction by plotting the limiting current against the square root of the rotation
rate by using the current in the diffusion controlled regions of the LPs (Figure 8) [23].

The Levich equation is given below in equation (15) [23, 53, 57]:

I —oe nFar’DY 0> C"

lim,c 1/6
v

(15)
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In equation (15), n is the number of electrons, F the Faraday constant, zr* the electrode
surface area, D the diffusion coefficient, ¢ the concentration of the active species, with v the

kinematic viscosity and lastly @ the electrode rotation rate [23].

Linearity of Levich plots (/ vs. w™), over a wide range of rotation rates such as 50-10 000
revolutions per minute (RPM), indicates a response mechanism that can be approximated as
single-step resulting in the rapid transfer of electrons, characterised by a large
heterogeneous rate constant k, [53]. The slope of the plots can be used to reliably estimate
the value of n by using literature values of v and D. An estimation of those values can be
used for most aqueous media and small reactant species in aqueous media as follows:
v=1.0x102 cm%s and D = 1.0x10° cm?/s. Negative plots of / vs. w” can be an indication of
a kinetically slow charge transfer.

2.3.3. Koutecky-Levich Analysis

The following equation is the Koutecky-Levich equation, from which the number of electrons
(n) that partake in a certain electrochemical reaction can be determined [53, 58, 59]. The
data used for the plot is obtained from the mixed control region as indicated in Figure 8.

_nFm’D,C;,
¢ 5+D,/k, (16)

O represents the thickness of the diffusion layer at the electrode surface and is defined as:
5=[0.620" D*v" (17)

Equations (16) and (17) can be combined and rearranged to be used in a linear regression
line-fitting for determination of the number of electrons, as well as kn which is the
heterogeneous rate constant of electron transfer [53]. The rearranged form of equations (16)
and (17) (equation (18)) is given below [23, 53]:

1 1 1

= +
1. 0.62nFm’°D}v7"°&’C,, nFm’k,C) (18)

The symbols used in equation (18) are defined as follows: I - cathodic electrode current; n—
the number of electrons; F - is the Faraday Constant; r - is radius of the electrode surface;
D, is known as the diffusivity constant for species A; v - is used for the kinematic viscosity;
w - depicts the rotation rate of the electrode; Cz- is used for the concentration of species A

in the bulk solution; and lastly k, - is the heterogeneous rate constant of electron transfer
[53]. If the inverse of current density is plotted against the inverted square root of the
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electrode rotation rate the number of electrons n transferred can be calculated from the

slope and the rate constant k;, from the y-intercept [53, 58, 59].

In the context of the Koutecky-Levich analysis, the diffusion coefficient for gases can be
easily obtained in the literature; however, values for the diffusion coefficient vary greatly [60].
Refer to a list of diffusion coefficients in Table 20 in Appendix 1 — Data on page 130.

Also used in the Koutecky-Levich analysis is the kinematic viscosity, which is defined as the
ratio of viscosity to density [60]: v = u/o with units of m/s. In Appendix 1 — Data on page 130
Table 21 the viscosity of different compounds is listed. The next important variable is the
concentration of a compound in solution. For gases the saturated concentration can be
easily calculated with the use of the mole fraction solubility equation (63), which was
determined at a partial pressure of 1 atm [60]. The solubility of gases such as oxygen and
sulphur dioxide is given in Table 22, Appendix 1 — Data, on page 130. Results from literature
for the variables used in the Koutecky-Levich equation are given below in Appendix 1 — Data
in Table 23.

2.3.4. Arrhenius

For experiments at different temperatures, the Arrhenius equation (19) is a very useful
expression to determine the activation energy required to drive the reaction, as it is
dependent on the collision frequency and energy of the reacting molecules, which directly
translates to temperature dependence and whether or not the inter-molecular collisions have
the correct geometry [61, 62]. The higher the activation energy of the reaction, the higher the

temperature dependence [61].

k = Ae_Eu/RT (19)

Eél
Ink =1nA—RT 20)

From equations (19) and (20), k is the rate constant, A the Arrhenius parameter or collision
frequency, E, the activation energy, R the universal gas constant R = 8.314 J/K.mol”" and T
the temperature in Kelvin; with equation (20) the linear form of equation (19).

From a plot of In k against T’ the activation energy E, can be established from the slope of
the plot and the collision frequency A a.k.a. the Arrhenius parameter from the y-intercept.
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2.3.5. Reaction Diagnhoses

To diagnose or establish the reaction effectiveness (otherwise known as activity) the above-
mentioned sections (2.3.1 up to 2.3.4) play an integral role in determining the more effective
catalyst towards the ORR, EOR and SDOR.

The primary objective is to establish the number of electrons n transferred in a hydrodynamic
electrode system, which corresponds to the charge component of the response mechanism
[53]. The secondary objective is to identify the simplest mechanism consistent with the
variations observed with regard to the response of the electrode as a function of the rate
change, linked to convective-diffusional mass transport [53]. The third, equally important
objective, is the establishment or evaluation of the rate constant of the rate limiting step of
the electrochemical reaction [53].

If the value of n calculated by the Levich plot (equation (15)), for low values of w, is larger
than the Koutecky-Levich plot for large values of w, the interpretation may lead in the
direction of consecutive charge transfer mechanisms of two or more steps, where the
second step of charge transfer has a much smaller k, value than the first step [53]. For
cases such as these the best would be to determine an overall n value from coulometric data
from exhaustive electrolysis. Another worthy note of the characteristics of the Koutecky-
Levich graphs is that, should the plots be in a straight line formation, the reaction order is 1
[63].

The methods used to evaluate the reactions in this study, are powerful tools to evaluate the
reaction mechanism of each reaction, although it was not part of this investigation’s scope.

2.4. Goal of this study

The main goal of this study was to investigate the electro-oxidation of SO, in aqueous
medium on polycrystalline smooth platinum and gold surfaces.

As discussed in section 1.2, there is a significant global demand for more and clean energy
so as to develop countries’ economies. A potential solution to that problem is the considered
hydrogen economy as described in section 1.3. To implement hydrogen as a viable energy
carrier, extensive research needs to be done so as to improve the generation efficiency
thereof, as there are various issues with, among other areas, storage and production.

As SO is one of the main pollutant gases emitted at coal driven power stations and as strict
regulations are being implemented globally to decrease emissions, it is in the best interest of
companies and governments to investigate innovative technologies to reduce pollutant
emissions. This provides opportunities to investigate gas cleaning methods by which power
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station exhaust emissions of SO, can be reduced by use of electrochemistry. By integrating
the SDE into the emission cleaning process, hydrogen can be generated with the HyS
process by using the SDE, while providing a simultaneous renewable energy source. As this
technology needs a lot of work to be perfected, several issues have come to light.

One of the primary issues regarding the SDOR is the catalyst that needs to outperform the
most popular catalyst, i.e. platinum, which leads to the investigation of different metals’
performance with regard to the SDOR. As platinum research can be easily found in the
literature, it is used as a benchmark for comparison of gold’s performance and to indirectly
guide the investigation process regarding gold. In the SDOR, platinum is the main catalyst
material used in the SDE. Gold might be a worthy alternative and was thus chosen to
partake in the investigation. Ultimately, the comparison might introduce gold as an
alternative catalyst material to platinum for use in the SDE. Commercial implementation of
the SDE might then become more viable should gold be a better catalyst.

The electrochemical application of ORR and EOR forms an integral part of electrochemical
catalytic processes, and can therefore be used as a control, guide and introduction to the
techniques required for electrochemical investigation of catalyst effectiveness.

The activity and selectivity of both gold and platinum is to be established by using
electrochemical analysis techniques. To enable the useful application of these techniques,
consequent experiments include cyclic voltammetry (CV), chrono-amperometry (CA) and
linear polarimetry (LP). CVs were used to activate or precondition the electrode surface for
use in the electro-analytical process, while CAs were used for electrode polarisation and LPs
to establish the reaction route. The processing of the results was done by using the Tafel
plot, Levich plot and Koutecky-Levich method of analysis. The Tafel slope was also used to
determine the reaction sluggishness whereas the Levich and Koutecky-Levich were used to
determine and check the number of electrons transferred during the respective reaction
(section 2.3).

The Arrhenius equation was applied to determine the activation energy of reactions where

experiments were conducted at different temperatures.
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Chapter 3: Oxygen Reduction
Reaction (ORR)

3.1. Literature

The electrochemical reduction of oxygen has experienced great levels of interest and
extensive investigation in the past, both theoretically and experimentally [31, 59, 64-68]. The
oxygen reduction reaction is an integral part of the cathodic reaction in fuel cell technology
[31, 59, 65, 66, 68-73] as well as metal-air battery technology [59, 70, 71]. If the reaction rate
is sufficient, it could be used in many industrial processes as well as for the direct conversion
of chemical energy into electrical energy as is the case in fuel cell technology [44, 64, 69,
71].

The direct formation of water from O, is more desirable as H,O, is corrosive and damaging
to fuel cells and as more power can be withdrawn from a four electron reduction pathway
[73]. For the goal of understanding the catalytic activity of a metal towards the ORR, the
fundamentals of the structure and nature of the electrode surface need to be considered
[74]. It was also proposed that the catalytic activity of a metal is associated with its
effectiveness in breaking the O-O bond so as to form the O-H bond [28, 31, 69].

O, + 4e + 4H* —— 2H,0 [58] (21)

A very interesting phenomenon was found in which the hardness of the metal was directly
related to the reactivity of the electro-reduction of oxygen — the lower the physical metal
hardness, the higher the reactivity, such as in gold for example, which is characteristically
soft [28].

In the literature it is found that the best performance of an electrode is acquired when the
electrode surface is conditioned in de-aerated (N, or Ar saturated) electrolyte, i.e. acidic or
alkaline media, by cyclic voltammetry until the voltammograms stabilise [31, 59].

3.1.1. Catalyst & Oxygen Reduction Issues

The electro-reduction reaction of oxygen is very complex and might include several different
reaction pathways that involve several electrons [28, 67]. Development of effective
electrocatalysts to improve the kinetics of the electroreduction of oxygen has not been
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achieved as of yet, even though a great deal of effort has been invested in the investigation
of the reaction mechanism and catalyst [28, 67]. For a catalyst to be classified as an
effective or good catalyst, the O-O bond breaking rate and OH hydrogenation rate should be
high [31]. The current status of oxygen electroreduction could be improved by achieving a
lower overpotential for the electro-reduction of oxygen [71]. An effective catalyst can also be
regarded as one which requires low activation energy for O, reduction and a reversible
potential of each intermediate reaction the same as the potential of the overall four electron
reduction process [73].

It has been speculated that because of the high cost of platinum [58] and low availability
thereof [49], the noble metals, which include silver, gold, palladium, platinum, rhodium,
ruthenium, osmium and iridium, with the latter six metals being known as the platinum group
metals (PGM) [75], should be improved scientifically by a factor of four [58] to be able to
replace platinum as the most popular noble metal for the ORR [58, 59]. Platinum-free
catalysts are thus intensively investigated and present a great challenge [49].

3.1.2. Reaction Pathways & Kinetics

There are two main reaction pathways; one pathway consisting of two two-electron transfer
steps and one pathway with a four electron transfer step [67, 69, 71]. The two electron
reaction leads to peroxide [65, 67, 68, 71], which could be further reduced or decomposed
[67, 71] whilst the four electron reduction reaction is only found on few distinct metals used
as electrode material forming water [67, 71], as in a sulphuric acid solution for example [65].

The dissociation energy for the O-O bond is 494 kJ/mol whereas the peroxide’s dissociation
energy is 146 kd/mol, which accounts for the scarcity of literature coverage regarding the
four electron route [67].

In literature there are different possible mechanistic pathways for the electro-reduction of
oxygen [28, 74, 76, 77]:

i. A four-electron reduction directly into water (H,O) in acidic media and to hydroxyl
anions (OH) in alkaline media.
ii. A two-electron pathway reducing oxygen to hydrogen peroxide.
ii. A pathway involving a series of two- and four-electron reduction.
iv. A series of reactions i-iii in parallel.
v. A pathway in which the diffusion of species interactively involve a series path into a
direct path.
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In the literature the mechanism of reaction is still unclear for all the different metals, including
platinum [28, 69, 74]. Valdes and Cheh [77] state that the mechanism can be considered as
a network of elementary reaction steps that interconnect a set of various chemical species.

3.1.3. Aqueous Media Effects

The solution pH plays just as important a role in the ORR as the electrode material [44, 70,
77]. Literature indicates that the cathodic oxygen reduction reaction has a faster and more
effective reaction mechanism and electro-kinetics in alkaline media compared to acidic
media [48].

On platinum it is well known that sulphate ions in sulphuric acid attach to the molecular
adsorption sites of oxygen on the metal surface, which negatively affects the electronic
behaviour of the reaction kinetics of the ORR, thus inhibiting the reaction and in turn
producing increased amounts of peroxide, unlike perchloric acid which does not adsorb too
strongly [31, 49].

Depicted below in reaction scheme (22) is the typical 2 electron reduction reaction of oxygen
as can be found in literature for acidic medium [64]:

O,+e — Oy
O, + H" —— HO,
HO, + e —> HOy
HO, + H"——>H,0,

(22)

The reduction reaction of oxygen is faster in alkaline medium [30]. Because of this increased
rate, a wide variety of cheaper-than-platinum electrode materials can be considered for the
ORR.

The most widely accepted reaction mechanism for the electroreduction of oxygen in alkaline
media is stipulated in reaction scheme (23) below [63, 78]:

02 +e —— 02-
Og_ +H,O +e —— HO, + OH (23)
202_ + HQO — Og + H02 + OH

The first step where the first electron is transferred is the rate determining step [30].
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From the literature, it can be concluded that the electroreduction of oxygen is sluggish if the
two electron pathway is followed, as found in acidic and alkaline media, while the four
electron direct reduction route is the more effective route [29].

Many authors have investigated the different electrolyte media and have each determined
the number of electrons involved in the ORR. The following table lists results acquired by
some authors in the literature using Koutecky-Levich or Levich analysis to determine the

number of electrons using different electrode materials:

Table 1: Results from literature for the oxygen electroreduction reaction

Source Electrode Material Electrolyte Medium Results
Kullapere et al. [78] GC 0.1 M KOH 2¢e
Jeon et al. [58] Platinum-yttrium alloys 0.5 M H.SO, 4¢
Macia et al. [79] Platinum Pt(111) 0.5MH,SO, & 0.1 MHCIO, |2¢€
Van Brussel et al. [67] | Platinum modified gold 0.1 M HCIO, 4e
Vilambi et al. [80] Platinum (oxidised) 1.0 M KOH 2e
Palitiero et al. [81] Gold (100) with Pb,gs 1 M NaOH 4e
Wang et al. [69] AUnano - DNA film on GC | Acetate Buffer pH = 5.2 2e
Andoralov et al. [82] Gold 0.5 M H,SO, 2—-4e *
Erikson et al. [59] Bulk Gold 0.1 M KOH 4e
Zhang et al. [73] Platinum 0.1 -1 M acid 3e

*dependent on the lowest potential the scan was taken to.

As can be seen from Table 1, the different values obtained for the number of electrons
transferred in the ORR are very precarious, with many studies done on single crystal
surfaces and different catalyst supports. The differences might be attributable to the different
preconditioning methods employed and the different nature of each of the alkaline and acidic
media [49].

Most of the authors listed in Table 1 have determined Tafel slopes for the ORR in acid and
alkaline media on different forms of platinum and gold crystalline structures. On a platinum
(111) stepped lattice in acidic medium, Macia et al. [79] determined a mass-transport-
corrected Tafel slope of 120 mV whereas Van Brussel et al. [67] stated a range of -60 - -120
mV for smooth platinum in acidic medium. Rizo et al. determined a Tafel slope for Pt(111) in
alkaline medium as 70 mV with the value reaching as high as 200 mV for surfaces vicinal to
(100) crystal terraces [76]. On a gold electrode, Andoralov et al. [82] referenced Tafel slope
values in acidic medium from 120 — 180 mV with 120 the more desired value whereas their
own determination of the slope was 118 mV. Tafel slopes in literature found for gold in
alkaline media was -60 mV for a Au(100) single crystal lattice [81] and -107 mV for bulk gold
on a glassy carbon support [59]. Although single crystal lattices were not part of the scope in
this study, it could be deduced that the Tafel slope is surface-structure sensitive, especially
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in alkaline medium. With the varied Tafel slope values, it should be noted that a large Tafel
slope indicates an inhibition effect [76] or sluggish process [23]. Platinum and gold was
subsequently investigated in more detail, in the following sections.

3.1.4. Platinum

Platinum is currently known in literature as the most electro-active metal for use as an
electrocatalyst [65-67, 79] in the ORR, even though it still exhibits a high overpotential for the
reaction [65, 66]. Bulk platinum binds oxygen very strongly, which inhibits the ORR because
of the build-up of oxygen adsorbed on the electrode’s surface, taking up all the available
binding positions for new incoming oxygen molecules [31, 74], hence the high overpotential.
Platinum has been shown to be the best catalyst with the highest activity towards this 4e’
pathway (reaction(21)) of all the pure metals studied in the past [40, 79]. Adsorbed hydrogen
can inhibit the adsorption of O, on the surface [83] and prevent O-O bond scission [79],

leading to a two electron reaction mechanism instead of a four electron reaction.

The ORR is very structure-sensitive on platinum [74, 76, 79, 83]. This structure sensitivity
affects the reaction sensitivity towards adsorbed anions such as OH’, CIO, and HSO,,
respectively obtained from the electrolyte media NaOH, HCIO, and H,SO, [83].

3.1.4.1. Mechanism and Kinetics

Platinum is one of the few metals in literature found to follow the predominant mechanism

involved in the direct four electron electroreduction of oxygen [67, 84].

The mechanistic pathway of platinum in acidic medium was found to take place via a series
of either two two-electron transfer reactions [84] or the direct four electron pathway [67, 84].
Electrochemical cycling of a platinum electrode in acidic medium may deactivate the
electrode surface for the oxygen reduction reaction [67].

Until now, there have not been many studies of the ORR in alkaline medium [76, 85]. Vilambi
et al. [80] stated that the authors that had studied the ORR in alkaline medium had found
different results for the number of electrons transferred, being either two or four [77, 80],
regardless of the oxidised state of the electrode surface. Consequently, there is a large
degree of uncertainty with regard to peroxide formation [80] and mechanistic pathways [77].

The kinetics of the ORR on platinum is also affected by the formation of a platinum hydroxyl
bond (Pt-OH) [67]. Adsorbed hydroxide (OH) on the surface of the platinum electrode has
been shown to inhibit the electroreduction reaction of oxygen by blocking binding sites [31,
76, 86] as well as through electronic effects [31]. The active sites on platinum are the sites
not occupied by adsorbed OH as to allow O, to bind for reaction, with the interaction of OH
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with O, repulsive in nature on a platinum surface [76]. Rizo et al. [76] have found that the OH
involvement in the reaction mechanism should not be disregarded, regardless of many
findings and theories that OH acts as an ORR inhibiter. For alkaline medium,
electrochemical scans were found to have a much lower potential difference between the
forward and backward direction for hysteresis to form [67] as described in section 2.1.1.,
thus proving the influence of OH on the electrode effectiveness.

According to literature, the improved activity of Platinum for the ORR in alkaline medium is
due to less steric hindrance of the O, adsorption process by OH while the size of the
complex oxy-anions in acidic media (ClIO, and HSO,), hampers the adsorption process,
with the difference in the reaction mechanism also playing a role in the enhanced activity
[83].

The performance of platinum towards the ORR in alkaline and acidic media is expected to
be similar although literature has found many differences significantly affecting the reactivity,
especially regarding the different crystal lattices [76].

3.1.5. Gold

According to literature, the ORR pathway on gold is dependent on the reaction pH, and
electrode potential as well as the surface structure [72]. The bond strength of oxygen on the
surface of gold strongly affects the reaction kinetics of the ORR, which implies that the ideal
bond strength should not be so strong that oxygen cannot escape after reaction or so weak
that oxygen escapes before effective reduction [49].

3.1.5.1. Mechanism and Kinetics

Gold was found to be electrochemically inactive for the electro-reduction of oxygen in acidic
media [31, 49] or to have a modest activity at the very least [59] even though studies were
done on gold in acidic media with relative success in literature, showing that gold is active as
an electro-catalyst in both alkaline and acidic media [81]. The mechanism of oxygen
reduction enjoyed intense interest in acidic medium as many authors produced results that
differ greatly from one another [82]. The deviations of the results might be due to the
different electrode preparation techniques employed.

The following reaction scheme (24) demonstrates the ORR when a transfer of either two or
four electrons takes place in acidic medium [82]:
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H0
de e
(24)

Oz 26 Hz0z

The ratio of crystal planes on a polycrystalline gold electrode, has an effect on the reaction
kinetics and consequent mechanism [82]. Because of this structure sensitivity, it is
insufficient to consider the ORR as a simple reaction that involves two electrons [82].

In alkaline medium, the oxygen electro-reduction reaction is highly dependent on the
oxidised state of the gold electrode surface [87]. If the electrode surface has been reduced,
the electro-reduction reaction of oxygen reaches a diffusion-limited current density plateau in
the potential scan whereas the oxidised state of the gold electrode produces a well-defined
maximum peak before decreasing in current density and reaching a diffusion-controlled
plateau in the reduction area of the polarisation curve [87]. The well-defined maximum could
be a result of species dissociating from the gold surface, which in turn facilitate the further
reduction of species such as HO, at that maximum. As HO, is produced from the reduction
reaction of oxygen, it can once again be oxidised in a reverse potential sweep to produce
oxygen if all the dissolved oxygen has not been reduced to OH.

In general the number of electrons transferred for a polycrystalline gold electrode in alkaline
medium is 2, which results in HO,™ (reaction (25)) being the final product [40, 63, 70].

Og + HQO +2e —> H02 + OH (25)

As OH' concentration increases so too does the peak current, which shows the importance
of the OH" in the catalytic reduction of oxygen [63].

The electrochemical reduction of oxygen has attracted a lot of attention because of the
application in fuel cell technology especially on a gold surface, which was shown to be very
structure sensitive in a basic/alkaline medium [40, 49, 59]. The structure sensitivity was first
reported for single crystal electrode surfaces, which indicated how immensely sensitive the
reaction was towards the surface morphology [40, 49, 59, 65, 88]. The Au(100) crystal
surface was shown to deliver an amount of 4 electrons [40, 63, 65] to the reduction reaction
with the main yield of product in alkaline medium being OH" (reaction (26)) [40, 72].

O, + 2H,0 + 40 —— 40H (26)
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3.2. Experimental Procedure
3.2.1. Instrumentation and Kits

All experiments were conducted at room temperature (25 °C) and controlled by a Julabo F12
ED-refrigerated waterbath. The counter electrode consisted of a 15 cm L-coiled platinum
wire from Pine Research Instrumentation. The working electrodes consisted of a smooth
gold disc electrode from Pine Research Instrumentation and a smooth platinum disc
electrode also from Pine Research Instrumentation with a surface area of 0.196 cm?for each
electrode. The reference electrode was a saturated calomel electrode from Radiometer
Analytical with a relative potential of 0.241 V vs. NHE.

The polishing kit used for polishing of the electrodes consisted of either Alpha Micropolish
Alumina 5 pm & 0.05 um from Buehler or 5um Aluminium Oxide Polishing Solution &
0.05 um Alumina Suspension from Allied High Tech Products Inc.

The electrodes were screwed onto a rotating shaft positioned on a rotating motor from Pine
Research Instrumentation, and linked to a digital Motor Rotating Electrode Speed Control
from Pine Research Instrumentation. The electrode rotating motor and all the electrodes
were connected to a VSP potentiostat from Biologic Science Instruments, which was in turn
connected to a desktop with EC-Lab V10.21 software and newer.

The ultrasonic bath used to dissolve reagents or clean the electrodes after polishing was a
Digital Ultrasonic Cleaner PS-10A from Jeken. The weighing balance used for weighing
reagents and chemicals was a Mettler Toledo NewClassic MS 205 DU.

All solutions were made up using 18.2 MQ.cm Milli-Q water produced by a Millipore Milli-Q
PLUS Ultra-pure Water System.

3.2.2. Reagents

The following reagents were used for the experiments: absolute ethanol (UnivAR from
Merck) to be used for the EOR, medical grade oxygen gas (from Afrox) for the ORR and
High Purity SO, gas (from Afrox) for the SDOR as well as anhydrous sodium sulphite
(Platinum Line AR grade from Associated Chemical Enterprises — (ACE)) dissolved in diluted
solutions of 95-99% Sulphuric Acid (UnivAR from Merck). The electrolytes for ORR and EOR
were made from diluted solutions of 70% perchloric acid (Platinum Line AR grade from
Associated Chemical Enterprises — (ACE)) for the acidic media, and potassium hydroxide
pellets (UnivAR from Merck) for the alkaline media. The nitrogen gas was high purity grade
(from Afrox), which was used to de-aerate all the electrolytes before experimentation.
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3.2.3. Experimental Setup

The following diagram depicts the typical electrochemical experimental setup used for all
experiments in this project (Figure 10):
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Figure 10: Experimental Setup

3.2.4. Experimental Procedure

Before electrochemical experiments were done, the electrodes were polished and cleaned
as described in the following section.

3.24.1. Polishing Procedure

Using the polishing kit described in section 3.2.1, the electrode being tested was polished in
the following manner: The working electrode was rinsed with Milli-Q water with the excess
water shaken off. It was then polished on a wet nylon mat by rubbing the electrode’s metal
surface in contact with the mat in a figure eight movement for 40 repeats, after which it was
dried. The same figure eight movement was used to polish the electrode on a fibre mat with
a big drop of 5u alumina gel and then wiped clean. The final polishing step was done on a
fibre mat with a big drop of 0.05u alumina gel and rinsed with Milli-Q water after polishing.
To ensure cleanliness, the electrode was sonicated for 5 minutes in the Jeken ultrasonic
bath. For the subsequent electrochemical experiments, the electrode needed to be
preconditioned as described in the following section.

M.H. Steyn MSc Dissertation



27

—
| —

3.24.2. Preconditioning Procedure

After polishing, preconditioning of the electrode was done in the inert electrolyte which the
investigated reaction showed activity in, according to the best-suited preconditioning
method. After preconditioning, the electrode was rinsed and placed into the acid or alkaline
electrolyte of investigation filled with the reagent being investigated. All gaseous reagents
were bubbled through the electrolyte until the solution reached saturation of the gas. A cyclic
voltammogram was conducted in the pure, inert electrolyte and another then in the
electrolyte containing the reagent, to see whether the electrode showed any prominent
activity towards the reagent contained in solution. The different reactions were investigated
at different rotation rates to eliminate the mass transfer reaction inhibition effects during the
LP runs. All the following experiments were conducted at room temperature of 25 °C.

Gaseous reagents, such as oxygen, was set to flow over the surface of the electrolyte
solution in which it was dissolved, so as to maintain the saturated concentration [68].
Bubbling of oxygen gas through the electrolyte solution was thus carried out for 10 minutes
to ensure the solution was saturated with oxygen. In this chapter, the reduction of oxygen
was studied in acid and alkaline media for both platinum and gold.

3.2.4.3. Platinum

For the ORR investigation in acidic medium on platinum, the experimental procedure was
executed as follows: The electrode was polished and then preconditioned in an inert 0.1 M
HCIO, solution at 50 mV/s scan rate until the voltammogram stabilised and produced
repeatable CVs within the fingerprint area of the voltammogram for platinum, which included
the potential range of 1.159 V — -0.241 V vs. SCE. After preconditioning, control CVs with
and without O in solution was run in the same voltage range as the preconditioning voltage
range with the difference being the scan rate of 10 mV/s. The scan was started at 1.159 V
vs. SCE and ran in a reducing direction up until -0.241 V vs. SCE. The LPs were run at
25 °C for rotations of 0, 100, 400, 900 and 2500 RPMs at a scan rate of 10 mV/s starting
from 0.959 V vs. SCE down to -0.241 V vs. SCE in 0.1 M HCIO, saturated with O, gas.

In alkaline medium the ORR experiments were done by starting with the preconditioning as
described in section 3.2.4.2 after electrode polishing (section 3.2.4.1) in 0.1 M KOH within
the fingerprint area of the CV with a scan rate of 50 mV/s until the voltammogram stabilised
or became repeatable in the potential range of -1.018 V —0.231 V vs. SCE. The CVs used to
check the reaction with and without saturated O, in solution were run in the same potential
range as the preconditioning CVs for 5 cycles at a scan rate of 10 mV/s. Subsequent LPs
were then respectively run in fresh 0.1 M KOH solution saturated with O, gas for every
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repeat and rotation rate, scanning at a rate of 10 mV/s starting from 0.155 V down to -0.895
V vs. SCE for every rotation rate of 0, 100, 400, 900 and 2500 RPM. After all the platinum
experiments were run, gold was the next electrode material to be investigated.

3.2.4.4. Gold

Acidic medium was investigated first. As with platinum, polishing of the gold electrode
(section 3.2.4.1) was done after which preconditioning was executed in a 0.1 M HCIO,
solution at 50 mV/s starting from the open circuit potential up to 1.6 V and down to 0.1 V vs.
SCE, which then ended at 0.1 V for 10 cycles. A subsequent CA was performed at -0.45 V
vs. SCE for 2 minutes. In a fresh 0.1 M HCIO, solution without oxygen, a CV was done after
electrode preconditioning to show the electrode behaviour without reagent. The CV was set
to start at the open circuit potential up to 1.6 V and down to -0.55 V vs. SCE at 10 mV/s for 5
repeats. All the steps above were repeated with a fresh HCIO, solution saturated with
oxygen gas to show the behaviour of the electrode in oxygen-containing solution. To study
the subsequent electrode activity, fresh HCIO, solutions were used, and after
preconditioning, the reaction was studied with LPs starting at 0.3 V down -0.55 V vs. SCE at
10 mV/s repeated until repeatable results were produced. The electrode rotations
investigated consisted of 0, 100, 400, 900 and 2500 RPM. After these experiments, gold was

investigated in alkaline medium.

As with acidic medium, after polishing and cleaning of the electrode (section 3.2.4.1) it was
preconditioned in an inert 0.1 M KOH solution at a scan rate of 50 mV/s for 10 cycles,
starting from 0.0 V vs. OCP (ca. -0.1 V vs. SCE) up to 0.6 V vs. SCE down to -1.021 and up
to 0.6 V vs. SCE. A CA was then run for two minutes at -1.2 V vs. SCE in the same
preconditioning solution to ensure a reduced electrode surface. Subsequently a fresh inert
0.1 M KOH solution was used for a CV to show how the electrode would behave in a
solution without O, by scanning at 10 mV/s for 5 cycles starting from 0.0 V up to 0.6 V then
down to -1.5 V and ending at 0.6 V vs. SCE. These cycles were repeated at 10 mV/s, for O,
gas that was bubbled in a fresh 0.1 M KOH solution until the solution was saturated, then
followed by 5 CV cycles in the potential range of 0.6 V down to -1.5 V, which ended at 0.6 V
vs. SCE so as to show the electrode behaviour with reagent dissolved in solution. After the
electrode behaviour was analysed, preconditioning was done once again for each and every
rotation rate and repeat thereof, followed by a CA after which LPs were done at 10 mV/s
starting the scan from 0.0 V down to -1.5 V vs. SCE in a fresh 0.1 M KOH solution for every
LP with saturated O, gas in solution. The LPs were investigated at 0, 100, 400, 900, 1600
and 2500 RPM.
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As smooth, polycrystalline platinum and gold were used in this study, the crystalline structure
needed to be confirmed by using XRD testing.

3.2.5. Third Party XRD Testing

The platinum and gold electrodes were sent to the North-West University Geology
department (Geo XRD & XRF LAB) for XRD analysis of the electrode surface crystal
structure. The department used a zero-background silica disc for the analysis of the sample
on an X'Pert Pro XRD instrument with a copper (Cu) tube. Their software package to identify
the different phases was the X’Pert Highscore plus software with the ICDD database being

used as reference.

3.3. Results and Discussion

Polishing of the electrode is important so as to remove any impurities from the electrode
surface that cannot be removed by electrochemical oxidation or reduction alone. After
polishing, electrochemical preconditioning ensures starting with a repeatable surface so as
to produce more repeatable electrochemical results. Electrode preconditioning can give
reproducibility of the different peaks in the voltammogram but not of the same surface
roughness of the electrode [33].

3.3.1. XRD Results
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Figure 11: XRD for polycrystalline platinum, Figure 12: XRD for polycrystalline gold with the
indicating the different crystal planes different crystal planes indicated

Depicted in Figure 11 and Figure 12 are the XRD patterns for polycrystalline platinum and
gold respectively. The (111) crystal lattice is the most dominant in the surface lattice for both
platinum and gold, hence the high relative diffraction peak intensity. The XRD pattern visible
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in Figure 11 for platinum corresponds very well with literature [89] as does the pattern of gold
in Figure 12 [90, 91]. It can thus be confirmed that both electrodes are polycrystalline.

3.3.2. Preconditioning

The following subsections contain the preconditioning graphs for every electrode in acidic
and alkaline media. Any deviation from it will be pointed out and showed under each reagent
reaction’s section. Also, any reference made to onset potential and determination thereof,
will directly imply graphical determination.

For all preconditioning steps for both electrodes the CV cycles were repeated at least 10
times or until the voltammograms became reproducible. The preconditioning was executed
after the electrode was polished and sonicated as described in section 3.2.4.2.
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Figure 13: A typical preconditioning CV Figure 14: A typical preconditioning CV

representation for Pt in 0.1 M HCIO4 averaged
over the 10th, 15th and 19th cycles at a scan rate
of 50 mV/s initially starting the scan at the OCP of
0.875V

representation for Au in 0.1 M HCIO, averaged
over the 10", 15™ and 21% cycles at a scan rate of
50 mV/s initially starting the scan at the OCP of
11V

Refer to section 2.1 for a detailed discussion on the chemical reactions involved in the
hysteresis of the voltammograms for both platinum and gold as depicted in Figure 13 and
Figure 14 respectively. The preconditioning CVs in Figure 13 and Figure 14 show the
respective behaviour of Pt and Au in acid medium. The oxide formation and hydrogen
adsorption areas are clearly visible in each voltammogram. For Pt, the oxide adsorption
starts in the potential range of ca. 0.8 V and 1.0 V, reaching a maximum peak at about 1.2 V
vs. NHE, whereas the gold oxide adsorption peak starts at ca. 1.2 V vs. NHE with the
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desorption of oxide starting to occur at about 1.1 V for platinum. A maximum peak is reached
at about 0.75 V vs. NHE in the reverse scan for Pt and from ca. 1.1 V vs. NHE for gold.

On the platinum electrode, the hydrogen adsorption and desorption potential range is
between 0.3 V down to 0.0 V vs. NHE. Hydrogen adsorption starts from about 0.3 V,
reaching several shouldered peak maxima approaching 0.0 V vs. NHE with desorption of
hydrogen occurring immediately with the forward scan in the oxidative current direction with
two distinct oxidation maxima occurring right before the big decline in current density at ca.
0.3V vs. NHE.

According to literature, as described in section 2.1, and equations (6) - (8) for platinum and
equations (9) — (11) for gold, the hysteresis is because of oxide film formation on the surface
of the gold [33, 41, 45, 46] and platinum [23, 26] electrode surfaces. The oxide formation in
acidic medium does not take place as readily as in alkaline media as there is a lack of
hydroxide ions in solution to promote the oxide formation because in acidic media, water
needs to adsorb and then be changed into hydroxide before the process described in
equations (6) — (11) can take place. The reverse of equations (6) — (11) takes place in the
reverse scan as the oxide layer is being reduced to produce a reduced electrode surface
crystal lattice. On gold, the double peak in the forward scan can be attributed to the different
crystal surfaces.

Once the voltammogram of each electrode stabilised, it was ready to be used for the
subsequent analytical experiments.

3.3.2.2. Alkaline

Refer to section 2.1 for background into the hysteresis and the chemical reactions involved
with equations (6) - (8) (for platinum) and equations (9) — (11) (for gold) demonstrating the
chemical reactions behind the hysteresis.

The potentials used for the preconditioning CV of platinum in Figure 16 were set to start at
the OCP (ca. 0.0 V) up to 0.472 V and back down to -0.779 V vs. NHE at 50 mV/s while the
vertex potentials for gold in Figure 17 were set to the maximum of 0.841 V vs. NHE and the
minimum vertex as -0.78 V vs. NHE with cycling started at -0.78 V vs. NHE at a scan rate of
50 mV/s. The cycles for both electrodes were repeated for at least 10 cycles or until the
voltammograms became reproducible. In Figure 16 the oxide adsorption and desorption as
well as the hydrogen adsorption and desorption areas can be clearly seen as described in
section 2.1.1. The voltage range for oxide adsorption and desorption is from ca. -0.2 V up to
0.472 V and the hydrogen adsorption and desorption is from about -0.3 V down to -0.779 V
vs. NHE. The fingerprint character of platinum can be clearly recognised in the CV. In Figure
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17 the oxide adsorption peak on gold starts at about 0.4 V vs. NHE reaching a high of ca.
0.135 mA/cm?® at 0.5 V vs. NHE. In the reverse scan the oxide desorption peak commences
at about 0.6 V vs. NHE reaching a peak current density of ca. -0.2 mA/cm? at about 0.35 V

vs. NHE.
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Figure 15: The typical resemblance of a CV for preconditioning of platinum in 0.1 M KOH
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Figure 17: The preconditioning CV of gold in 0.1
M KOH averaged over cycles 10, 16 and 21 with
the initial scan starting at -0.78 V at a scan rate
of 50 mV/s

The oxide adsorption and desorption is more facile in alkaline than acidic medium, as can be
seen by the potential at which the oxidation current starts to appear on the voltammograms.
Acidic media require a much higher potential for the adsorption process to start compared to
alkaline media, which is clearly in support of literature findings [45, 46] for both platinum and
gold. The difference in current density between acidic and alkaline oxide formation on gold
can be attributed to the fact, as stated in literature [31], that gold binds hydroxyl anions
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weakly, thus the lower current density for oxide formation on gold in alkaline medium
compared to acidic medium regardless of the lower overpotential required to drive the oxide
formation in alkaline medium.

After preconditioning, both the electrodes were investigated using CVs with and without
oxygen in order to ascertain whether or not the electrodes showed activity towards the ORR
in acid and alkaline media.

3.3.3. Acidic

The ORR in acidic media is discussed here for platinum and gold in comparison.

3.3.3.1. Effect of Reagent in Solution

The CVs displayed in Figure 18 and Figure 19 for platinum and gold includes a CV with
saturated O, in solution and a CV without saturated O, in solution. Note that for eligibility
purposes, the scale of the y-axes is not the same.

0.04 T T T T T T 0.2

—7 4
0.0 - o

0.02 —

0.00 —

-0.2 4
-0.02 —

E -0.04 & -0.4 - Cycle 1, Without O,
§ é — —  Cycle 5, Without O,
E 006 4 / Cycle 1, Without O, £
£ — —  Cycle 5, Without O, A 064
z =
@ 0,08 B 02
B 0.0 bbb e DT T £ 00- U N Sanlmte i
£ 7 g 4 ¥
: : : = Y/,
3 7 3 //// ‘!(
/f : : : 0.2 7 v
| I
1 =7
D2 e T b .//.'., SEOPUOR SOVPUURURUR SONUOURPONe SO 0.4 4 \/-VLJ
. S ANRZi_ =7 ,'/4/\/ — — — Cycle 1, WithO,
s S S ] : : : 06 1/ Cylce 5, With O,
\\ { 14
R VO RSO T \8 'l — —— Cycle 1, With O, i
0 \\ } Cylce 5, With O, 08
\
1.0 +
\\,I
-0.6 T T T T T T T T -1.2 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 -0.5 0.0 0.5 1.0 1.5 2.0
Electrode Potential, E vs. NHE (V) Electrode Potential, E vs. NHE (V)
Figure 18: Control CVs for the reduction of Figure 19: Control CVs for the reduction of
oxygen on Pt in 0.1 M HCIO4 with and without O2 oxygen on Pt in 0.1 M HCIO4 with and without O:
at 0 RPM and 10 mV/s scan rate at 25 °C at 0 RPM and 10 mV/s scan rate at 25 °C

The scans for platinum were initiated at 1.4 V and ran in a reducing direction up until 0 V vs.
NHE with the scans of gold initiated at 0.58 V. The reduction of oxygen on platinum starts
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together with the potential of the oxide reduction or desorption potential of ca. 1.1 V vs. NHE
and reaches a maximum peak at ca. 0.67 V vs. NHE, reaching a current density of ca. -0.55
mA/cm? with a large decrease in current density reaching a steady diffusion-limited current
density plateau down to 0.0 V vs. NHE with a current density maximum approaching -0.3
mA/cm®. On the gold electrode, the current density starts to increase in a reductive or
cathodic direction at ca. 0.45 V vs. NHE reaching a shoulder at about 0.27 V vs. NHE for the
first cycle and a shoulder at ca. 0.26 V vs. NHE for the fifth cycle. The reaction reaches an
increase in current density where water reduction occurs at about -0.309 V vs. NHE. For
both electrodes, when the CVs with saturated O, are compared to the CVs without O, in
acidic media, it is clear that each electrode is active towards the electro-reduction of oxygen.

The scan on platinum from 1.4 V down to 0.0 V vs. NHE shows clearly that the current
density for the oxygen reduction increases together with the current that would flow for the
reduction of the electrode surface, otherwise known as the oxide desorption. This
corresponds to literature’s indication that the surface needs to be in a reduced state to be
effective for the ORR [31, 74] as oxygen binds strongly on the electrode surface,
consequently inhibiting the ORR by decreasing the available adsorption sites for subsequent
oxygen reduction. Gold, on the other hand, shows the reduction of oxygen taking place on a
reduced gold electrode surface as the surface oxide had been reduced at ca. 1.1 V vs. NHE
(section 2.1.2 and equations (9) to (11)) [33, 41, 45, 46]. When Figure 18 and Figure 19 are
compared, it is clear that the reduction of dissolved oxygen occurs together with the
adsorbed oxide reduction on platinum, whereas the gold’s adsorbed oxide reduction takes
place at a much higher potential than the reduction of dissolved oxygen with a difference of
slightly more than 0.5 V.

In the forward scan for platinum, the reductive current turns to oxidative current right before
the oxide adsorption potential (from ca. 1.0 V vs. NHE). Even with the saturated oxygen
solution the current density of the oxide adsorption did not show any apparent increase.
Gold however, showed a slightly higher current density for the O,-containing solution at the
oxide formation region in the forward scan from ca. 1.25 V vs. NHE, indicating that the
presence of oxygen in the solution catalyses the oxide layer formation on the surface of the
gold electrode, as stated in literature [42, 45, 46].

It is therefore clear that the ORR on platinum prefers a reduced electrode surface without
any adsorbed oxide on the electrode surface as is the case in literature [67] as well as gold.
An interesting observation is that the hydrogen adsorption and desorption peaks
corresponding to the electrochemical crystal lattice behaviour of the platinum surface within
the hydrogen adsorption and desorption fingerprint voltage areas (demonstrated in Figure 6
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of section 2.1.1) are very clear in the oxygen containing voltammogram of Figure 18, from
ca. 0.2-0.0 V vs. NHE.

According to literature, platinum is the best catalyst for the ORR to form water [65-67, 79].
Therefore it can be concluded that the well-defined maximum peak at ca. 0.67 V vs. NHE is
the reduction of oxygen. As for gold, the first shoulder in the current density at ca. 0.26 V vs.
NHE might be due to the reduction of O, to H,O, [82] and the small peak at 0.0 V the further
reduction of H,O, to H,O as depicted in reaction scheme (24) in section 3.1.5.1. As the
potential is taken fairly low, the latter might be possible as a very low overpotential drives the
peroxide reduction.

3.3.3.2. Effect of Rotation Rate

After electrode cleaning (section 3.2.4.1) and preconditioning (Figure 13 and Figure 14, in
section 3.3.2.1) between every experiment, the following LPs were produced for platinum
and gold, plotted in Figure 20 and Figure 21 respectively:
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Figure 20: Comparison of Pt LPs at different Figure 21: Comparison of Au LPs at different
rotation rates in 0.1 M perchloric acid with rotation rates in 0.1 M perchloric acid with
saturated oxygen at a scan rate of 10 mV/s saturated oxygen at a scan rate of 10 mV/s

The LPs of platinum and gold in 0.1 M perchloric acid solution saturated with oxygen at
different rotation rates are depicted in Figure 20 and Figure 21 respectively, with each metal
showing a clear increase in current density as the rotation rate of the electrode increases.
The platinum LPs reaches a limiting current density plateau, as was found in literature [31],
with gold exhibiting almost the same behaviour with a slight continuous increase in current
density as the potential reaches the end of the scan, which is indicative of a mixed control
reaction as there is no limiting diffusion controlled current, which was the case as found in
literature [82].
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The current density starts to increase from ca. 0.8 V vs. NHE for all rotation rates, reaching a
high at ca. 0.4 V vs. NHE for 2500 RPM for platinum with the reduction of dissolved oxygen,
on a reduced gold electrode surface, beginning from ca. 0.4 V vs. NHE with no apparent
maximum peak reached as there is no limiting diffusion controlled current. Many authors in
literature have found contradicting results for gold in acid medium, to which Andoralov et al.
[82] attributed the different electrode preparation techniques employed by different authors.

In Figure 20, when rotation rates are implemented with a platinum electrode, the current
density experiences a decrease from ca. 0.2 V to 0.0 V vs. NHE with the 100 and 400 RPMs
only experiencing the decline much closer to 0.0 V. According to literature this is hydrogen
adsorption inhibiting the ORR, which might account for the decline in reductive current
density [79, 83]. From Figure 20 it is clear that the effect of hydrogen inhibition is much more
apparent at higher rotation rates. The ORR depicted in Figure 21 on gold, might consist of
the simultaneous reduction of O, to H,O, and H,O, to H,O as found in literature and
depicted in reaction scheme (24) in section 3.1.5.1 as there is no limiting diffusion controlled

current.

As the LPs in Figure 20 and Figure 21 show a linear increase in current density with
increasing rotation rate the Koutecky-Levich and Levich equations could be applied, as the
reaction is clearly diffusion or mass transfer limited. Gold does not show a steady linear
increase in current density in the mixed control region of the LPs in Figure 21 with LP
crossover in the mixed control region, which might restrict the application of the Koutecky-
Levich and Levich equation.

3.3.3.3. Tafel Plots

The Tafel Slopes for the ORR on platinum and gold in 0.1 M HCIO, as depicted in Figure 22
and Figure 23 respectively, was calculated as -205 mV/decade for platinum and for gold as -
129 mV/decade. The potential regions of the LPs from Figure 20 and Figure 21 for the Tafel
plots were chosen by the region of Tafel behaviour as described in section 2.3.1. The
literature value for the mass transport corrected Tafel slope is ca. 120 mV for nano-
crystalline Pt(111) [79]. The platinum in this study was polycrystalline in nature, which might
account for the difference noted between the calculated and literature values. In this study,
on the platinum electrode, the Tafel slope decreased as the electrode rotation rate increased
(plots not shown), which act as support of the mass transfer limitation, ultimately implying the
ORR is less sluggish with less mass transport inhibition. This decrease might also indicate
more than one reaction pathway being followed [82] by platinum with regards to the ORR.
Literature values for the Tafel slope on polycrystalline gold varies greatly with Andoralov et
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al. [82], establishing a value of 118 mV, which is close to the calculated value for gold in this

study.
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Figure 22: Tafel plot of ORR for Pt in 0.1 M HCIO4 at 0
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Figure 23: Tafel plot of ORR for Au in 0.1 M HCIO4 at 0
RPM taken from the potential range of 0.392 — 0.294 V

vs. NHE with an R? of 0.984

In Figure 24 below the Koutecky-Levich plots are given for platinum. For gold it can be

concluded from Figure 21 that the application of the Koutecky-Levich plots would not be

viable as the different rotation rates showed an overlap in the mixed control regions of the
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Figure 24: Koutecky-Levich plots for Pt in 0.1 M HCIO4 and saturated O» gas, based on the results from
Figure 20

Even with extensive repeats on gold, results with less overlapping could not be produced.

The parallelism of slopes in Figure 24 is indicative of a single mechanism being followed in
the mixed control region of the ORR [53, 81, 85]. The lack of linearity of plots in Koutecky-

M.H. Steyn MSc Dissertation



Levich plots is also indicative of a change in the mechanism with increasing potentials or
rotation rates. In Figure 24 it can be seen that the plots for E = 0.601 V do not show linearity
as those of the E = 0.501 V plots do. It might be possible that the mechanism does not follow
a single mechanism in the mixed control region of the LPs. The mechanism was not part of
the scope of this study, therefore, no further in-depth investigation was done in that regard.

The calculated number of electrons for the ORR on platinum is given in Table 2.

Table 2: Summarised results of the Koutecky-Levich plots in Figure 24

Potential used (E vs. NHE) | Corresponding Slope (1/mA.s™"?) | Number of electrons
0.601 -4.900 -2.9
0.576 -4.716 -3.1
0.537 -4.595 -3.1
0.501 -4.531 -3.2
Average Electrons: -3.1

The values for the variables used in the Koutecky-Levich equation (18) can be found in
Table 20 to Table 23 (Appendix 1 — Data). The relevant values are summarised below in
Table 3.

Table 3: Values for variables used in the Koutecky-Levich calculations

Kinematic Viscosity (cm?/s) 8.93x10% [60]
Diffusivity (cm?/s) 2.42x107° [60]
Radius (cm) 2.50x10™

Faraday Constant (mA.s/mol) 9.65x10’

Concentration Sat. O, (mol/cm®) | 1.269x107° [60]

The number of electrons calculated for the oxygen reduction reaction is ca. 3, which does
not correspond to literature although Zhang et al. [73] mentioned a three electron transfer
with peroxide dissociating from the electrode surface after two electrons were transferred
and the third electron used in the reduction of adsorbed O and OH to form two water
molecules, as the radical formed in reaction (27) is not stable and might react with adsorbed
hydroxyl and oxygen to form two water molecules [73].

The reaction could thus be illustrated as:

20, + 3¢ + 3H" — H,0; + HO; (27)
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As the Koutecky-Levich plot is done in the mixed control region of the LPs (Figure 8 above),
it can be deduced that the reaction depicted in reaction (27) might be part of the mechanism
where peroxide is formed before being completely reduced to water [84]. It should be noted
that, for platinum, the mechanism of reaction is still unclear, regardless of the extensive
studies performed on it in the literature [28, 69, 74]. In literature it is speculated that the
mechanism can follow the two electron transfer mechanism or the four electron transfer
mechanism [67, 84], which supports the conclusion that the mechanism might differ in the
mixed control region and the diffusion-controlled region.

3.3.3.5. Levich Plots

As a means of confirmation of the calculated number of electrons using Koutecky-Levich, the
Levich plot was used to calculate the number of electrons using equation (15).
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Figure 25: Levich plot for platinum, based on LPs from Figure 20 using current densities at 0.526 V vs.
NHE plotted from all the different rotation rates

Using the slope of the plot in Figure 25 and equation (15), the number of electrons
transferred on platinum for the ORR in acidic medium in the diffusion controlled region of the
LPs is 4, implying a direct reduction of oxygen to water (reaction (28)).

02 +4e + 4H" — 2H20 (28)

As the ORR on gold does not show diffusion-controlled behaviour (Figure 21), the Levich
equation could not be applied. The variables used for the Levich equation are listed in Table
3 above.

On platinum, the number of electrons calculated using the Koutecky-Levich equation, differs
from that calculated by using the Levich equation, by one electron (Koutecky-Levich = 3 and
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Levich = 4), which suggests that the mechanism being followed in the mixed control region is
different from the mechanism in the diffusion-controlled region. As the plots in Figure 25
show linearity, it indicates a rapid single step transfer of electrons [53]. Ultimately, the
difference between the results of the Koutecky-Levich and Levich analyses implies a
mechanism involving more than one step. As the mechanism was not in the scope of this

study, further investigation was not done.

3.3.3.6. Conclusion

An electrode is described as effective when it completely reduces oxygen to water [31]. As
the ORR is a complex reaction [28, 67], it is possible to have intermediate species formed in
the reaction as depicted in reaction (27).

Platinum binds OH very strongly [67], which might account for the formation of peroxide and
the protonated oxygen radical in the mixed control region of the LPs, as the O-O bond
requires much more energy to be broken (494 kJ/mol) than the energy required to form H,O,
(146 kd/mol) [67]. As the diffusion-controlled region showed a number of four electrons being
transferred contrary to the mixed control region of three electrons, it implies the mechanism
takes place in more than one step. Gold’s behaviour, as depicted in Figure 21, might be due
to the ratio of crystal planes on the polycrystalline electrode, as according to literature, the
ratio may have an effect on the reaction kinetics and consequent mechanism [82].

The Tafel slope for platinum in literature had been mass transport corrected (at 600 RPM
[79]) whereas this study only considered 0 RPM rotation rates without mass transport
corrections of the Tafel slope. The values were used to compare the reaction in different
media as well as different metal surfaces. There was consequently no un-corrected Tafel
slope value to compare the calculated value to. As the calculated Tafel slope is relatively
large, it indicates the reaction as being sluggish.

The Tafel slope for platinum was determined as -205 and for gold as -129 mV/decade
indicating gold as being less sluggish than platinum towards the ORR. The number of
electrons transferred on platinum was calculated as 3 in the mixed control region of LPs and
4 in the diffusion controlled region. The literature covering a three electron reduction process
is not abundant; regardless, the three electron transfer reaction corresponds to literature [73]
as well as the four electron transfer reaction [53]. The final reaction is thus speculative,
based on the results obtained in this study. The final ORR on platinum in acidic medium is
thus:
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02 +4e +4H" — 2H20 (29)

Platinum can therefore be considered to be an effective catalyst for the ORR in acidic
medium compared to gold in this study, as it was established in literature that it is the best
metal to use for the ORR regardless of its high overpotential [40, 79]. Gold was determined
to be electrochemically inactive for the ORR in acidic media in literature [31, 49] or to have at
least a modest activity [59]. Thus the ORR on gold in acidic medium also corresponds with

literature as platinum does.

3.3.4. Alkaline

The ORR was investigated in alkaline medium on both platinum and gold so as to compare
their activity towards the ORR.

3.3.4.1. Effect of Reagent in Solution

The activity of ORR on platinum and gold in alkaline medium is demonstrated in the CVs of
Figure 26 and Figure 27 respectively.

As could be expected, the behaviour of platinum in alkaline medium is similar to the acidic
behaviour, as literature had also indicated [76] although differences have been found in the
reactivity of different crystal lattices in the different media. For gold it can be deduced from
Figure 27 that the oxygen electro-reduction reaction is very active in alkaline medium, with
the reductive current density markedly higher than the CV without oxygen in solution.

The oxygen reduction on platinum initiates at ca. 0.22 V vs. NHE together with the oxide
desorption process that occurs at ca. 0.1 V vs. NHE, which then forms a well-defined peak at
ca. 0.09 V vs. NHE due to peroxide formation [76, 80], that then decreases in current density
(passivation) to reach a mass transfer inhibited current density plateau from ca. -0.1 V to ca.
-0.7 V vs. NHE. In the voltammogram with O, on gold, the peak at ca. 0.1 V vs. NHE is the
reduction of oxygen [72]. After the peak a sharp decrease in current density takes place
(passivation) with an increase to a diffusion-controlled current density plateau at ca. 0.7 V
vs. NHE. Both platinum and gold experience passivation right after the oxygen reduction
peak appears. In the forward scan for platinum, the reductive current density starts to
decrease and change to an oxidative current from about 0.1 V, following the path of oxide
adsorption in the voltage area above 0.2 V vs. NHE with gold following the same behaviour
as platinum on the forward scan, with the current density direction change occurring at ca.
0.25 V vs. NHE.

M.H. Steyn MSc Dissertation



0.10
0.2 Hydrogen Oxide .
Desorption adsorption 0.05 4 Oxide
> Adsorption
0.0 —
Hydrogen = 0.00 +
adsorption Oxide
-0.2 4 . R e R < Desorption -
-0.05 4
. | Oxide
0.4 Desorption
& Cycle 1, Without O, < 0104 Cycle 1, Without O,
g 0.6 4 — — Cycle 5, Without O, g — —  Cycle 5, Without O,
< <
£ E 0154
A A
v -0.8 - v
2z z
3 2 -0.20
O 0.2 [
=) a
5 : : : : i 5 ool ——— Cycle 1, WithO, Y e——
E 004 { : i A £ Cylce 5, With O, ’f'\/
O H H H H /7 H (&)
\ Y |
\. /! -0.2 o
I S S W B | , I
0.4 L e et AR Ssiontet R : // Il
1 : : : .\\ | : il
i — — — Cycle 1, With O, \ I} -0.4 re /“
- J P e : s I O 720 S AN
0.6 I"’ Cylce 5, With O, |1+ R /;/ AN :
| .,\,':x\//\‘/ hs \J
- - . . i . B . & . < . . tee . el v
0.8 ! 0.6 1 ,7’\," X
| H H H H H v
1.0 !
T T T T T T T -0.8 T T T T
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 -1.5 -1.0 -0.5 0.0 0.5 1.0
Electrode Potential, E vs. NHE (V) Electrode Potential, E vs. NHE (V)

Figure 26: ORR control CVs for platinum in 0.1 M Figure 27: ORR control CVs for gold in 0.1 M KOH
KOH with and without saturated O: in solution at a with and without saturated O in solution at a
scan rate of 10 mV/s and 0 RPM rotation rate scan rate of 10 mV/s and 0 RPM rotation rate

The typical oxide adsorption and desorption voltage areas as depicted in Figure 7 of section
2.1.2 can be seen at respectively ca. 0.5 V and 0.36 V vs. NHE for gold and 0.2 and 0.1 V
vs. NHE for platinum with the hydrogen adsorption and desorption fingerprint area of
platinum (Figure 6 in section 2.1.1) also visible to the end of the potential scan in the
potential region of ca. -0.35 V to ca. -0.779 V vs. NHE. On gold in Figure 27 the oxide
adsorption peak (reactions (10) and (11)) with the saturated oxygen solution showed no
increase in current density compared to the oxide adsorption current density without O, in
solution, thus supporting the literature conclusion that OH is the species partaking in the
oxide formation on the electrode surface and not O, [41]. Dissolved oxygen had been shown
to enhance the surface oxidation, ultimately leading to undefined surface structure [74]. The
fifth cycle for platinum shows a much lower mass transfer-inhibited current density, most
probably due to inhibition effects of formed H,O, as a product of oxygen reduction or by the
strong adsorption of O, and OH [31, 76] with gold following the same decrease in current
density in the fifth cycle as platinum.
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3.3.4.2. Effect of Rotation Rate
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Figure 28: LPs for Pt at different rotation rates Figure 29: LPs for Au at different rotation rates in
in 0.1 M KOH and saturated oxygen gas at a 0.1 M KOH and saturated oxygen gas at a scan rate
scan rate of 10 mV/s of 10 mV/s

The linear sweeps for platinum and gold at different rotation rates in oxygen saturated 0.1 M
KOH are given above in Figure 28 and Figure 29 respectively. Platinum and gold both
exhibit a steady increase of current density with each rotation rate, indicating a mass transfer
limited reaction, thus enabling the use of Koutecky-Levich (equation (18)) and Levich
(equation (15)) so as to calculate the number of electrons involved in the ORR. The LP
scans were scanned in a reductive direction from high to low potentials for both platinum and
gold. The current density on platinum starts to increase from ca. 0.14 V vs. NHE, reaching a
limiting current density at about -0.2 V vs. NHE for 0 RPM with a negative increase in the
potential of the diffusion-limited current density plateau as the rotation rate increases. This
behaviour is in accordance with literature [67, 80]. The current decrease for increased
rotation rates from ca. -0.6 V vs. NHE is most probably due to the formation of peroxide
anions reducing the reductive effectiveness of the electrode [76] with gold’s current starting
to increase from ca. 0.1 V vs. NHE, where an apparent limiting current starts at ca. -0.2 V vs.
NHE, with an increase as the electrode rotation rate increases. The forming mass transport
limited plateau and the lack of a well-defined reduction peak also suggest that the electrode
is in a reduced state as an oxidised electrode would have a well-defined peak [87].

On gold, there are two potential range regions with a reduction reaction taking place, the first
region from ca. 0.1 V - -0.4 V vs. NHE and the second region from ca. -0.4 V - -1.2 V vs.
NHE, which corresponds to literature findings, even though the electrode used in literature
was gold deposited on a carbon support [59]. The first region is the reduction of O, to form
peroxide and the second region, the further reduction of peroxide to form water [59, 72]. As
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the O-O bond requires higher energy to break than the formation of peroxide (494 kJ/mol vs.
146 kJ/mol respectively [67]) it can be concluded that the first region is the formation of
peroxide and the second region, the formation of water. Shao et al. [72] had also
spectroscopically determined that the reduction of oxygen to water takes place in a serial
process by first producing peroxide at low potentials then water at even lower potentials
(higher reduction overpotential). As this study was interested in the reduction of oxygen and
not peroxide, the first region will be investigated and processed by means of Levich and
Koutecky-Levich.

3.3.4.3. Tafel Plots

To compare the sluggishness or effectiveness of the ORR on platinum and gold, the Tafel
slope can be used as a guideline.
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Figure 30: Tafel Plot of ORR on Pt in 0.1 M KOH at Figure 31: Tafel Plot of ORR on Au in 0.1 M KOH
0 RPM plotted from the potential range 0.101 — at 0 RPM plotted from the potential range 0.1 —
0.041 V vs. NHE with the linear plot R? = 0.994 0.06 V vs. NHE with the linear plot R? = 0.971

The slope of the Tafel plot for the ORR on platinum is -72 mV/decade, which is a relatively
small Tafel slope, ultimately indicating an increased activity towards the ORR, with a high
slope indicating sluggishness [76]. Literature values for the Tafel slope range from -60 - -120
mV [67] thus the determined value in this study corresponds well with literature values for
the ORR on platinum in alkaline medium. Based on Figure 29 for gold, the plot of Figure 31
was used to calculate the Tafel slope of -80 mV/decade, which lies between the literature
values of -60 mV (for Au(110) lattice) [81] and -107 mV [59] for bulk gold. Considering the
magnitudes of the Tafel slopes and the ranges found in literature for both electrodes [59, 67,
81], irrespective of whether or not platinum was found to be less sluggish than gold in
literature [23], the difference in slope magnitudes are not significant, with a difference of 8
units. Taking into account experimental error, Tafel region used for extrapolation (region of
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Tafel behaviour - section 2.3.1), and uncontrolled variables such as surface lattices and

area, platinum and gold’s activity could be regarded as similar.

3.3.4.4.

Koutecky-Levich Plots
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Figure 32: Koutecky-Levich plot of Pt in 0.1 M
KOH for the ORR based on the results from

Figure 28

T T T
0.1 0.2 0.3 0.4

T
0.5

T T
0.6 0.7 0.8 0.9

Inverse Square Root of Rotation Rate, 1/m'*(s"?)

Figure 33: Koutecky-Levich plot of Au in 0.1 M
KOH for the ORR based on the results from

Figure 29, plotted for the first reductive current
potential area of 0.1 V - -0.4 V vs. NHE

The Koutecky-Levich plot for platinum is given in Figure 32, and gold in Figure 33 with the

results summarised in Table 4 below. The Koutecky-Levich plot for gold is based on the first

reductive potential region (as was described in section 3.3.4.2 ) from ca. 0.1 V - -0.4 V vs.

NHE. The values used for the Koutecky-Levich calculations, using equation (18), are

summarised in Table 5 below. The kinematic viscosity in Table 5 has been calculated from

values in Table 21 (Appendix 1 — Data).

Table 4: Summarised results for the Koutecky-Levich plots in Figure 32 and Figure 33

Catalyst | Potential used (E vs. Corresponding Slope Number of
NHE) (1/mA.s™"?) electrons
-0.010 -4.186 2.4
-0.039 -4.504 2.2
Pt -0.099 -4.848 -2.1
-0.120 -4.905 -2.0
Average Electrons: -2.2
0.0350 -6.204 -1.4
0.0299 -6.152 -1.5
Au 0.0200 -6.001 -1.5
0.0149 -5.963 -1.5
Average Electrons: -1.5
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In Figure 32 and Figure 33, the parallelism in the slopes indicates a single mechanism being
followed [53, 81, 85] in the mixed control region of the ORR for both platinum and gold. The
lack of strict linearity of plots in the plots for both platinum and gold can also indicate a
change in the mechanism [63] as the potentials increase or rotation rates increase.

The number of electrons was determined to be 2 for both platinum [63, 78] and gold [40, 63,
70] in the mixed control potential region.

Table 5: Values for variables used in the Koutecky-Levich analysis

Kinematic Viscosity (cm®/s) 1.004x10°[60]
Diffusivity (cm?/s) 2.420x10%°[60]
Radius (cm) 2.5x10"
Faraday Constant(mA.s/mol) 9.65x10%
Concentration Sat. O, (mol/cm®) | 1.269x10°°[60]

The typical reaction for a 2 electron transfer reaction is depicted in reaction (30), based on
reaction scheme (23).

O, + H,O + 26 —— HO, + OH (30)

As literature has indicated that the mechanism involves either a 2 or a 4 electron mechanism
[76, 77, 80, 86] with many authors differing in opinion about the exact mechanism being
followed by the ORR, as the oxygen reduction reaction is said to be a very complex reaction
[28, 67], the results correspond with literature findings.

3.3.4.5. Levich Plots

In conjunction with Koutecky-Levich, the Levich plot was compiled to confirm the number of
electrons transferred during the ORR, using equation (15).

Using the slopes of the plots in Figure 34 and Figure 35 and equation (15), the number of
electrons transferred in the diffusion controlled region of the LPs in acidic medium on
platinum for the ORR was calculated as 4 and for gold as 2, implying a direct reduction of
oxygen to water on platinum (reaction (31)) and a reduction of O, to H,O, on gold as in
reaction (32).

02 +4e +4H" — 2H20 (31)
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02 + Hzo +26 —— HOQ_ + OH
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Figure 34: Levich plot of the ORR for platinum in
0.1 M KOH, based on LPs from Figure 28 using
current densities from all the different rotation

(32)

Limiting Current Density, <i>, | (mA/cm?)
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Figure 35: Levich plot of the ORR for gold in 0.1 M
KOH, based on LPs from Figure 29 using current
densities from all the different rotation rates at -

rates at -0.400 V vs. NHE 0.340 V vs. NHE

The variables used for the Levich equation are listed in Table 5 above.

On platinum, the number of electrons calculated using the Koutecky-Levich equation differs
from the Levich approach by two electrons (Koutecky-Levich = 2 and Levich = 4), which
suggests that the mechanism being followed in the mixed control region is different from the
mechanism in the diffusion-controlled region, involving more than one step, as was also
found with platinum in acidic medium, while gold had given the same number of electrons in
both the mixed control and diffusion controlled regions, therefore implying the same
mechanism being followed on gold in the mixed- and diffusion-controlled regions [53]. The
Levich plots for both platinum and gold respectively, depicted in Figure 34 and Figure 35,
show linearity, which indicates a rapid single step transfer of electrons [53]. Once again, as
the mechanism of the ORR was not part of the scope of this study, further investigation into

the reaction mechanism was not attempted.

3.3.4.6. Conclusion

The literature indicates that the platinum electrode follows a predominant 4 electron
reduction reaction pathway [40, 67], with a 2 electron pathway also possible as there are two
pathways that can be followed for the ORR [28, 74, 76, 77].

The two electron reaction pathway on platinum in the mixed control region, as determined in
this study, might be due to the strong adsorption of oxygen on bulk platinum and consequent
build-up thereof taking up available binding positions that causes reduced activity due to
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resulting alteration by geometric and electronic effects [31]. The 2-electron pathway might be
the result of an intermediate reaction step only, as peroxide can be further reduced or
decomposed [67, 71] as was confirmed by using Levich analysis that gave 4 electrons in the
diffusion controlled region of the LPs. The net reaction can thus be depicted as reaction (33)
[40, 63, 72, 87].

Og +4e + 2H20 —> 40H" (33)

The results produced for platinum correspond well with literature findings, with literature
containing great uncertainty regarding the reaction pathway and mechanism followed on
platinum in alkaline medium [77, 80]. Many authors found a two electron transfer reaction
while many other authors found contrary mechanistic pathways consisting of four electrons
being transferred. Literature has thus proposed either a two or four electron transfer pathway
[28, 74, 76, 77]. Notwithstanding, the ORR in alkaline medium on platinum needs a great
amount of further extensive investigation as to ultimately solve the mystery behind the ORR
in alkaline medium due to the current lack of literature coverage [76, 85].

The ORR on gold in alkaline medium has been established to consist of two consecutive
reduction processes (section 3.3.4.2), the first most likely being the reduction of O, to H,O,
[40, 63, 70] and the second, the further reduction of H,O, to H,O or, in the case of alkaline
medium, OH" [59, 72, 87]. Some authors claim that the ORR in alkaline medium on gold
involves only two electrons with some cases and reaction conditions leading to a four
electron transfer [40, 63, 70].

By means of the Levich and Koutecky-Levich analyses, the number of electrons transferred
in the first reduction region of LPs on gold was calculated as 2, thus producing H,O, as in
reaction (34):

Og + Hgo +28 —— H02 + OH (34)

As the ORR is pH sensitive [72], faster in alkaline medium [30], with a more effective
reaction mechanism and electro-kinetics compared to acidic media [48], it is an acceptable
conclusion that the ORR is more effective on platinum than on gold in alkaline medium. The
results generated correspond well with literature findings [59, 72, 87], although many studies
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that found the 4 electron route were studies on nano-crystalline surfaces or gold deposited
electrode supports [59, 63, 81, 87].

The Tafel slope for platinum in alkaline medium was determined as -72 mV/decade and for
gold -80 mV/decade, showing that the ORR is less sluggish on platinum than on gold. As
discussed in section 3.3.4.3, platinum and gold’s activity could be regarded as similar
irrespective of whether or not platinum was found to be less sluggish than gold in literature
[23]. This is due to the small difference in slope magnitudes of only 8 units, as well as taking
into account experimental error, Tafel region used for extrapolation (region of Tafel
behaviour - section 2.3.1), and uncontrolled variables such as surface lattices and area.

Using Koutecky-Levich (equation (18)) the number of electrons transferred on platinum was
determined as being 2 in the mixed control region of the LPs, with the diffusion controlled
region giving a number of 4. The final ORR in alkaline medium on platinum is thus depicted
in reaction (35) and the 2 electron reduction of O, on gold in reaction (36):

Og +4e + 2H20 —> 40H" (35)

O, + H,O + 26 —— HO, + OH (36)

Platinum and gold can thus be considered as equally best catalysts for the ORR as the
reaction is relatively active, with a small and almost equal Tafel slope for both catalysts,
which might be due to the reduction of oxygen in alkaline medium being generally faster [30].

3.4. Conclusion of the Oxygen Reduction Reaction

The ORR overpotential plays an important role in the determination of the best catalyst
material. As literature has indicated, the overpotential of oxygen reduction on platinum is
high [31, 74], it is thus important to determine a catalyst material with a lower ORR onset
potential; therefore, in this case, gold showed a lower onset potential (0.4 V vs. NHE) vs.
platinum (0.8 V vs. NHE), which directs the conclusion that gold might be the better catalyst
for the ORR in acidic medium, regardless of the lack of results, to enable more in-depth
processing of possible mechanistic indications of the reaction effectiveness in acidic
medium. The characteristic physical softness of gold as a metal might also be a factor in the
improved reactivity of it towards the ORR, compared to the harder platinum electrode [28].
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The very slightly smaller Tafel slope of Platinum over gold for the ORR in alkaline medium is
most probably due to the less steric hindrance of OH to the O, adsorption process [83],
regardless of speculation or claims by literature that adsorbed hydroxide (OH) on the surface
of the platinum electrode could inhibit the ORR by blocking binding sites for O, [31, 76]. As
the main abundance of crystal lattice on the electrode in this study was Pt(111) (Figure 11)
with an apparent improved interaction towards OH in alkaline medium [76], it might thus
account for the slightly smaller Tafel slope of platinum to gold.

Regardless of the small difference in Tafel slope for the two catalysts, the onset potential is
lower for the ORR on gold in alkaline medium, compared to platinum. As the effectiveness of
a metal could be determined by its ability to transfer an increased number of electrons [28,
31, 69], regardless of whether or not the potential region of the gold electrode in the range of
ca. -0.4 V - -1.2 V vs. NHE might have produced another increase in number of electrons
transferred, the effectiveness of the ORR on platinum can thus be concluded to be the same
as gold in alkaline medium. Gold was determined to be electrochemically inactive for the
ORR in acidic media in literature [31, 49] or with a modest activity [59] as was determined in
this study with the produced results not viable for extensive analysis.

3.4.1. Results Comparison

The results for both electrodes in alkaline and acid media is summarised below.

Table 6: Results summary for ORR in alkaline and acid medium for Au and Pt

Onset Potential E vs. NHE | Tafel Slope (mV/decade) | e Number

Medium Au Pt Au Pt Au | Pt
Acid 0.4 0.8 -129 -205 - 4
Alkaline 0.1 0.14 -80 -72 2 4

The number of electrons transferred is greater on platinum in both media. In acid medium,
the Tafel slope for the ORR on gold is lower than that of platinum, although the results in this
study was not viable to do further investigations using Koutecky-Levich and Levich analyses
on gold, thus leading to the conclusion that platinum is the better catalyst in acid medium. In
this study, both platinum and gold was concluded to be equally effective catalysts towards
the ORR in alkaline media. Regardless of the lower onset potential exhibited on gold in both
media, literature conclusions that platinum is the best catalyst, was supported in this study in
acidic medium, with the highest activity towards this ideally 4" ORR mechanistic pathway
[40, 79]. Should the price of gold per fine ounce decrease to levels lower than platinum, gold
might be a very worthy alternative to platinum for use in the ORR in alkaline media.
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The ORR was thus a good attempt to become familiar with the techniques used in this study
for the investigation into the SDOR. The following chapter covers the EOR in an on-going
attempt to become familiar with the electrochemical concepts used in the analysis of the
SDOR.
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Chapter 4: Ethanol Oxidation
Reaction (EOR)

4.1. Literature

Ethanol, easily produced from agricultural crops or biomass [32, 48, 92-104], is more
environmentally friendly for use in fuel cell technology compared to methanol, which is
readily available, highly toxic and environmentally unfriendly [105, 106]. Ethanol is also very
high in energy compared to fossil fuels and even hydrogen [92, 93, 95, 96, 99, 101-103, 105,
106].

As a point of reference, let’s consider the typical oxidation reaction pathway of ethanol. The
following reaction scheme (37) illustrates the ethanol oxidation reaction (EOR) on a metal
substrate [32]:

M-CH;CH,OH —> MCHOH-CH; ——> M-CHO-CH; —— M-CO-CH,

/\

M-CO HCOO @37)

|

CO,

From reaction scheme (37) it can be derived that the oxidation of ethanol produces different
products as is described in literature with reaction (38) showing the reaction producing CO,,
reaction (39) the production of bicarbonate and reaction (40) carbonate [101]:

CH3CH,0OH + 3H,0 —— 2CO, + 12H* + 12¢ E°=0.10 V vs. NHE (38)
CH3CH,0OH + 5H,0 —— 2HCO; + 14H* + 12¢° E°=0.18 V vs. NHE (39)
CH5;CH,0OH + 5H,0 —— 2C05* + 16H" + 12¢° E°=0.19 V vs. NHE (40)

From literature [103], a dual pathway mechanism for the EOR can be considered as shown
in reaction scheme (41) below producing acetic acid or carbon dioxide:
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CH,CHO —— CH3;COOH

S

CH3CH,-0OH (41)

C1,ads — COZ

In reaction scheme (41), the Gy .4 is indicative of an intermediate species with only one
carbon atom to be oxidised to CO,. Ethanol can be oxidised to acetaldehyde then
subsequently to acetic acid with a loss of 4 electrons, with acetic acid a bit more difficult to
oxidise to CO, as it requires a much higher overpotential to be achieved [103]. The moment
the C-C bond is broken, the adsorbed species include CH, and CO, which can be easily
oxidised to CO, totalling a loss of 12 electrons.

The kinetics associated with ethanol electrocatalysis comprises the process of breaking the
carbon-carbon bond [94, 97, 98, 100, 103]. The breakage of the C-C bond in ethanol occurs
at relatively low potentials, producing CH and CO, which adsorb on the electrode surface
[101, 103]. As the potential increases the adsorbed CH are converted into CO, which in turn
oxidises to CO.,. Literature has proven that both the carbon atoms in the ethanol molecule
are oxidised to CO,, by using ®C labelled ethanol [107].

The incomplete oxidation of ethanol has a great industrial interest as such oxidation products
could lead to the production of compounds such as acetaldehyde and acetic acid, depending
on the reaction conditions [94, 97, 98, 100, 101, 103, 107-110], rather than carbon dioxide.
At low concentrations of ethanol the main intermediate species or products consist of acetic
acid and carbon dioxide while high concentrations of ethanol produce mainly acetaldehyde
as intermediate species [109].

Conclusively, ethanol electro-oxidation can produce the following products: (i) CO,, (ii)
acetaldehyde, (iii) acetic acid and (iv) ethyl acetate by means of homogeneous chemical
reaction of ethanol with acetic acid [107].

4.1.1. Electrolyte Concentration Effects

In the extensive investigation of Lai et al. [101] into the effects of electrolytes on the EOR,
they found that the pH and concentration of ethanol plays such an important role in its
electro-oxidation that it might influence the intermediate species during the reaction and
imply that less noble metals might be considered for the electro-oxidation of ethanol. The
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stability of intermediate species, and even the reaction mechanism, together with the
distribution of product can be influenced by the pH [101, 110].

In alkaline medium, the oxidation of organic fuels is much more electro-catalytically active
compared to acidic medium, as the hydroxyl ions play an important role in the complete
oxidation to CO, of the organic fuel or alcohol, and the oxidation of the metal surface that
contributes to the oxidation of the alcohol [103].

Regardless of the surface structure, literature indicates that, in acidic medium, adsorbed
aliphatic carbon intermediates (CHy.ss) can be found [101]. On the other hand,
polycrystalline metal surfaces in alkaline medium showed adsorbed CO as intermediate
species while single crystal surfaces with long terraces showed the presence of intermediate
aliphatic carbon species.

4.1.2. Reaction Diagnosis

As the reaction is not diffusion limited, most authors in literature used supplementary
analytical techniques such as Fourier Transform Infrared (FTIR), High Performance Liquid
Chromatography (HPLC), and Surface Enhanced Raman Spectroscopy (SERS) to diagnose
the reaction mechanism and confirm the intermediate species [101].

The reaction is hardly affected by mass transport [93, 111], which implies kinetic control
playing the predominant role in the reaction rate. Thus the application of Levich and
Koutecky-Levich is limited or even not applicable at all. Application of the Arrhenius equation
will be appropriate for evaluating the activation energy for the EOR at different temperatures,
as the reaction is mainly kinetically controlled [110]. Refer to section 2.3.4 for the Arrhenius
equation as well as background information.

4.1.3. Platinum

Platinum [32, 93, 112, 113] is one of the most investigated electrode materials in literature
for alcohol fuel cells and was found to be poisoned by intermediate carbonaceous species,
including CO [983, 94, 105, 112]. In the literature, infrared spectroscopy applied in situ with an
electrochemical cell had shown how CO is a main, poisoning, intermediate product in the
electro-oxidation of ethanol on a platinum electrode [109, 114]. From literature it can be
concluded that the poisoning of the platinum electrode originates from the incomplete
oxidation of carbon to CO [94, 97].

Lai et al. [101] found that the current density showed little or no increase at all when
electrode rotation was introduced using an RDE, as compared to a stationary electrode in
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both alkaline and acidic conditions. They concluded that the oxidation of ethanol in both
alkaline and acid media was not mass transfer limited but rather kinetically controlled.

The following reaction (42) is a typical representation of the reaction of ethanol or other
higher alcohols on platinum [115]:

RCH,OH —— COgys + R-H + 2H" + 2¢ (42)

Voltammetric studies of EOR showed three peaks in acidic medium, two in the forward scan
and one peak in the backward scan [37, 94, 100-102, 106, 107, 110, 111, 116-120]. The first
peak in the forward scan can be attributed to ethanol being oxidised to acetaldehyde [111],
the second peak the consequent oxidation of acetaldehyde to acetic acid as the metal
surface can donate the oxygen atom to the adsorbed intermediate as this peak occurs just
after the metal oxide formation potential. The backward scan’s peak occurs after the
electrode surface has been reduced [110]. It is speculated, in literature, that it is the
oxidation of adsorbed ethanol to form acetaldehyde [101, 110] as the ethanol has adequate
time to adsorb from the start of the backward scan to where the oxidation peak occurs after
electrode surface reduction [110].

It is speculated in literature that the higher concentrations of ethanol reduce the
effectiveness of hydroxyl adsorption due to adsorption competition and thus fail to provide an
extra oxygen atom for the complete oxidation of ethanol to CO, or acetic acid [107]. Higher
poisoning effects could thus be expected with higher ethanol concentrations. The main
product at low ethanol concentrations (< 0.1 M) is acetic acid whilst at high concentrations
(> 0.1 M) acetaldehyde is the main reaction product [111].

4.1.3.1. Effect of Increased Temperature

There aren’t many studies in literature done at different temperatures for polycrystalline
platinum. For that matter, studies in perchloric acid and potassium hydroxide have not been
done thus far. A group of authors, Camargo et al. [102], studied the EOR at different
temperatures in phosphoric acid (HsPO,) on polycrystalline platinum. Their study
implemented elevated pressure (up to 20 atm) to ensure no evaporation of the ethanol
occurs during the study of the reaction. It could thus be used as a guideline in the approach
of this study to investigate the temperature effect on the EOR.

Regardless of the 12 electrons needed per molecule of ethanol for complete oxidation to
CO,, lower temperatures at which oxidation occurs, can influence the outcome of the
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reaction products [102]. As the temperature decreases, the kinetics becomes slow, to such
an extent that acetaldehyde and acetic acid, or even carbon monoxide formation, is
favoured.

Camargo et al. [102] found that the EOR onset potential changed significantly (up to 330
mV) for a temperature range of 55 °C from 25 °C, attributable to a decrease of intermediate
species and poisoning reaction products that dissociates with more ease from the electrode
surface. As speculated by Camargo et al. [102], desorption of anions, intermediate species
and/or poisons occurs simultaneously with the adsorption of un-oxidised ethanol, which
could be linked to the decrease in onset potential in higher concentrations of electrolyte as

the temperature increases.

With ethanol in solution, surface oxide species are consumed at a greater rate due to the
ethanol oxidation [102]. That might be the basis of the increase reaction rate of ethanol
oxidation at higher temperatures.

Arrhenius plots were used by Camargo et al. [102] to obtain apparent activation energies
(Eapp) for ethanol oxidation on platinum in 14.6 M HzPO,4 of 71.3 kd/mol for temperatures
from 160 — 180 °C, 9.2 kJ/mol for 50 — 160 °C and 90.6 kJ/mol for temperatures ranging
from 25 — 50 °C. A diluted acid concentration (5M H3;PO,) was determined to be 23.7 kd/mol
from 25 - 125 °C [102].

The effect of temperature can be concluded as follows: i.) water plays an important role in
the oxidation rate of ethanol at low potentials [102], ii.) the temperature being elevated helps
the surface active sites become available for adsorption and reaction, iii.) adsorbed poisons
and reaction intermediates are easily dissociated from the electrode surface and iv.)
changes in temperature might change the reaction mechanism as can be seen by the

change in activation energies.

4.1.3.2. Acidic Medium

Lai et al. [101] and Snell et al. [110] found that there were two oxidation peaks present in
forward CV scans (before 1.5 V vs. NHE) with both peaks disappearing in the reverse scan.
A single oxidation peak appears in the reverse scan right after the metal surface had been
reduced [101]. Ethanol ultimately oxidises to acetic acid, acetaldehyde and carbon monoxide
with acetaldehyde being further oxidised to large adsorbed residual CO amounts, and small
amounts of acetaldehyde residues [106]. CO can also be further oxidised to CO..

It was established that perchlorate anions interfere the least with the electro-oxidation
reaction of ethanol as it adsorbs less strongly on the platinum surface [110]. Thus HCIO,
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would be the best electrolyte to study the EOR. The overall rate of reaction is controlled by

adsorption as mass transfer contribution is minimal [111].

At low ethanol concentrations (< 0.1 M) the electron number was determined to be 4, which
supports the formation of acetic acid (reaction (43)) [111].

CH;—CH.OH + H,O —— CH;—COOH + 4H" + 4¢e (43)

High ethanol concentrations (> 0.1 M) that produce mainly acetaldehyde involve the transfer
of two electrons as depicted in reaction (44) [111]:

CH;—CH,OH —— CH3;—CHO + 2H" + 2¢ (44)

Hitmi et al. [111] obtained the Tafel slope for ethanol oxidation on platinum in acidic medium
as on =0.44from CVs.

4.1.3.3. Alkaline Medium

The electrocatalytic activity of platinum towards ethanol oxidation is greatly increased in
alkaline medium, compared to acidic medium [103].

CV scans of ethanol oxidation in alkaline medium showed one oxidation peak in the forward
scans with no second oxidation peak, as is the case with acidic medium [101, 103]. On the
backward scan only one peak was found, right after the electrode surface had been reduced.
In the hydrogen under-potential deposition (HUD) region (hydrogen adsorption/desorption),
decomposition products block the surface from interacting with dissolved ethanol [103].
Thus, in the forward or anodic scan, the adsorbed species in the HUD are oxidised so as to
open up the electrode surface’s active sites for the oxidation of ethanol. As the oxide
formation potential is reached, the reactivity of the electrode decreases as active sites are
blocked once again for the successful adsorption of ethanol for oxidation. On the subsequent
backward or cathodic scan, the electrode surface is reduced and the active sites become
available once again for ethanol to adsorb and the oxidative currents appear accordingly,
with the electrode activity decreasing once again as the HUD region is reached. This
indicates that an oxidised electrode surface becomes inactive towards ethanol oxidation.

Regardless of the improved electro-catalytic activity, the mechanism of the electro-oxidation
of ethanol is still not well understood [103].
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The breaking of the C-C bond in alkaline solution takes place at relatively low potentials,
forming adsorbed CO species, thus indicating that CH, is unstable in alkaline medium on a
polycrystalline platinum surface [101, 103]. The poisoning of platinum in alkaline medium
can thus be regarded as a consequence of un-oxidised CH, species.

4.1.3.4. Acidic vs. Alkaline Medium

According to literature there are a few differences between acidic and alkaline media [103].
The activity of alkaline medium is greatly enhanced compared to acidic medium. There is a
decrease in the starting potential of the EOR in alkaline medium, compared to acidic
medium, due to the greater affinity of the hydroxyl anion adsorption to the electrode surface.
The hysteresis between the positive and negative scans of alkaline medium differs in
comparison to acidic medium with the alkaline medium presenting much lower current
density in the backwards scan, compared to acidic medium, which can act as an indication
of the inhibitive effect of intermediate species in alkaline medium.

4.1.4. Gold

Smooth polycrystalline gold surfaces showed very little, to almost no activity towards the
electro-oxidation of ethanol [92, 93, 112]. Un-activated gold electrode surface, which have a
layer of oxide in its activated form as described in section 2.1.2, proved to be better catalysts
for the oxidation of ethanol [47]. Alcohols might only be partially oxidised to aldehydes on
gold surfaces.

4.1.4.1. Effect of Increased Temperature

Contrary to platinum (section 4.1.3.1), there was no literature found in any searches
regarding the ethanol oxidation on gold in either acidic or alkaline media at different
temperatures. This lack of literature coverage could be a very valuable subject for further
investigation in the future.

4.1.4.2. Acidic Medium

In literature [101, 114, 121], gold is considered a very poor catalyst for any form of alcohol
oxidation in acidic medium because [46, 114] of weak interactions and, consequently,
adsorption properties with alcohols. It has been speculated in literature that the possible
inhibition of gold activity towards ethanol electro-oxidation in acidic medium might be
because of oxygen species from the electrolyte solution that adsorb onto the surface of the
electrode [114]. In perchloric acid it was found that the main reaction product was
acetaldehyde that could be further oxidised to acetic acid, depending on the applied

M.H. Steyn MSc Dissertation



59

—
| —

electrode potential [101, 108]. Because of the lack of hydroxides in acidic medium,
dehydrogenation of ethanol that leads to the formation of acetaldehyde is low, with a
consequent formation of acetic acid also low, demonstrating the need for hydroxides to form
acetic acid [114]. Thus the final product of ethanol oxidation on gold in acidic medium is
acetaldehyde [114].

It was found that there were no oxidation peaks for ethanol with concentrations below 1 M
with lower concentrations’ oxidation peaks being superimposed on the peaks of the
electrode surface oxidation wave [114]. Oxidation peaks for ethanol oxidation were found in
the potential range of 1.0 and 1.4 V vs. NHE with 1 M ethanol, with the maximum oxidation
occurring in the exact range of gold oxide formation potentials. It was also found that
potentials above 1.5 V vs. NHE were due to the activity of oxidised gold towards ethanol
oxidation. In acidic medium, as the main product formed was determined to be
acetaldehyde, the number of electrons transferred as determined by literature, was 2 [114].

4.1.4.3. Alkaline Medium

In alkaline medium, gold has been found to have better electro-catalytic dehydrogenation
properties of organic compounds, compared to platinum [46]. The reactivity of ethanol on
gold in alkaline media is mainly due to the fact that no poisoning intermediates such as CO
adsorb onto the electrode surface. It is thought in literature, that the adsorbed hydroxide ion
plays a very important role in the electro-activity of gold towards the electro-oxidation of
ethanol [93, 114].

The number of electrons in the EOR was determined by Tremiliosi-Filho [114] using HPLC
and Single Potential Alteration Infrared Reflectance Spectroscopy (SPAIRS) as
supplementary analysis techniques to monitor the change in ethanol concentration and
intermediate species formation rates. The reaction was concluded as follows (reaction (45))
with a loss of 4 electrons [114]:

H;C—CH,OH + 40H" —— H3C—COOH + 3H,0 + 4e’ (45)

In the literature it was found that gold exhibited a lower activity compared to platinum
towards the electro-oxidation of ethanol in alkaline medium [114].
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4.1.4.4. Acidic vs. Alkaline Medium

Literature has shown that in alkaline solution, the main product of the electro-oxidation of
ethanol was acetic acid [34, 108, 114] while the main product in acidic medium was shown
to produce mainly acetaldehyde, which could in turn be further oxidised to acetic acid at high
enough overpotential [108]. Gold was found to be ideal for the studying of the C,-pathway of
ethanol oxidation, which leads to the production of acetaldehyde and acetic acid (or acetate
in alkaline medium) without the C-C bond being broken in the process [101].

4.2. Experimental Procedure

Refer to sections 3.2.1 — 3.2.3 for the instrumentation, reagents and experimental setup. For
the polishing procedure refer to section 3.2.4.1.

Experiments involving ethanol were conducted in acidic and alkaline medium with an ethanol

concentration of 1 molar.

4.2.1. Platinum

Platinum was investigated in acid and alkaline medium. The procedures are thus described
for each electrolyte medium.

4.2.1.1. Acidic

Polishing of the electrode was always done before preconditioning. After polishing,
preconditioning was done using CVs starting at the OCP up to 1.2 V and down to 0.1 V vs.
SCE at 50 mV/s for 10 repeats. Activity control was determined in (i) fresh 0.1 M perchloric
acid solution and (ii) a fresh acid solution containing 1 M ethanol by using CVs at 10 mV/s
for 5 cycles starting at the open circuit potential up to 1.5 V and back down to -0.241 V vs.
SCE. Platinum was studied at only 0 and 100 RPM rotation rates with the reason being
discussed in section 4.3.

4.21.1.1. Effect of Different Temperatures

For the investigation into the effect of a change in temperature on the EOR, for both gold
and platinum (at 0 RPM), preconditioning was done the same as for the normal LP
experiments. The temperatures studied, besides 25 °C, were 10 and 40 °C, to provide a
range of temperatures to which the electrode performance could be compared to and to
calculate the activation energy.
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4.2.1.2. Alkaline

The electrode was polished and cleaned as described in section 3.2.4.1 before every
experimental run. In a 0.1 M KOH solution the preconditioning settings were set for CVs at
50 mV/s to run within the platinum fingerprint CV area until it became stable and repeatable,
indicating electrode cleanliness. The potential range was set to -1.018 V — 0.231 V vs. SCE.
LPs were run at 0, 100, 900 and 1600 RPM starting from -1.0 V vs. SCE up to 0.23 V vs.
SCE at 25 °C in 1 M KOH containing 1 M ethanol.

4.2.1.2.1. Different Temperatures

The LP experimental runs were repeated with the same settings as the investigation into the
different rotation rates with the cell and experimental temperatures ranging from 10 °C up to
40 °C with 10 °C intervals producing four different temperature investigations.

4.2.2. Gold
4.2.2.1. Acidic

After electrode polishing, as described in section 3.2.4.1, preconditioning of the electrode
was done using CVs in a fresh 0.1 M HCIO, solution at 50 mV/s starting from the OCP and
cycling up to 1.6 V and back down to 0.1 V vs. SCE with the run ending at 0.1 V, for a total
of 10 cycles. No subsequent CAs were performed. This procedure was executed before
each and every electrochemical experiment. Reaction activity was studied with a CV
performed in (i) fresh 0.1 M perchloric acid and (ii) in fresh 0.1 M perchloric acid containing 1
M ethanol. The parameters for both solutions, with and without ethanol, were set to 10 mV/s
for 5 cycles, starting from the OCP down to 0.0 V and up to 1.65 V vs. SCE. LPs were
conducted at rotation rates of 0, 100, 900 and 2500 RPM starting at 0 V and ending at 1.65
V vs. SCE.

4.2.21.1. Different Temperatures

Refer to section 4.2.1.1.1.

4.2.2.2. Alkaline

The electrode was polished and cleaned as described in section 3.2.4.1.

The effect of the electrolyte concentration on preconditioning was investigated by doing
electrode preconditioning in 0.1 M KOH and then running an LP at 0 RPM in 1 M KOH with
1 M ethanol in solution. The second preconditioning electrolyte concentration investigated
was 1 M KOH after which the LP at 0 RPM was done in 1 M KOH, containing 1 M ethanol.
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The results indicated that the most suitable method was to do preconditioning in 0.1 M KOH
and to do the final experimentation in 1 M KOH with 1 M ethanol in solution. Thus, after
polishing, electrode preconditioning for both gold and platinum was done in 0.1 M KOH
where after 1 M ethanol was studied in 1 M KOH.

Preconditioning settings were set to -1.021 V up to 0.6 V vs. SCE at 50 mV/s for 20 cycles in
0.1 M KOH. The experimental settings of the reaction control CVs for ethanol oxidation was
started at -1.021 up to 0.6 V vs. SCE at 10 mV/s for 5 runs in 1 M KOH. The CV experiment
with 1 M ethanol in 1 M KOH was set to run at 10 mV/s scan rate for 5 cycles, starting at -
1.021 up to 0.6 V vs. SCE. The experimental LP runs were done in 1 M KOH containing 1 M
ethanol with a scan rate of 10 mV/s, starting from -1.021 V and ending at 0.5 V vs. SCE,
repeated at rotations of 0, 100, 900 and 1600 RPM.

4.2.2.2A1. Different Temperatures

The same procedure for polishing and preconditioning was used in the experiments at
different temperatures as for the experiments at the different rotation rates at 25 °C. The
KOH concentration of the preconditioning solution was 0.1 M and for the experiments 1 M
with 1 M ethanol in solution. The rotation rate for each experiment was 0 RPM with the
different temperatures set to 10, 20, 30 and 40 °C.

4.3. Results and Discussion

According to literature, the electro-oxidative activity of gold towards ethanol oxidation is very
weak compared to platinum, especially in acidic medium. The results obtained (shown
below) support these literature findings.

4.3.1. Acidic

The electrode preparation was followed as described in the experimental section (3.2.4.1.).
The preconditioning of the Pt electrode for the ethanol oxidation reaction was followed just
as depicted in Figure 13 in section 3.3.2.1 above.

4.3.1.1. Effect of Reagent in Solution

According to Casella [112] a smooth or polycrystalline gold electrode has almost no
electrochemical activity for the electro-oxidation of ethanol. However, Tremiliosi-Filho et al.
[114] indicated that the main product in the electro-oxidation of ethanol in acidic media was
acetaldehyde, which might be further oxidised to acetic acid if the oxidative overpotential
was kept high enough for adequate time.
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The CVs shown in Figure 36 shows the activity and behaviour of platinum in 0.1 M perchloric
acid with and without ethanol (1 M) and Figure 37 the behaviour of gold. Note the difference
in the y-axis scale between the CVs with and without ethanol. The first and fifth cycles with
ethanol, as well as the first and fifth cycles of the perchloric acid solution without ethanol, are
depicted for both platinum and gold. In Figure 36 for platinum, it is clear that there are no
foreign peaks in the voltammogram without ethanol, with the oxide adsorption and
desorption peaks noticeable and starting at ca. 0.8 V vs. NHE for adsorption and ca. 1.0 V
for desorption. Gold, on the other hand, showed behaviour as described in literature [46, 48,
121] with a weak interaction with any form of alcohol, especially in acidic medium. In Figure
37 the CV of gold, with ethanol in solution, showed a rapid decrease of current density for
each sequential cycle with regards to the oxidation peak at ca. 1.256 V vs. NHE, which is the
potential at which the ethanol oxidation reaction takes place, corresponding to literature’s
finding of the oxidation wave between 1.0 and 1.4 V [114].
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Figure 36: Control CVs of Pt in 0.1 M HCIO4 with Figure 37: Control CVs of Au in 0.1 M HCIO4 with
and without 1 M ethanol at 25 °C and 10 mV/s scan and without 1 M ethanol at 25 °C and 10 mV/s
rate scan rate

At the 5" cycle the oxidation peak almost exactly resembles the oxide formation peaks in the

CV without ethanol at the 5" cycle, except with the highest current density reached at the
end of the scan, with the ethanol present in solution being magnitudes higher than the
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solution without ethanol, which is attributable to the oxidation of ethanol on the oxidised gold
surface [114].

On platinum as depicted in Figure 36, the forward scan shows three distinct peaks with 1 M
ethanol in solution with gold only exhibiting a single oxidative peak for ethanol oxidation to
the contrary of platinum. Literature only explicitly indicated, studied and discussed two peaks
in the forward scan [37, 94, 100-102, 106, 107, 110, 111, 116-120]. The third peak found
might be a finding/discovery that is not covered in literature at all, that needs intensive future
investigation, which might be an integral part of understanding the EOR mechanism. The
first peak starts at ca. 0.4 V vs. NHE with a shoulder at 0.68 V reaching a current density
maximum peak at ca. 0.8 V of ca. 4.22 mA/cm® The second peak starts just after the
minimum reached at ca. 1.0 V vs. NHE reaching a maximum at ca. 1.2 V vs. NHE of ca. 3.33
mA/cm?®. The third peak starts right after the minimum reached at ca. 1.4 V vs. NHE and
reaches its maximum of ca. 2.7 mA/cm? at ca. 1.64 V vs. NHE. With the backward scan a
fourth peak appears at 0.74 V vs. NHE, which is almost the same potential where platinum
oxide desorption occurs, and starts to increase into the oxidative current direction and
reaches a maximum of ca. 5.1 mA/cm? at ca. 0.65 V vs. NHE.

The consecutive scans on platinum showed interesting phenomena where the first peak
showed a lower current density for every repeat, the second peak almost unchanged, the
third peak an increase and the fourth peak also an increase. The first peak’s decrease is
most probably the ethanol concentration decreasing, forming acetaldehyde [101, 111], the
second peak the acetaldehyde by-product forming acetic acid, and the third most definitely a
reaction product produced from the main reagent or intermediate’s breakdown, although that
is just speculation as there is no literature available that even as much as mentions the third
oxidation peak. Extensive studies have been done in literature on the first two peaks in the
forward scan and the peak in the backward scan [101, 111]. No third oxidation peak in the
forward scan has been covered in literature. The backward scan is one of the least
understood and most speculated about peaks, as this occurs after the electrode surface has
been reduced [110]. It is speculated in literature, that the backward scan’s peak is the
oxidation of adsorbed ethanol to form acetaldehyde [101, 110] as the ethanol had ample
time to adsorb from the start of the backward scan to where the oxidation peak occurs after
electrode surface reduction [110].

There could be a possible relation between the third and the fourth peak as they both
increase with every consecutive scan, although the relation of peak three and four is, after
all, most likely unrelated as peak three occurs on an oxidised electrode surface and the
fourth literally just after the electrode has been reduced [110] in the backward scan. It could
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be that a by-product that oxidises on a reduced platinum surface only, is formed during the
forward scan.

On gold in Figure 37, at ca. 1.05 V vs. NHE the current density starts to increase, with the
maximum reaching about 0.086 mA/cm? at ca. 1.256 V vs. NHE, whereas the current density
without ethanol in solution starts to increase at about 1.25 V, which is the oxide adsorption
peak, reaching a maximum current density at ca. 1.29 V of about 0.027 mA/cm?. According
to literature [33, 41, 45, 46] the maximum current, as in the case of Figure 37 in the potential
area of 1.2 — 1.4 V vs. NHE, shows the voltage area where the surface crystal lattice
experiences the adsorption of water, and the turnover process where the gold surface atoms
are oxidised to form a monolayer of gold oxide, depicted in reactions (9) — (11). As was
previously stated, the interaction of gold with alcohol is weak, and it might account for the
decrease in current density with each successive cycle with ethanol in solution, because of
intermediate reaction species, such as acetaldehyde, blocking active surface sites [101,
108].

The low activity of gold in acidic medium towards ethanol electro-oxidation, as in comparison
of Figure 37 to Figure 48, might also be because of the low presence of OH" anions as OH
might play an important role in the oxidation of ethanol in alkaline medium [93, 114].

Regardless of the third, extra oxidation peak detected for platinum, the results produced and
depicted in Figure 36 correspond very well with literature findings, as well as the results of
gold depicted in Figure 37.
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Figure 38: LPs of Pt at different rotation rates at
25 °C with 1 M ethanol in 0.1 M perchloric acid at
a scan rate of 10 mV/s
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The LP runs for the electro-oxidation of ethanol in 0.1 M perchloric acid on platinum are
shown in Figure 38 at 0 and 100 RPM, and gold in Figure 39, at different rotation rates. More
rotations weren’t produced for platinum as the activity of gold is negligible, with no linear
relation of rotation rate to current density as can be seen in Figure 39, which does not justify
the production of a full set of platinum results. In literature, platinum is known for the EOR
being kinetically, and not mass transfer controlled, and thus there are no extensive studies of
polycrystalline platinum at different rotation rates [101, 111].

The different peaks found on platinum in Figure 38 are briefly discussed in section 4.3.1.1.
The first peak is the initiation of the oxidation of ethanol, forming acetaldehyde [98, 101,
111], where the surface bound hydroxyl ions are formed [98] and the second peak appears
right after oxide adsorption occurs and is the oxidation of species not completely oxidised at
the first peak (acetaldehyde or derivative thereof [101]) forming acetic acid, which is oxidised
on an oxidised surface that also includes the oxidation of adsorbed CO [92]. The third peak
might be the further oxidation of by-products produced from the first and second oxidation
peaks found in the voltammogram or even the oxidation of ethyl acetate formed by the
chemical reaction of ethanol and acetic acid [107] — regardless, there are no literature
findings to support this speculation. On gold the current starts to increase from about 1.0 V
vs. NHE, reaching a maximum current density at ca. 1.26 V of 0.21 mA/cm®with a standard
error of 0.04 mA/cm?, implying relatively low repeatability. It is important to note that only the
0 RPM LP showed activity, whereas the other RPMs (> 0 RPM) showed no oxidation peak at
ca. 1.26 V vs. NHE. On platinum, the observation that the current density becomes less and
less repeatable might be due to the poisoning by CO that adsorb on the surface of the
electrode. The reaction rate, or current density, on both platinum and gold is thus not mass
transport controlled but rather by reaction kinetics [53, 101] or adsorption phenomena [53].
The kinetic inhibition on gold could be due to the less facile surface oxidation of the gold
electrode in acidic medium and consequent ineffective adsorption of ethanol molecules to
the surface, for oxidation to take place.

The activity of Au with different rotations showed no significant change in the current density
between the rotation rates, such that application of Koutecky-Levich or Levich (sections
2.3.2 — 2.3.3) would be rendered useless. Thus, investigating diffusion limitation only was
insufficient as to determine reaction characteristics and therefore, as the reactivity is clearly
kinetically dependent, the reaction was studied at different temperatures.

4.3.1.3. Effect of Temperature

As gold did not exhibit any significant activity towards the EOR, the reaction was
investigated at 10 °C and 40 °C to determine the effect temperature has on the reaction
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kinetics, as depicted in Figure 40 and Figure 41 below. As can be seen in Figure 40 and
Figure 41, both platinum and gold do not exhibit a linear increase in current density with
temperature increase, thus rendering the application of Arrhenius (equation (20)) not viable.

On platinum (Figure 40), the third peak behaves differently form the first and second peak
with an increase in temperature. Within these specific experimental conditions of Figure 40,
it would be expected that the third peak should behave similarly to the first and second
peaks. This difference in behaviour is clearly an indication of the complexity of the
mechanism of the EOR on platinum in acidic medium at different temperatures and rotation
rates. The mechanism was not in the scope of this study, so further investigation was not

attempted.
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Figure 40: EtOH oxidation on Pt at 0 RPM in 0.1 M Figure 41: EtOH oxidation on Au at 0 RPM in 0.1 M
HCIOs and 1 M EtOH at three different HCIO; and 1 M EtOH at three different
temperatures with a scan rate of 10 mV/s temperatures with a scan rate of 10 mV/s

It is clear from Figure 40 and Figure 41 that repeatability for platinum and gold LPs are better
at lower, rather than higher temperatures. At 10 °C the standard error on gold between the
experimental runs was 0.04 mA/cm? which implies poor repeatability, with the 40 °C
experiments having an increased error of 0.17 mA/cm?® The decrease in repeatability at
higher temperatures might have been due to the increased evaporation of ethanol from the
electrolyte solution as the temperature was increased [102] or the lack of efficient electrode
surface interactions with ethanol [46, 114]. The most appropriate solution for the repeatability
issue would be to study the reaction at elevated pressures, in a closed environment, as in

literature [102], which was beyond the scope of this project.

The shape of the voltammograms for platinum and gold is the same as their respective
voltammograms in Figure 38 and Figure 39. The potential range of the LP runs in Figure 40
and Figure 41 was the same as the different rotation rate LPs from Figure 38 and Figure 39,
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with the different peaks attributable to the same reaction products and intermediate species
as discussed in sections 4.3.1.1 and 4.3.1.2.

An interesting phenomenon on platinum is that the maximum of most 40 °C peaks are
reached at potentials mainly before the maxima are reached of the different peaks at lower
temperatures, as is the case in literature [102]. For the first peak, the reaction is not favoured
at higher temperatures, although the second and third peaks show an increase in activity,
which ultimately indicates that the different intermediate species have different interactions
with the electrode surface that supports the complexity of the mechanism [102] even though
the activity and repeatability is not favourable. According to literature, as the temperature
increases, the electrode active sites become more readily available, due to easier
dissociation of adsorbed reaction intermediates (acetaldehyde and acetic acid) and poisons
(CO) for the consequent reaction of the ethanol molecules and intermediate species [102].
Hence the decrease in potential of the peak maxima as the temperature increases.

There is no available literature on polycrystalline gold electrodes for use in EOR at different
temperatures. The only available study is for platinum in phosphoric acid by, Camargo et al.
[102]. It is clear from literature searches, that the effect of temperature on the EOR for
different electrode materials lack a tremendous amount of understanding and investigation.

4.3.1.4. Tafel Plots
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Figure 42: Tafel plots for Pt in 0.1 M HCIO; and 1 Figure 43 Tafel plot for Au in 0.1 M HCIOs and 1 M
M EtOH at different RPMs at 25 °C EtOH at 0 RPM at 25 °C plotted from the potential
range of 1.052 — 1.231 V vs. NHE

The Tafel plots for ethanol oxidation in acidic media are given in Figure 42 above for 0 and
100 RPM at standard temperature of 25 °C. The Tafel slope for 0 RPM was calculated from
the potential range of 0.559 — 0.652 V vs. NHE as 209 mV/decade with an R? of 0.996. For
100 RPM the potential range was taken from 0.569 — 0.659 V vs. NHE giving
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257 mV/decade with an R? of 0.998. The 100 RPM Tafel slope is bigger than the 0 RPM,
indicating the reaction might be less favourable at higher rotation rates. The calculated Tafel
slope for the 0 RPM LP in Figure 39 on gold is 228 mV/decade and the square of correlation
(R® is 0.9862. There are no literature values for the Tafel slope in acidic medium for
polycrystalline platinum or gold electrodes that can be used as comparison of the
determined values in this study. The EOR is thus less sluggish on platinum than on gold,
implying that platinum is the better catalyst for the EOR than gold, in acidic medium.

4.3.1.5. Conclusion

The EOR on platinum in acidic medium showed very good correlation with literature. The
Tafel slope for the reaction at 0 RPM was determined as 209 mV/decade on platinum and
228 mV/decade for gold, which indicates the EOR as being more active on platinum than on
gold. A third oxidation peak in the forward scan on platinum was discovered, which is not
indicated, mentioned, studied or even considered in literature. This third oxidation peak thus
needs extensive future studying and breakdown, which might lead to a better understanding
of the EOR mechanism on platinum.

Activation parameters (Arrhenius section 2.3.4) and reaction diagnosis techniques (section
2.3.2 — 2.3.3) could not be applied to the produced results as there were no viable linear
relationships in the current densities with increased rotation rates or temperatures.

For bulk/polycrystalline/smooth gold electrode surfaces, ethanol oxidation has thus been
shown to be electro-catalytically inactive in acidic medium with no literature explicitly
focusing on the EOR in acidic medium, to which the produced results could be compared.
The lack of surface interactions with alcohols and inertness of gold makes its viability as
catalyst for ethanol oxidation in acidic medium extremely low.

The EOR was also shown to be kinetically controlled rather than mass transfer controlled,
especially on gold. The reaction products formed on platinum in acidic medium might be
acetaldehyde and acetic acid with the possible reaction products on gold, acetaldehyde.

The EOR was investigated in alkaline medium so as to compare the performance to acidic

medium.
4.3.2. Alkaline
4.3.2.1. Preconditioning Media Concentration Effect

The effect of the concentration of the alkaline medium as preconditioning media with the
effect of electrolyte concentration on the preconditioning of the electrode and the
consequent effect on the effectiveness of the electrode towards the EOR was investigated.
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The preconditioning in 0.1 M KOH is shown in Figure 17 above (section 3.3.2.2) and

reproduced in Figure 45 below.

Figure 44 shows the preconditioning voltammogram of gold in 1 M KOH while Figure 45
shows the voltammogram in 0.1 M KOH. For comparison’s sake the vertex potentials were
set to the maximum of 0.841 V vs. NHE and the minimum vertex as -0.78 V vs. NHE with the
cycling started at -0.78 V vs. NHE at 50 mV/s, just as in the 0.1 M KOH experimental
settings. The oxide formation and reduction in 1 M KOH commences at potentials slightly
lower than in the preconditioning voltammogram of 0.1 M KOH. The oxide adsorption in 1 M
KOH occurs at 0.44 V vs. NHE compared to 0.5 V for the 0.1 M KOH concentration, with the
current density of the peak in the 1 M KOH being higher than the 0.1 M KOH. The oxide
reduction peak appeared at a lower potential for the higher concentration KOH (0.27 V vs.
NHE) than the lower KOH concentration (0.35 V vs. NHE).

The reduction current densities were not greatly affected, with the 1 M KOH reduction
current density being -0.22 mA/cm? vs. the 0.1 M KOH reduction peak’s current density at -
0.2 mA/cm?. It can be seen that the surface oxide formation occurs with much more ease in
higher concentrations of OH" as shown by extensive studies of pH effects on electrode
reactions found in literature [101, 110] and depicted by reactions (9) to (11) in section 2.1.2.
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Figure 44: Preconditioning CV for Au in 1 M KOH at Figure 45: Preconditioning CV for Au in 0.1 M
25 °C and 0 RPM at a scan rate of 50 mV/s KOH at 25 °C and 0 RPM at a scan rate of 50
mV/s (Same CV as in Figure 17)

The performance of LPs for each preconditioning medium concentration was compared
(Figure 46). The ethanol oxidation LPs are shown at 0 RPM in Figure 46 at each different
preconditioning KOH concentration with the LP runs done in 1 M KOH with 1 M ethanol in
solution. It was found in literature that in alkaline medium, a platinum hydroxyl bond (Pt-OH)
is formed [67], with the adsorbed hydroxide (OH) blocking active binding sites [31, 76, 86].
The subsequent active sites are the sites not occupied by adsorbed OH, as to allow, in this
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case of literature [31, 76, 86], O, to bind for reaction. As the concentration of OH increases
in the preconditioning electrolyte, the blocking of active sites also increases, thus lowering
the effective oxidation of ethanol in solution, as depicted in Figure 46.

54 0.1 M KOH
— — 1MKOH

Current Density, <i> (mA/cm?)
w
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Figure 46: Au LP comparisons in 1 M KOH with 1 M EtOH at 0 RPM and 25 °C with a scan rate of 10 mV/s
after each different KOH concentration preconditioning

The results from Figure 46 are summarised in the following table:

Table 7: LP comparison results for the effect of different preconditioning medium concentrations

LP Results for Au in 1 M KOH with 1 M ethanol with different preconditioning
concentrations at 0 RPM

Preconditioning electrolyte concentration (M): 1 0.1
Peak Starting Potential (E vs. NHE): -0.2 -0.2
Peak Maximum Potential (E vs. NHE): 0.362 0.360
Current Density (mA/cm?): 4.560 5.930
Standard Error (mA/cm?): 0.148 0.247

The difference between the two preconditioning concentrations on the performance of the
electrode can be clearly seen in Figure 46 and Table 7, with the current density of the run
after preconditioning in 0.1 M KOH being higher than the current density of the LP run after
preconditioning in 1 M KOH. It can therefore be concluded that the performance of the LP
runs are better with a higher current density when using 0.1 M KOH to precondition the
electrode.

4.3.2.2. Effect of Reagent in Solution

After the necessary preconditioning as described in section 3.3.2.2, the following CVs in
Figure 47 and Figure 48 were generated to act as control to see if the electrodes showed
any activity towards the EOR. Electrode cleaning (section 3.2.4.1) and preconditioning was
followed as described in section 4.2.1.2 for the control CVs. Note the difference in the scale
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of the y-axes in Figure 47 and Figure 48 for the CVs without ethanol vs. the CVs with
ethanol. It is set to that scale for legibility purposes.
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Figure 47: Control CVs for Pt in 1 M KOH with and
without 1 M EtOH at 25 °C with a scan rate of 10
mV/s

Figure 48: Control CVs for Au in 1 M KOH with
and without 1 M EtOH at 25 °C with a scan rate of
10 mV/s

When comparing the two scenarios exhibited in Figure 47, it is clear that the peaks of
ethanol oxidation appear in between the oxide adsorption/desorption and hydrogen
adsorption/desorption areas of the voltammogram — the double layer region of platinum. It is
clear from Figure 48 that the electrochemical oxidation of ethanol on gold is much more
effective in alkaline than in acidic medium (compare Figure 37). The current density
produced with the ethanol solution in alkaline medium is about a factor of ten higher than the
CV of gold without ethanol in 1 M potassium hydroxide.

In the forward scan of the CV for platinum with ethanol, the current density starts to
decrease as the area of oxide adsorption is entered (ca. 0.1 V vs. NHE), which is also the
case for gold at ca. 0.4 V vs. NHE. With the backward scan on platinum, the current density
starts to increase immediately after the oxide desorption takes place (ca. 0.0 V vs. NHE),
reaching a low of almost no activity as the potential approaches the hydrogen adsorption
region (from ca. -0.4 V vs. NHE). After hydrogen desorption takes place the current density
starts to increase (from ca. -0.4 V vs. NHE) once again for the forward scan.
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The oxidation peak in the forward [92] scan on gold at ca. 0.36 V vs. NHE with a current
density of 4.95 mA/cm? indicates the oxidation of ethanol species adsorbed on the surface of
the electrode [101, 114], right before the surface oxidation of the gold electrode takes place
[101]. The product formed is acetic acid, as determined in literature [101, 114] or, in this
case, acetate ions, as this product is formed in alkaline medium [34]. On platinum the main
oxidation peak (ca. -0.1 V vs. NHE) in Figure 47 is the splitting of the C-C bond of ethanol,
as has been found by literature [101, 103]. In literature the activity decreased with each
successive potential sweep of CVs. In the case of Figure 47, the current seems to increase
slightly with each successive cycle, which might prove that there are no real poisoning
species forming and adsorbing on the electrode surface as is the case with literature [101,
103]. The lack of poisoning might be because of the higher concentration of hydroxyl anions
in the solution, assisting the oxidation of adsorbed intermediate species when the potential
sweep enters the oxide formation region of the voltammogram, which is quite contrary to
literature findings; however the electrolyte from literature is NaOH and not KOH as in this
study [103]. It can be deduced that the decrease in current is due to the blocking of the
active sites on the electrode surface by oxides adsorbed on the active sites, as it can be
seen, when taking the CV in Figure 47 without ethanol in solution into account, that the EOR

current declines at the oxide formation region.

On gold, the peak in the reverse scan at 0.23 V vs. NHE, with a current density of 1.59
mA/cm? is the continuation of ethanol oxidation after the electrode surface has been reduced
[114]. The coinciding of the backward scan’s peak with the forward scan can act as an
indication that there are no poisoning species adsorbed on the electrode surface, it also
implies that the concentration of ethanol is high enough at the electrode/electrolyte interface
that the oxidation reaction of ethanol takes place faster than the reduction of the gold surface
molecules [114], hence the increase of current in the oxidative direction. In the backwards
scan, the cathodic current density would become smaller as the ethanol concentration
increases right before changing to anodic current [114]. In the backward scan on platinum it
can also be seen, from the CV in Figure 47 without ethanol, that the hydrogen adsorption
region is the region where the EOR peak’s current density decreases. The decrease in
current density as not to follow diffusion-controlled reaction inhibition behaviour, might be
due to competition between oxide, ethanol, or intermediate species for active sites on the
platinum surface, or poisoning of the electrode surface by reaction intermediates, or the
passivation of active sites by oxide adsorption, and even hydrogen adsorption [101, 107,
110, 115].

The reaction on platinum shows a clear hysteresis that is slightly different from literature’s
findings where the hysteresis was not so well defined [103]. This difference might be

M.H. Steyn MSc Dissertation



74

—
| —

attributable to the electrolyte used as Lai et al. [103] used 0.1 M NaOH, whereas, in the case
of Figure 47, 1 M KOH was used. It might also be attributed to the crystal lattices of the
polycrystalline platinum, as can be seen in Figure 11 in section 3.3.1. Lai et al. [103] found
that Pt (111) showed less activity towards ethanol electro-oxidation compared to the (110)
lattice, and because the dominant crystal lattice is (111) for the polycrystalline electrode

surface.

Lai et al. [101] found that the electro-oxidation of ethanol on gold takes place at higher
potentials than depicted in Figure 48. They showed the electro-oxidation peak of ethanol in
sodium hydroxide starts at ca. 0.4 V vs. NHE while Figure 48 shows the electro-oxidation in
potassium hydroxide starting at ca. -0.1 V vs. NHE. The difference could be ascribed to the
molar conductivity of the K" vs. the Na* cations in solution. The ionic conductivities of
potassium and sodium is given as 7.350 mS.m?mol and 5.010 mS.m%mol respectively
[122]. The resistance of the sodium hydroxide is thus higher than the potassium hydroxide
electrolyte, implying that higher overpotential is necessary for current to flow in sodium
hydroxide solution. Snell et al. [110] studied the effect of different anions on the electro-
oxidation of ethanol and established that the adsorption of anions on the electrode surface
played an intricate role in the activity of the electrode and even overpotential, which can be
attributed to isotherms [110] affecting adsorption.

4.3.2.3. Effect of Rotation Rate

After the control CVs were done the conventional preconditioning and cleaning procedures
were followed (section 3.2.4.1 and 3.3.2.2) prior to conducting the subsequent experiments.
The LPs for the EOR on platinum and gold are given in Figure 49 and Figure 50 below.

The current density declines as the rotation rate of the electrode increases for both platinum
and gold (Figure 49 and Figure 50). In literature it was found that the current density showed

little or no increase when electrode rotation was introduced to the experiment.

There are two phenomena that appear in the EOR, as depicted in Figure 49 and Figure 50.
The first is that there is no limiting current density as indicated by the decrease in current
density from ca. 0.35 V vs. NHE to almost 0 mA/cm? at ca. 0.6 V vs. NHE for gold and ca. -
0.1 V vs. NHE for platinum to close to 0 mA/cm? at about 0.2 V. The second phenomenon is
the current density that decreases as the rotation rate increases for both electrodes.

The first phenomenon is because of the oxidised layer of gold at ca. 0.5 V vs. NHE that
inhibits the EOR as, according to literature, the EOR prefers an un-oxidised gold electrode
surface [47] whereas for platinum, the inhibition might be due to various factors pacifying the
electrode active sites as described in section 4.3.2.2 [101, 107, 110, 115].
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Figure 49: LPs for Pt at different rotation rates in Figure 50: LPs for Au at different rotation rates in
1 M KOH and 1 M ethanol at 25 °C and 10 mV/s 1 M KOH and 1 M ethanol at 25 °C and 10 mV/s
scan rate scan rate

There are no established poisoning intermediate species adsorbed on the gold surface,
according to literature [114], however, some authors claim it to be the case [108]. Thus the
decline of the current density might not be because of poisoning intermediate species
adsorbed on the gold electrode surface, as is the case with platinum [114]. The decrease in
current density after the main ethanol oxidation peak appearance coincides with the
beginning of the oxide adsorption peak on both gold and platinum, as can be seen in Figure
47 and Figure 48 respectively, without ethanol in solution. It thus shows that the ethanol
oxidation reaction prefers a reduced surface for proper reaction activity [114].

Regarding the second phenomenon, all the LPs depicted in Figure 49 and Figure 50 clearly
show that the reaction kinetics of the electro-oxidation of ethanol is not limited by mass
transport but rather reaction kinetics on both electrodes [101]. It might be because of a lack
of good surface interaction between the gold and platinum catalyst surfaces with the ethanol
in solution, as ethanol adsorbs weakly on gold [92, 93, 112] and platinum [101]. As the
rotation rate increases the current density falls, which may imply that the species might be
forced away from the electrode surface before oxidation as the ethanol evades the active
sites on the electrode surface — there are no literature investigations of the EOR on gold or
platinum at different rotation rates to support this; regardless, literature indicates the
interaction strength of ethanol for both gold [92, 93, 112] and platinum [101] being weak.
Because of the kinetic inhibition of the EOR on both electrodes, the following section
regarding different temperatures was introduced.
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4.3.2.4. Effect of Temperature

The different temperatures at which the EOR was studied included 10, 20, 30 and 40 °C at 0
RPM. The electrochemical experimental settings were used as in the LP runs of Figure 49
and Figure 50.

The LPs of ethanol oxidation in 1 M KOH and 1 M ethanol at different temperatures is shown
in Figure 51 for platinum and Figure 52 for gold. The current density for each temperature’s
LP maximum peak on platinum increases from 1.219 mA/cm? at -0.08 V vs. NHE for 10 °C to
1.626 mA/cm?® at -0.1 V at 20 °C then to 1.96 mA/cm? at ca. -0.1 V for 25 °C, which then
increases to 2.14 mA/cm? at -0.12 V for the 30 °C scan and lastly to 2.73 mA/cm? for the 40
°C scan at ca. -0.146 V vs. NHE. The same phenomenon regarding the decrease in onset
potential of the EOR peak at increased temperature is visible on the LPs for both platinum
and gold, as is the case in acidic medium for platinum, as reported in literature [102] with the
potential of the maximum peak position also decreasing with increasing temperature.
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Figure 51: LP results for ethanol oxidation on Figure 52: LP results for ethanol oxidation on
platinum in 1 M KOH with 1 M EtOH at different gold in 1 M KOH with 1 M EtOH at different
temperatures and 0 RPM and a scan rate of 10 temperatures and 0 RPM and a scan rate of 10
mV/s mV/s

This phenomenon is due to the greater ease of dissociation of poisoning species or anions
adsorbed on active sites on the electrode surface. For all temperatures on gold the
maximum peak current density was reached at ca. 0.35 V vs. NHE. The increase in current
density was relatively linear with the 10 °C run reaching a maximum current density of 3.063
mA/cm?, 20 °C reaching 5.102 mA/cm?, 25 °C 0.360 mA/cm?, 30 ° about 0.367 mA/cm? and
40 °C reaching a maximum current density of 8.857 mA/cm® The phenomenon of the
change in peak maxima position with change in temperature is not found on gold as on
platinum, supporting literature findings that the EOR on gold is not affected by poisoning
intermediate species [114].
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By considering Figure 49 and Figure 51 for platinum and Figure 50 and Figure 52 for gold, it
is clear that the ethanol oxidation reaction is kinetically inhibited and not by mass transfer,
which corresponds with literature findings [101, 103].

The Arrhenius plot of the results from Figure 51 and Figure 52 above is given below. The
natural logarithm of the current density is plotted against the inverse of the temperature by
using the values of current density for every LP at each temperature at an overpotential of
ca. -0.186 V vs. NHE for platinum and 0.250 V vs. NHE for gold, after which the slope of the
linear plot can be used in equation (20) (section 2.3.4) to determine the activation energy.
The linear regression values of the plots from Figure 53 and Figure 54 are given in Table 8

below.
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Figure 54: The Arrhenius plot of the ethanol
oxidation reaction on Au in 1 M KOH and 1 M
ethanol at different temperatures taken from the
peak potential of ca. 0.25 V vs. NHE

Figure 53: The Arrhenius plot of the ethanol
oxidation reaction on Pt in 1 M KOH and 1 M
ethanol at different temperatures taken from the
peak potential of ca. -0.186 V vs. NHE

Table 8: The values of the linear plot from Figure 53 and Figure 54

Linear Parameters | Platinum Gold
Slope: -3151.251 | -3622.837
Intercept: 10.967 13.136
Correlation square: 0.9961 0.9614

The activation energy was calculated using equation (20), the slopes from Table 8 for each
respective electrode and the universal gas constant as in Table 24 (Appendix 1 — Data). The
calculated activation energy for platinum is E, = 26.201 kJ/mol and for gold as E, = 30.121
kd/mol. There are no literature values to use for comparison purposes as there is no
extensive investigation into the temperature effect on ethanol oxidation with polycrystalline
platinum or gold electrodes in alkaline medium. The activation energy on platinum for the
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EOR (26.201 kJ/mol) is less than the activation energy of the EOR of gold (30.121 kJ/mol)
showing that less energy is required on platinum for the EOR.

To further compare the activity of platinum and gold towards the EOR, the Tafel slopes are
calculated and compared in the following section.

4.3.2.5. Tafel Plots

Figure 55 and Figure 56 below show the Tafel plot for the 0 RPM LP of platinum and gold
respectively, in 1 M KOH with 1 M ethanol. The reaction is relatively sluggish on platinum as
compared to gold, with a calculated Tafel slope of 249 mV/decade for platinum with an R? of
0.99 and 227 mV/decade with an R? of 0.998 for gold. If the magnitudes of the Tafel slope
were to be considered, Tafel region used for extrapolation (region of Tafel behaviour -
section 2.3.1), as well as uncontrolled variables such as surface lattices and area, and
ethanol evaporation, the difference in slope magnitudes could be considered insignificant,
with a difference of only 22 units. Thus, platinum and gold’s activity could be regarded as

similar in this case.

-0.28

o
N
N

-0.30 1

o
)
o

-0.32

o
®

-0.34

o
o

-0.36 -

o
s

Overpotential, n (V)
Overpotential, 1 (V)

-0.38 1

0RPM
777777 Linear

o
)
!

N\

-0.40

-0.42 T T T T 0.10 T T T T
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.2 0.3 0.4 0.5 0.6 0.7

Log Current Density, log <i> Log Current Density, log <i>

Figure 55: The Tafel plot for Pt in 1 M KOH and 1
M ethanol at 0 RPM and 25 °C plotted from the
potential range of -0.297 — -0.19 V vs. NHE

Figure 56: The Tafel plot for Auin 1 M KOH and 1
M ethanol at 0 RPM and 25 °C plotted from the
potential range of 0.221 V- 0.314 V vs. NHE

4.3.2.6. Conclusion

The Tafel plot could be established for both electrodes with platinum giving a slope of 249
mV/decade and gold 227 mV/decade, indicating the EOR on platinum as slightly more
sluggish compared to gold with the difference of 22 mV/decade to be considered
insignificant. The kinetic evaluation, using the Arrhenius equation, was also successfully
applied as there was a linear relation of the current density increase with increasing
temperature for both platinum and gold, with the activation energy on platinum calculated as
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26.201 kd/mol and on gold as 30.121 kd/mol. The reaction at different rotation rates also
showed no linear increase as to enable the application of the Koutecky-Levich and Levich
analyses to determine the number of electrons transferred on each electrode used in this
study.

The main products formed on platinum were CO, and adsorbed species of CH, and CO,
according to literature, and on gold, acetic acid or in the case of alkaline media, acetate.

4.4. Conclusion of the Ethanol Oxidation Reaction

In this study, platinum showed superior activity in acidic medium and slightly inferior activity
in alkaline medium, compared to gold, when taking the Tafel slopes into account.
Regardless, considering all the possible variables that could play a role in the higher Tafel
slope value of platinum in alkaline medium, the difference between gold and platinum could
be regarded as insignificant. In alkaline medium gold had an apparent increase in activity
compared to the acidic medium; nonetheless smooth platinum could be regarded as a more
preferred catalyst over a smooth gold electrode. Literature speculation that un-activated gold
showed better performance to the ethanol electro-oxidation reaction in alkaline media rather
than acid media is supported by the results in Table 9 below [47]. As discussed in section
4.3.2.5, the results from Table 9 support the conclusion that platinum performs better in both
alkaline and acidic medium than gold. Gold performs better in alkaline medium as CO
poisoning does not occur on the gold surface as with platinum [114], due to the fact that the
platinum electrode is prone to CO poisoning [32].

The most accepted electro-oxidation reaction mechanism (C,-pathway) for ethanol on a gold
electrode suggests that the reaction takes place without the breaking of the C-C bond, which
then forms acetaldehyde and acetic acid [101]. The Cs-pathway for the electro-oxidation of
ethanol involves the breaking of the C-C bond in ethanol or acetaldehyde, which can
produce CO, or bicarbonate [101]. This pathway is evident on a platinum electrode in the
absence of strong adsorbing anions. The C-C bond is broken at low potentials in alkaline
medium. The adsorbed species are thus CH, and CO. The CHy are firstly oxidised to CO
then to CO, or (bi)carbonate. CH, intermediate species are found to be more stable in
alkaline media, with the dominant poisoning species in alkaline solution being adsorbed CO,
implying that CHy is readily oxidised on a polycrystalline platinum surface in alkaline solution.
C-C bond breaking is thus more facile in alkaline medium, which in turn enhances the
selectivity of the pathway to the C,-pathway in alkaline medium on a platinum electrode, also
evident in the magnitude of the Tafel slope comparison in Table 10 below.
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4.4.1. Results Comparison

To compare platinum and gold activity the Tafel slopes are given below in Table 9 for
alkaline and acid media:

Table 9: Platinum and gold activity compared in alkaline and acidic media

Tafel slopes of platinum and gold in alkaline and acid media at 0 RPM

Gold Alkaline Gold Acidic Platinum Alkaline Platinum Acidic

227 228 249 209

Using the results from Table 9, the sluggishness of the electrodes can be ordered as
Plakaine=AUakaine>AUacig>Placia- It is clear that the reaction is favoured in both media on

platinum.

The following table (Table 10) summarises all the results for the EOR on platinum and gold
in both acid and alkaline media.

Table 10: Comparison table for all the results at 0 RPM for ethanol oxidation in platinum and gold in both
acid and alkaline media

Pea_k Peak Cu_rrent Tafel Slope Activation
Potential E Density
vs. NHE mA/cm? mV/decade Energy kJ/mol
Reaction Medium | Au Pt Au Pt Au Pt Au Pt
Ethanol Acid 1.26 | 0.8 | 0.21 3.5 228 209 - -
Oxidation | Alkaline | 0.36 | -0.1 | 5.93 1.96 | 227 249 | 30.121 | 26.201

As stated in literature, a smaller Tafel slope indicates a more favoured reaction whereas a
large Tafel slope indicates a more sluggish reaction. It is thus clear from this study and the
data shown in Table 10 that the oxidation of ethanol was more favoured on platinum in acid
medium than on gold.

If the Tafel slopes were taken into account, platinum would seem to be the lesser active
electrode in alkaline medium irrespective of the insignificant difference in slope magnitude
(section 4.3.2.5). Therefore all the determined parameters should be taken into
consideration when deciding which electrode material is the best. In alkaline medium, the C-
C bond is broken and CO, and adsorbed CO and CHy is formed with an activation energy
requirement less than gold, which only produces acetic acid in alkaline medium. Therefore,
platinum is the best catalyst for the electro-oxidation of ethanol in alkaline and acid medium
as found in literature [101, 103].
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Chapter 5: Sulphur Dioxide
Oxidation Reaction (SDOR)

5.1. Literature

SO, is one of the most dangerous pollutants released into the atmosphere by industries
[123-126] and one of the main causes of acid rain [124-127] i.e. the conversion of SO, and
H,O into H,SO,4. The safety limit of SO, concentration has been set to 2 ppm as it is an
aggressive polluting agent, causing damage to the environment and human health [123,
126]. SO is irritating to mucous membranes and the throat, along with the upper respiratory
tract [124]. Necessity to reduce concentrations in emissions have arisen, especially at power
plants using fossil fuels for driving electricity generation [123, 124, 126]. SO; is also believed
to participate in the reduction of the ozone layer in the stratosphere [125]. Legislation
worldwide has thus increased in the last decade leading to development and implementation
of cleaner technologies as well as end-of-pipe solutions to decrease SO, emissions [123,
125].

Electrochemical oxidation of SO, can thus be used to reduce dissolved SO, concentrations
[125]. Electrochemical oxidation of SO, in aqueous sulphuric acid produces H,SO, at the
anode and hydrogen gas at the cathode [125]. Possible adsorbed oxygen species might also
be involved in the electrochemical oxidation of SO,. The coverage of SO, on the electrode
surface depends on the potential at which SO, is adsorbed [18]. Electrode active sites being
covered by SO, cause inhibition of the electrode towards SO, oxidation.

5.1.1. HyS Cycle and Sulphur Depolarised Electrolyser

Refer to section 1.3.1 for more information on the HyS cycle for application in the Sulphur
Depolarised Electrolyser (SDE).

The HyS cycle can be applied in the SDE to generate clean energy [23]. The main problems
experienced with the SDE are the electrode material being used [23, 25, 26], the electrolyte
concentration for most economic application of the system [23, 25], the temperature and
pressure that are ideal and lastly how to separate the catholyte from the anolyte so as to
prevent SO, crossover [23, 25] in order to prevent it from reducing at the cathode to form
sulphur [25]. The best performance achieved in literature for the electrolysis step thus far
was 200 mA/cm? at a potential of 0.6 V [23]. The slow kinetics of SO, oxidation at the anode
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is the main reduction in performance of the process in equations (4) and (5) in section 1.3.1
above [18, 23].

5.1.2. Reaction Kinetics

The kinetics of SO, oxidation becomes worse as the concentration of sulphuric acid
increases [23, 25, 26]. In the literature, the decrease in reactivity has been thought of as
being the decrease in activity of the active species with an increase in sulphuric acid
concentration [25]. Sulphuric acid plays an important role as too high a concentration
reduces the activity of water, which plays an integral part in the electro-oxidation of SO,
[128]. Increased acid concentration also drives the overpotential of the electro-oxidation of
SO, higher, thus requiring more energy to force the reaction to take place, as predicted by
thermodynamics. Investigations into less concentrated sulphuric acid solutions have
revealed hidden processes occurring in the electro-oxidation of SO,, undetectable in higher
sulphuric acid concentrations [23]. The OCP of SO, containing solutions also increases with
increasing sulphuric acid concentrations, indicating an inhibiting effect of high sulphuric acid

concentration.

Studies have also been done at elevated temperatures, which were used to determine the
activation energy of the electro-oxidation of SO, by using the Arrhenius equation [18].
Further studies concluded at elevated temperatures are few and thus the effects of
increased temperature on the reaction kinetics could not be confirmed [23]. Despite the
decreasing solubility of SO, at elevating temperatures, the kinetics increase when platinum
is used as electrode material [23, 25].

5.1.3. Reduction of SO,

Cathodic treatment of both gold and platinum electrodes with SO, containing electrolyte
increases the catalytic activity towards the electro-oxidation reaction of SO, [127]. Adsorbed
SO, is seen to be reduced in the cathodic treating process, which then forms a catalytic
sulphur layer [125, 127, 128].

The electroreduction of SO, to sulphur can be presented as in reaction (47) below [26, 129,
130]:

SOQ + HQO — HQSO?, (46)

H,SO; + 4H* + 4 ——> 3H,0 + S E°=0.449V (47)
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The best potential for SO, reduction is 0.15 V vs. NHE before oxidation of SO, on both gold
and platinum. Reduced SO in the form of sulphur thus increases the SO, bulk oxidation
reaction except if more than a monolayer of sulphur is formed, which consequently inhibits
the reaction because of active site passivation [18, 23].

The adsorbed sulphur ad-layer’s oxidation can be expressed as reaction (48) below [131]:

S + 4H,0 — SO,% + 8H" + 6e” (48)

5.1.4. SO, Oxidation Reaction Mechanism

The reaction mechanism is quite complicated [125, 127], especially in aqueous sulphate
solutions [125], as there are claims in literature [127, 128] that the oxidation and reduction of
SO, takes place at about the same potential region. Literature has speculated that the rest
potential in sulphuric acid solution incorporates the simultaneous reduction to sulphur and
oxidation to sulphate of SO, [128] with a sensitivity to pH and significant dependence on the
anode material [23, 125]. It has also been speculated in literature that the oxidation of SO,
involves the surface oxide adsorbed on metal surfaces above 1 V vs. NHE [127].
Speculation also revolves around the products of oxidation, with dithionate being the product
before oxide formation potentials and sulphate the product after oxide formation potentials.
Literature also demonstrated that the main soluble product from SO, oxidation is bisulphate.

O'Brien et al. [23] summarised results obtained from literature to conclude the following
mechanistic results: i.) higher temperatures might enhance the reaction kinetics ii.) possible
kinetic inhibition at higher acid concentrations, iii.) noble metals favour the reaction kinetics
rather than carbon materials, iv.) platinum and gold both involve two electron charge transfer
with adsorbed reduced SO, species on the electrode surface, resulting in sulphate
production, v.) both gold and platinum have diffusion limited character towards the SO,
oxidation reaction on activated electrode surfaces, vi.) the reaction order is most likely first
order or even fractional with respect to the SO, and dependent on the electrode material
used, as well as the SO, concentration and electrode preconditioning.

From the abovementioned summary, the findings in this investigation can be compared to.
The SDOR mechanism is further elaborated in each section for platinum and gold in their
respective contexts. Although the mechanism was not of interest in this study, theoretical
coverage and investigation was important for the establishment of the reaction activity on
each electrode material.
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5.1.5. Platinum

Platinum has been extensively investigated in the literature for use as a catalyst in the
SDOR [26]. The enhancement of SO, electro-oxidation is largely dependent on the lowest
potential the electrode is cycled to [26, 123, 132]. Below 0.2 V vs. NHE the electro-oxidation
of SO, is inhibited in both the double layer region and oxide adsorption potential range [128,
132]. Above 0.2 V the oxidation current experienced no increase in activity except for the
part of the potential range where oxide adsorption occurs, which remained unchanged [132].
From literature it can be concluded that ~0.2 V vs. NHE is the ideal potential for inducing
optimum SO, electro-oxidation catalysis [132] as a catalytic layer of adsorbed sulphur is
formed [26, 123, 130, 132]. Adsorption of SO,, known to be very stable on platinum surfaces
[23, 123, 130, 132], thus occurs at the OCP (+ 0.65 V and dependent on many factors such
as electrolyte concentration, etc.) and is reduced [23, 127, 128, 132] at 0.2 V and
consequently promotes the electro-oxidation of SO, even though complete reduction of
adsorbed SO, occurs near 0.05 V —0.06 V vs. NHE.

The reduction of SO, to sulphur occurs as shown in reaction (47) in section 5.1.3 [26]. Thus,
for every decrease in Eiy, the onset potential and peak potential both decrease to more
cathodic potentials and consequently, improve the performance of the electrode for SO,
oxidation. In the activation process of platinum the adsorption of hydrogen on the surface
also inhibits the electro-oxidation of SO, [133]. SO, adsorbates cannot be removed with
single cyclic sweeps but require cycling up to at least 1.5 V for five repeats [123].

Kinetic information can thus be acquired from the diffusion limited part of the voltammogram
on an activated platinum electrode.

5.1.5.1. Reduced Adsorbed Species and Electrode Activity

For maximum enhanced SO, oxidation the coverage of the surface with adsorbed reduced
SO, species should not exceed the optimum by too much or too little as the electrode activity
drops noticeably [26, 128, 132]. Too much coverage reaches multilayer [23, 123, 132]
coverage, which may inhibit [23, 132] the electrode activity for SO,. Lower-than-optimum
coverage also decreases the electrode activity but in a lesser degree than over-coverage of
sulphur [132]. It can be concluded that the electrode should be completely covered for best
activity [26]. Thus poisoning of the electrode occurs if the critical level of adsorbed sulphur
coverage is not established [23, 130] as the sulphur physically blocks surface sites [23] from
SO,, preventing its adsorption and causing reduction in the electrode activity.

The platinum surface is thus modified by the sulphur, which modifies the binding character of
the metal surface through surface electronic interactions [23, 130, 132] — the ligand effect
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[132], to substantially promote SO, oxidation as a result of the deposition of sulphur by SO,
reduction [130, 132]. Because of the sulphur on the electrode surface, the oxidation current
increases dramatically and the limiting current has diffusion-limited character [23, 26, 52,
130, 132]. Depletion of the adsorbed species lowers the reactivity of the activated electrode
[130, 132]. SO, is co-adsorbed with elemental sulphur where the latter modifies the surface
properties, such as the electronic density at the surface, which in turn changes the way the
electrode surface interacts with the dissolved SO, [127].

In literature it has also been established that the reduction of ad-species at 0.2 V involves
mainly adsorbed species and electrode surface reactions, rather than bulk, dissolved sulphur
dioxide [132]. At potentials lower than ~0.2 V consumption of bulk SO, is found and not
adsorbed surface species. The SO, species oxidise at potentials approaching 1.5 V vs.
NHE. The higher the amount of adsorbed, reduced SO, or sulphur, the higher the inhibition
of SO, reduction becomes [132]. The oxidation state of the reduced species is still being
disputed in literature. It has been determined though that the possible species is composed
of sulphur-polysulphide mixtures being either soluble or adsorbed. Regardless, the adsorbed
reduced species have a great effect on the oxidative currents of SO, electro-oxidation [123].
Possible adsorbed reduced species include SO5*, SO and elemental sulphur [127].

5.1.5.2. SDOR Mechanism

The chemical nature of the oxidised SO, species had been a cause of dispute and therefore
studies had been done to prove that the S(VI) is the only stable reaction product being
formed from the electro-oxidation of SO, that is apparent in the potential range of 0.65 V up
to 1.5V vs. NHE [132].

Above all, the mechanism of the electro-oxidation of SO, is still not fully understood [123,
128]. With the activation of the electrode by pre-treatment in SO, containing solution
(activation), the electro-oxidation subsequently involves two processes where the first
involves oxide-free platinum surfaces that are greatly enhanced by the activation method
[123]. The second process involves the oxide-covered platinum electrode surface either at
activated or unactivated states [123, 128]. In the end it involves the interaction of surface
oxides with SO,, although uncertainty still remains [123]. It was even speculated that oxygen
coverage on platinum electrodes involved the coverage of adsorbed S species with oxygen,
which inhibits the further electro-oxidation of the adsorbed S species or even SO, on
platinum [23, 123]. It has also been claimed that the adsorption of oxygen on a platinum
surface is inhibited by the adsorbed sulphur layer [23, 26].
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The adsorption of oxides on the electrode surface also renders the electrode inactive toward
the SO, oxidation reaction [23, 52, 132, 134] as excessive oxides block active sites for the
oxidation reaction to take place [23]. On a negative potential sweep the SO, oxidation
current is restored as adsorbed oxygen is removed [132]. The role of platinum oxide in SO,
electro-oxidation remains inconclusive as platinum oxide formation does not render the
electrode surface inactive, as the evolution of oxygen still occurs in solutions without SO,
[23]. Inhibition is not absolute thus indicating that SO, can still be electrochemically oxidised
on platinum oxide [23, 52, 123] even though not in dominance [123] (reaction (49) below).

Pt=O + SOQ(aq) + H20(|) s HQSO4 + Pt [23] (49)

The consequent products of SO, oxidation were determined to be HSO, and SO,* mixtures
[283, 123, 132]. Even in reverse cycles the oxidation products of SO, are found to be S(VI)
species (see reaction (50) below) [52, 123, 127].

HSO4-(aq) + 3H+(aq) + 26-

y

SOg(aq) + 2H20(|) (50)

K‘%
N
&%‘a

™,

8042_(3(1) + 4H+(aq) + 2e

As found in the literature, the electro-oxidation of SO, depends on the sweep direction, with
the oxidative current peaks appearing at two different potentials [52, 123]. In the forward
scan the peak appears at ca. 1.25 V and the reverse peak appears at ca. 0.85 V vs. NHE
[123] with the reverse peak intensity varying with the highest potential cycled to, and with the
intensity decreasing as the potential is taken higher [23]. The current density decreases with
every cycle on a stationary electrode that can be attributed to the decrease of bulk SO,
concentration at the diffusion layer, which can be overcome by rotation of the electrode as
described in section 2.2 [123]. Build-up of reaction products on the platinum surface has
been shown not to be the cause of the inhibition of the electro-oxidation reaction of SO, [26].
The large overpotential found with platinum electrodes can thus be regarded as a result of
the strong adsorption of SO to the surface, on an un-activated electrode [23].
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5.1.5.3. Electrode Preparation

It has been found that the repeatability of results depends greatly on the electrode
preconditioning [132-134]. Before any studies are to be done, the electrode should be
potentiometrically cycled in the solution containing the test electrolyte until the
voltammograms stabilise by steadying out to repeatable and well defined cycles or peaks
[123, 128]. In the literature, it is agreed that the electro-oxidation of SO, can take place on
platinum surfaces with or without surface oxides and that the influence of preconditioning of
the electrode on the reaction is profoundly affected by electrode pre-treatment in the
hydrogen adsorption potential range [123, 133].

5.1.6. Gold

The electrochemical oxidation of SO, has been a neglected subject on gold electrodes as
compared to platinum [130]. It has however, been suggested in literature, that gold could be
more active for the electro-oxidation of SO, compared to platinum [23].

The adsorption of SO, to the gold surface is known to be relatively weak, such that the
oxidation thereof takes place on an almost bare Au electrode surface or at the least on a
surface with weakly adsorbed SO, present [23, 130]. Because of this occurrence, the
absence of the strongly adsorbed form of SO, allows for intrinsic electrocatalysis of SO, on
unmodified Au electrodes [130]. The presence of sulphur species adsorbed on the gold
surface, which improves the kinetics, may be related to the adatom’s capability to modify
surface electronic structure [23, 130]. The inherent activity of gold towards the
electrochemical oxidation of SO, can be regarded as the result of weak adsorption of SO, to
the gold surface [23].

It is believed that molecular SO, adsorb on gold surfaces with two different bonding
strengths, which account for two different peaks in the anodic potential region [51, 129]. SO,
and SO4* species are adsorbed to a greater degree on gold than on platinum. On gold,
weaker adsorbed SO, might be affected by stronger adsorbed SO, as can be seen on post
experimental voltammograms in electrolyte without SO, in solution, which, regardless of the
high current density with SO, in solution, did not seem to inhibit the SO, electro-oxidation
[128, 129]. Thus, the rate of oxidation of weak adsorbed SO, might be influenced by the
presence of strongly adsorbed SO, and other particles [51]. It is thus clear that the electro-
oxidation of SO, is executed through an adsorbed intermediate species, which are being
displaced from the electrode surface through the formation of oxides. Hydrogen on the other
hand, if adsorbed on the electrode surface, inhibits the SO, electro-oxidation reaction [133].
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5.1.6.1. Mechanism of SDOR on Gold

A potential reaction scheme, which can be taken as supplemental to reaction (50), is
presented in reaction scheme (51) below [23, 128, 129]:

SOg(ads) + 2H20 — HgSO4(aq) + 2H+(aq) + 2¢e
A~

&

SOg(aq) + 2H20(|) (51)

‘ SOQ.XHQO(adS) — S(lV) + 2H+(aq) + 2¢e’
S(Vl) + 2H20 s HSO4_(aq) + 3H+(aq) + 2e

SO, adsorption, depicted in reaction scheme (51) above, should be rapid so as to sustain
equilibrium when oxidation is complete [129]. These reaction products of reactions (47) and
(50), or oxidised reaction species have been found to inhibit the further oxidation of bulk SO,
as they might adsorb strongly on the electrode surface, as found in literature [130].

The possible two-electron [127, 129] mechanism of SO, electro-oxidation involves the
reaction with water to form S(VI) [127, 129] in the form of HSO, or SOs* as can be seen in
reaction scheme (50) in section 5.1.5.2 and equation (47) in section 5.1.3. The two-electron
[28, 52, 129, 130, 133] oxidation of SO, is followed by a fast, irreversible [129, 133] chemical
reaction, which forms inactive SO, oxidation products such as sulphate [129, 130] or
bisulphate [129], which is not necessarily found with gold electrodes. The reaction process
for SO, oxidation on gold can thus be pointed to the bottom part in reaction (51) above [129],
with a higher rate of charge transfer than on a clean gold electrode surface, which is much
slower [51, 129]. SO, that had been oxidised was irreversibly oxidised [23, 52, 129].

The oxidation of SO, as well as the formation of surface oxidation and reduction, occurs at
about the same potential region in pure 0.5 M H,SO, with oxidation of SO, occurring
simultaneously with the reduction of the surface oxide [127] on a reverse potential sweep.
Literature has found that the oxidation current was diffusion controlled in the potential region
above 1.0 V vs. NHE [26, 129].

Electro-oxidation of SO, starts at ca. 0.6 V giving rise to a peak between 0.75 and 0.85 V vs.
NHE [130]. Even on a reverse potential sweep, SO is being oxidised at the potential range
where electrode surface oxide is being removed, which is typical behaviour of an electrode
process being inhibited by surface oxidation. The SO, oxidation process has an adsorption
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character and is diffusion controlled, depending on the state of the electrode surface [23, 26,
129, 130]. Thus at the potential range where inhibition occurs, the SO, concentration profile
at the electrode surface has time to be restored through diffusion, thereby leading to the
reverse sweep oxidation of SO, right after de-inhibition to occur once again [130].

The oxidation process proceeds through an adsorbed particle inherent from reduced SO,
species [23, 52, 129]. A gold surface covered with oxides proved to inhibit the SO, electro-
oxidation reaction [129], even though SO, enhances oxide formation on gold electrode
surfaces [133]. The moment the gold surface is covered by oxides, the current density drops
significantly [51, 129, 130] — this occurs at about 1.4 V [130] up to about 1.5 V [51] vs. NHE
and is clearly seen with rotating disc electrodes. On rotating electrodes the SO, oxidation
beyond the surface oxidation potential is very clearly distinguishable on a voltammogram, as
compared to stationary electrodes, as the equilibrium establishment of oxide formation being
removed through real-time SO, oxidation is much more difficult to acquire on a stationary
surface [51]. Inhibition was shown to be at a lesser degree, depending on the concentration
of SO,, with the lower concentrations of aqueous SO, experiencing less inhibition [130].

On gold it has also been found that the adsorbed sulphur layer could have inhibiting- instead
of reaction-promoting effects [131]. For gold it is speculated that the diffusion of SO, species
is slow, followed by a quick adsorption and charge transfer reaction [23]. Other authors
speculate that the straight charge transfer to dissolved SO, occurs for both platinum and
gold.

5.1.6.2. Reduction Products of SO,

When the potential on gold is taken to below 0.4 V vs. NHE the electrode surface becomes
covered in reduced SO, species as adsorbed SO, is being reduced below 0.4 V [129, 130].
The reduced SO, species coverage on the electrode surface, in the form of sulphur,
increases with lowering of Epy [130]. As soon as the potential reaches the hydrogen
evolution potential region, the reduction of bulk SO, takes place [51]. In literature it is
speculated that the weakly bound reduced species is H,S [26, 129], which is oxidised prior
to surface oxide formation [128, 129] and the stronger adsorbed species oxidise at potentials
after the weakly bound species. The more strongly adsorbed reduced SO, species is most
likely sulphur [51, 130]. The adsorbed reduced SO, species shift the SO, oxidation peak to
between 50 mV and 100 mV more negative than without the reduced ad-species [129, 130].
The optimum coverage determined in literature was between half and full coverage,
indicating monolayer coverage of chemisorbed monomeric sulphur [23, 130]. Excessive
coverage inhibits the SO, oxidation reaction and too little coverage also reduces electrode
activity [23, 130]. Regardless of the method employed to cover the electrode surface, the
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optimum surface coverage for maximum catalytic activity is a monolayer on the surface [23,
128, 130].

It was also found in literature that adsorbed SO, greatly decreased with the presence of
adsorbed reduced SO, species [51, 129]. It should be noted that the reduced species affect
both the strongly and weakly adsorbed SO, differently [129]. It can also be suggested that
the oxidation of bulk SO, occurs with the molecular SO, not strongly bound to the electrode
surface [130]. The reduction of adsorbed SO, has two distinct voltammetric peaks, with the
first at almost 0.14 V and the second at -0.075 V vs. NHE, which respectively indicates the
formation of monomeric sulphur and S% species [130]. Zden&k and Weber [51] speculated
that the SO, oxidation limiting current has the same values with a clean gold surface as
compared to a gold surface covered with reduced SO, species.

5.1.6.3. Electrode Preparation

The chemical pre-treatment of the gold electrode surface plays an important role in the
anodic oxidation rate of SO, as well as in the clarification of the possible reaction
mechanism [129, 133], although the mechanism is not of interest in this investigation, parts
of it need to be considered for establishing the reaction activity, using the techniques
described in section 2.3. The forming, and then stripping, of oxide films on gold produces an
active surface for the electro-oxidation reaction of SO, [133]. As the oxide layer readily
dissolves in acid solutions, the lack of stripping of oxide does not necessarily mean reduced
electrode activity.

The electrode should be cleaned thoroughly and polarised cyclically in 0.5 M H,SO,4 between
potentials of 0.5 to 1.75 V vs. NHE [129]. The anodic oxidation of the surface of gold starts at
about 1.3 V vs. NHE and decreases right before the molecular evolution of oxygen
molecules at about 1.7 V [129]. The oxygen forms a monolayer on the surface and is
independent of scan rate and temperature [129, 130].

5.1.7. Platinum vs. Gold

Gold is known to be particularly resistant to oxide formation as it occurs at a much higher
potential compared to platinum [23]. The onset of oxide formation is about 1.4 V vs. NHE.
The overlap of the oxide formation with the electro-oxidation of SO, is thus more easily
distinguishable on gold than on platinum. Similar mechanisms for gold and platinum have
been proposed that include the straight transfer of charge in the area where the first anodic
peak appears with an activated electrode and the chemical oxidation of SO, at the more
positive anodic region where gold oxide formation takes place. Literature has, to the
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contrary, shown that the formation of gold oxide completely inhibits the electrochemical
oxidation of SO,.

Gold exhibits better catalytic properties towards SO, oxidation than platinum. SO, adsorbs
much more strongly on platinum than on gold [26, 130], which can be regarded as the
steering wheel of the reactiveness and selectivity of the electrodes towards SDOR [130].
Less sulphur is formed on gold than on platinum at the same reduction potentials for each
electrode [26]. The catalytic effect of sulphur on the electro-oxidation of SO, is not as strong
on gold as on platinum.

For both gold and platinum the same basic, yet mysterious mechanism is followed on
activated electrode surfaces [26, 128, 133]. High overpotentials are still required for the
electro-oxidation reaction on both metals even though the reaction is improved with gold as
electrode or sulphur modified platinum surfaces [26]. The overall process has been found to
involve two electrons, in the rate limiting step, supporting the fact that SO, is oxidised to
sulphate [133].

The oxide formation on gold takes place at a much higher overpotential [128, 133] as the
oxide readily dissolves in the aqueous medium, as compared to platinum [128, 133],
therefore the voltammograms on gold for SDOR are more distinct than on platinum [133].
When both gold and platinum are in the same active condition, the behaviour of SO,
oxidation is similar. Platinum needs to be oxide free or in a reduced state for improved
activity. It is also clear that the presence or absence of surface oxide does not necessarily
influence the electro-oxidation of SO, [128]. Hydrogen adsorbed on both gold and platinum
inhibits the electro-oxidation reaction of SO, [133].

Careful pre-treatment of electrode surfaces indicated that the mechanism involved chemical
and electron-transfer processes in concomitance [133]. For both electrodes, the process is
thus diffusion controlled and irreversible where SO, is also consequently oxidised to S(VI),
which then reacts with water to form sulphate or bisulphate.

Substrate sensitive oscillations in current density have been found on both gold and platinum
electrodes when predetermined starting potentials were held for several minutes [26], due to
the active oxidation mechanism of SO, in the oscillatory potential region.

Platinum has been found to be less inherently active towards SO, reduction than gold [23].
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5.2. Experimental Procedure

Sulphur dioxide oxidation was investigated in 0.5 M H,SO, only by using (i) high purity SO,
gas (from Afrox) and (ii) sulphite salt (from ACE) for both platinum and gold. All the other
reagents used in this investigation are listed in section 3.2.2. For both platinum and gold,
preconditioning was done in 0.1 M HCIO, in the fingerprint CV areas of each metal at 50
mV/s scan rate until the voltammograms showed stability and repeatability. For SO, gas the
fresh 0.5 M H,SO, solution was vigorously bubbled at least 10 minutes before every LP that
was run as, in the literature, the solution was said to be saturated at about 20 minutes [26].
During the experiments, the SO, gas was set to flow over the electrolyte surface as to
ensure the saturated state of the solution.

The Na,SO; salt was made up as a stock solution of 1 M concentration from which 10 mL
was diluted to 100 mL on demand for every experiment, with inert (bubbled with N,) 0.5 M
H.SO, to give a final concentration of 0.1 M Na,SO; in 0.5 M H,SO,.

5.2.1. Platinum
5.2.1.1. Preconditioning

The preconditioning of platinum was performed after polishing and sonication by doing CVs
in 0.1 M HCIO,4, made inert by bubbling N, gas into solution for a minimum of 10 minutes,
from -0.831 V up to 1.5V vs. SCE at a scan rate of 50 mV/s for at least 10 cycles or until the
voltammograms showed repeatability of subsequent CVs.

5.2.1.2. Gaseous SO,

Different starting potentials for CVs were run at 10 mV/s scan rate and at 0 RPM rotation
rate in SO, saturated 0.5 M H,SO, by using -0.241, -0.141, -0.041, 0.059 and 0.159 V vs.
SCE as starting potentials and ending the CV scan at 1.5 V vs. SCE. For platinum the best
activity was found to occur when the starting potential of the scan was taken as -0.141 V vs.
SCE, which is equivalent to 0.1 V vs. NHE. LPs were subsequently started from -0.141 V vs.
SCE and ended at 2.159 V vs. SCE at a scan rate of 10 mV/s and rotations of 0, 100, 400,
1600 and 2500 RPM in SO, saturated 0.5 M H,SO, solution.

5.2.1.3. Na2303 Salt

0.1 M Na,SO;3 in 0.5 M H,SO,4 was used for all experiments. The platinum experiments for
the Na,SO; salt were done exactly as the gaseous experiments above were, with the only
difference being the salt in solution instead of the saturated gas in solution, by investigating
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the activity at different starting potentials for CVs and at different rotation rates for LPs
starting at the potential that showed the best activity i.e. 0.1 V vs. NHE.

5.2.2. Gold
5.2.2.1. Preconditioning

The preconditioning of gold was performed after proper polishing and sonication as
described in section 3.2.4.1. After each experiment with SO, gas, an adsorbed reaction
product contaminated (poisoned) the electrode surface, which required a CA to be run at the
potential where the adsorbate was detected. The potential was ca. 0.425 V vs. SCE at which
the CA was held for at least 5 minutes or until the current density stabilised at a low value.
Depending on the severity of the contamination, the preconditioning CVs had to be repeated
up to 40 times in some instances before the voltammograms showed stable repeatability. To
summarise: After polishing and sonication a CA was run in inert 0.1 M HCIO, at 0.425 V vs.
SCE for at least 5 minutes after which a CV was run at a scan rate of 50 mV/s for a minimum
20 cycles starting from the OCP up to 1.6 V vs. SCE and back again to 0.1 V vs. SCE and
ending at 0.1 V.

5.2.2.2. Gaseous SO,

After preconditioning as described in section 5.2.2.1, the effect of starting potential was
investigated in SO, saturated 0.5 M H,SO, by doing CVs starting at 0.0, 0.1, 0.2, 0.3 and 0.4
V vs. NHE (-0.241, -0.141, -0.041, 0.059 and 0.159V vs. SCE respectively) with each CV
ending at 1.5 V vs. SCE for 1 cycle at each starting potential scanning at a rate of 10 mV/s at
0 RPM for every run. The best starting potential was -0.141 V vs. SCE (0.1 V vs. NHE, which
is different to the literature’s 0.2 V vs. NHE [23]) to be used for all further experiments. As a
control, a CV was run from -0.241 V—-1.5V vs. SCE in 0.5 M H,SO, as to compare what a
CV would resemble without SO, in solution. LPs were run at 0, 100, 400, 900, 1600 and
2500 RPMs starting at -0.141 V vs. SCE and ending at 2.4, 2.4, 2.5, 2.6, 2.8 and 2.9 V vs.
SCE for each respective rotation rate with a scan rate of 10 mV/s. The 2500 RPM runs were
unsuccessful as the current density reached a high of over 2 A/cm?, which is out of the
detection range of the potentiostat.

5.2.2.3. Na2503 Salt

0.1 M Na,SO; in 0.5 M H,SO, was used for all experiments. The same investigation of
starting potentials on the performance of the electrode was investigated starting at -0.241,
-0.141, -0.041, 0.059 and 0.159 V vs. SCE. It was determined that -0.141 V vs. SCE was the
best potential to start at. The same control CVs for the SO, gas experiments were used to
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compare the activity of the electrode with and without Na,SO; in 0.5 M H,SO,. All
subsequent LPs were run in 0.1 M Na,SO; and 0.5 M H,SO, at 10 mV/s scan rate, starting
from -0.141 V vs. SCE and ending at 2.0 V vs. SCE for all RPMs, which consisted of 0, 100,
400, 1600 and 2500 RPM.

5.3. Results and Discussion

The literature covered SDOR using a certain known concentration of SO, in solution using a
salt [26], or saturated SO, in solution using gas [18]. This led to the study of gaseous SO,
(direct) and SO, administered in the form of Na,SO; (indirect) for the experiments. The first
part covers the electrode behaviour in 0.5 M H,SO, using a direct administration of gas and
the second part, the indirect administration of gas using a salt.

5.3.1. Gaseous SO,
5.3.1.1. Effect of Starting Potentials

Before every experiment, the electrode preparation and preconditioning was done as
described in section 5.2.1, with the preconditioning CV for platinum resembling the typical
voltammogram depicted in Figure 13 on page 30, and for gold resembling that of Figure 14
on page 30, with the only deviation being the lowest potential the electrode was cycled to.
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Electrode Potential, E vs. NHE (V)

Figure 57: Preconditioning CV of gold in 0.1 M HCIO, as it appeared after studying SO, oxidation using
gaseous SO;. Scan rate = 50 mV/s at 0 RPM rotation rate without SO gas in solution

In the voltammogram shown in Figure 57 for gold, a strongly adsorbed chemical species was
observed in the double layer voltage zone at ca. 0.666 V vs. NHE. The peak might be
attributable to the very strong adsorption of SO, [128, 129], which, according to literature,
would not negatively influence the reactivity of gold towards the SDOR. Regardless of
literature stating no negative influence of strongly adsorbed sulphur dioxide chemical
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species on electrode activity, CAs were run before subsequent preconditioning CVs at 0.666
V vs. NHE for as long as necessary to let the current density reach a limiting current flow
right before the CV was performed, in an attempt to rid the electrode surface of the adsorbed
species, so as to ensure proper electrode cleanliness.

According to literature, adsorbed reduced SO, catalysed the oxidation of bulk SO, [129,
130], with the reduced SO, species being generated at ca. 0.14 V vs. NHE [130]. The
activity of the electrode in this study was to be determined at different starting potentials for
voltage scan initiation. The scans were set to start at different potentials and not held at the
starting potential before executing the voltage scan, as too little or too much electrode
coverage of the adsorbed reduced SO, species might also render the electrode surface
inactive towards SO, oxidation in the oxidative potential scan range [23, 128, 130].

Before the CVs in Figure 58 and Figure 59 were carried out, the 0.5 M H,SO, solution was
bubbled with SO, gas for at least 10 minutes, as, according to literature [26], 30 minutes
should produce a saturated solution, whereas in this study, repeated CV runs in H.SO,
solution with 10 minute bubbling produced the same voltammetric repeatability as 30
minutes bubbling, thus 10 minute bubbling produced solution saturation with SO..

In Figure 58 and Figure 59 the effect of different starting potentials are compared to the
voltammograms without saturated SO, gas in solution for both platinum and gold
respectively. The CV scans for platinum and gold were started from 0.0, 0.1, 0.2, 0.3 and 0.4
V vs. NHE and ended at ca. 1.7 V vs. NHE for all CVs on platinum and ca. 1.74 V vs. NHE
for gold. It can be seen in Figure 58 for platinum that the current density for each
voltammogram starts to increase at different potentials and reaches different maximum
current densities depending on the starting potential. When compared, the starting potential
of investigative scans that would provide more catalytic activity was determined to be 0.1 V
vs. NHE. The CVs for gold in Figure 59 below clearly shows that the starting potential of
0.1 V vs. NHE produced the lowest SDOR onset potential versus the highest limiting current
density ratio, which is in accordance with the literature findings of around 0.1 V vs. NHE
being the potential of the reduction of SO, species that ultimately catalyses the oxidation of
SO, [130]. Both platinum and gold, in this case, showed the best starting potential to be 0.1
V vs. NHE. Literature investigations on platinum found that at 0.14 V vs. NHE adsorbed SO,
is reduced and subsequently catalyses the SDOR [130]. For the 0.1 V starting potential on
platinum, the current density starts to increase from ca. 0.55 V vs. NHE, reaching a high of
about 380 mA/cm? at 1.35 V vs. NHE with a rapid decline in current density from ca. 1.45 V
vs. NHE.
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Literature states that the reduction of adsorbed SO, species occurs in the potential range
from ca. 0.1 V- 0.4 V vs. NHE [129, 130], which might account for the very slight difference
in the onset potential for the different starting potential scans depicted in Figure 59 for gold.

400

300

200

100

400

300

200

100

400

Current Density, <i> (mA/cm?)

400

300

200

100

0.10

1~

—— 0.0V Start

300
200

100

400

L e e S

300

200 -

100

005 . ..

000 i
005
-0.10 4
-0.15 4

-0.20

Figure 58: Control CVs for the SDOR on Pt in 0.5
M H,SO, at different starting potentials using a
SO, saturated solution with a scan rate of 10

i| -+ Without SO,

0.0 0.5 1.0 1.5
Electrode Potential, E vs. NHE (V)

mV/s and no electrode rotation

Current Density, <i> (mA/cmE)

0.2 —
-0.4 —
-0.6 —
-0.8

800

600 —

400 —

200 —

800

— 0.0V Start

)

600 —

400 —

200 —

800

600 —

400 —|

200 —

800

600 —

400 —

200 —

800

600 —

400 —

200 —

00— .——4://// ~ — l
!
,.-cﬂ{--ﬁ-l
=27
0— _ 7 ;& m _%_N_
—
"] 7 [y
!
—— 0.4V Start &
........ ~t i_ﬁ_,_i
= L
0 — ———E —_

0.4

0.2 —
0.0 —

.0 0.5 1.0 1.5
Electrode Potential, E vs. NHE (V)

Figure 59: Control CVs for the SDOR on Au in 0.5
M H,SO, at different starting potentials using a
SO saturated solution with a scan rate of 10 mV/s
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According to literature, oxide adsorption might inhibit the electrode activity towards SO,

oxidation once the surface has been covered in oxides [23, 52, 132, 134] due to the blocking

of the active surface sites by adsorbed oxygen [23] or by depletion of the catalytically active

reduced SO, species. The backward scan on platinum showed a peak appearing at ca.

0.9 V vs. NHE for all the different starting potential scans. The peak increases, along with

the decrease in reductive current for the electrode oxide desorption current. The adsorbed

oxygen is removed from the electrode surface’s active sites thus activating the electrode by

restoration of the SO, oxidation current in the backward scan [132]. This is in accordance

with literature and, consequently, supports literature findings [23, 52, 132, 134] for both
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platinum and gold as depicted in Figure 58 and Figure 59. All the following voltammetric
investigation scans regarding SO, electro-oxidation were started from 0.1 V vs. NHE.

5.3.1.2. Effect of Rotation Rate
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Figure 60: LPs of Pt in 0.5 M H.SO, saturated with Figure 61: LPs of Au in 0.5 M H.SO,; saturated
S0O; gas at different rotation rates with a scan rate with SO, gas at different rotation rates with a
of 10 mV/s (Ejow = 0.1 V) scan rate of 10 mV/s (Ejow = 0.1 V)

In Figure 60 and Figure 61 above, LPs for the SDOR at different rotation rates are shown.
The starting potential for all the runs was 0.1 V vs. NHE. In Figure 60 for platinum, the
current density starts to increase just after 0.5 V vs. NHE with the maximum current density
reached for the 2500 RPM scan about 1200 mA/cm? past 2.0 V vs. NHE. The maximum
current density at 0 RPM is ca. 400 mA/cm?. The current density on gold in Figure 61 starts
to increase from ca. 0.52 V vs. NHE and reaches an amazing high of almost 2000 mA/cm?
or 2 A/em? for the 1600 RPM run, almost out of range of the current density the potentiostat
is able to detect. The current density reached too high a level for a 2500 RPM run to be
executed on gold, with the diffusion limited maximum current density reached for 0 RPM
being ca. 300 mA/cm?.

The sudden drop in current density, which can be seen for all rotations in Figure 60 and
Figure 61 from about 1.6 V vs. NHE for platinum and from ca. 1.75 V for gold, is attributable
to oxide adsorption on the surface of the electrode, inhibiting the activity of the electro-
oxidation reaction of SO, [23, 51, 52, 129, 130, 132, 134]. As the rotation rate increases, the
sudden current density decrease increases in overpotential. It is clear that the faster the
electrode rotates, the more delayed the inhibition effect of oxide adsorption is. The delayed
inhibition might be attributable to the competition for available active sites on the platinum
between SO, and O, [123], or the establishment of oxide formation equilibrium being more
difficult to acquire due to its removal by real-time SO, oxidation [51] and thus the subsequent
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delay in inhibition of the electrode activity by oxide formation [51, 129, 130]; therefore, as the
rotation rate increases with both electrodes, so too does the constant fresh supply of SO, to
active sites increase, consequently retarding the inhibition effect of oxygen adsorption on the
electrode activity. Displacement of the catalytic sulphur layer by the formation of oxides
might also contribute to the sudden fall in oxidation current [51].

As SO, can still be oxidised on platinum oxide (reaction (49)) as according to literature [23,
52, 123], it might be possible that oxides still adsorb on the platinum surface, with the
constant fresh supply of SO, to the electrode surface at higher rotation rates maintaining the
SDOR activity. It might be possible that the catalytic sulphur layer might be displaced by the
formation of electrode surface oxides that could also contribute to the sudden fall in oxidation
current [51].

Oscillations in current density on gold, characteristic of the mechanistic oxidation of SO, had
been found in the results depicted in Figure 59 and Figure 61, which corresponds well with
literature findings [26].

The results in Figure 60 and Figure 61 show a definite mass transfer inhibition, as is found in
literature [23] for both electrodes. The reaction is clearly mass transfer inhibited as indicated
by the increase of the current density as the rotation rate increases. This is in accordance
with literature findings for the SDOR, especially at lower rotation rates, from about 1.0 V vs.
NHE for gold, which is in accordance with literature findings [26, 129].

5.3.1.3. Tafel Plots
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Figure 62: Tafel plot for the electro-oxidation of
S0: in 0.5 M H2SO, using a gaseous SO, feed at 0
RPM on Pt plotted from the potential range 0.990
—1.09 V vs. NHE from the results in Figure 60
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The Tafel slope for platinum and gold has been calculated from the plots in Figure 62 and
Figure 63 above as 891 mV/decade for platinum and 378 mV/decade, which is high for both
electrodes and subsequently indicative of a sluggish reaction. The literature values for the
Tafel slope is mainly for Na,SO; and not for SO, gas and ranges from ca. 30 — 140 mV for
platinum and 50 — 60 mV for gold [23]. It can be concluded that the SDOR is more active on
gold than on platinum in 0.5 M H,SO, using a direct administration of SO, gas and taking the
magnitude of the slopes into consideration. To further investigate the reaction activity,
Koutecky-Levich and Levich analyses were executed on the data produced in Figure 60 and
Figure 61 for platinum and gold respectively.

5.3.1.4. Koutecky-Levich Plots
0.04 0.030

o A o A

= _ - < 0.025 A e T

5 - |5 R e

< 003 B < S 7a -

S — £ e _———

= e =~ 0020 o L e=T o-m

A - ° A T - -

v - - v a__ ——— " o

= g oA - 2 0015 B e

£ 0.02 _ 2 .

g At - _m % ey

& o R

[a} e ° S 2

= e _ - £ 0.010 1

g pm® - ® - ]

300 e @ A E=09999V 3 s E=08544V
2 e E =1.0966 V @ 0.005 7 E = 0.9003 V
8 L] E=11978V g L] E = 0.9504 V
g < E =1.2989 V i< 0 E =1.0008 V
- 0004 T e Linear 00009 e e Linear

0.2

Figure 64: Koutecky-Levich plots for Pt in 0.5 M
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Figure 60
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Figure 65: Koutecky-Levich plots for Au in 0.5 M
H>S0O4 and SO; gas, based on the results in Figure

Table 11: Koutecky-Levich plot results for Pt and Au in 0.5 M H,SO, saturated with SO, gas

Catalyst | Potential used (E vs. Corresponding Slope Number of

0.9999 0.027 0.4

1.0966 0.016 0.7

Pt 1.1978 0.011 1.0
1.2989 0.008 1.3

Average Electrons: 0.9

0.8544 0.008 1.4

0.9003 0.010 1.1

Au 0.9504 0.007 1.6
1.0008 0.008 1.4

Average Electrons: 1.4
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From the LPs depicted in Figure 60 and Figure 61 for platinum and gold, the Koutecky-
Levich plots were produced as in Figure 64 for platinum and Figure 65 for gold. Table 11
summarises the results. The values for the variables used from Table 20, Table 22 and
Table 24 (in Appendix 1 — Data) for the calculation of the Koutecky-Levich results, is

summarised in the following table:

Table 12: Values used in the Koutecky-Levich equation for Au in 0.5 M H>SO4 saturated with SO gas

Kinematic Viscosity (cm?%s) 1.068x10 [60]
Diffusivity (cm?/s) 1.830x10% [60]
Radius (cm) 2.50x10™
Faraday Constant (mA.s/mol) 9.65x10’
Concentration Sat. SO, (mol/cm®) | 1.4x10% [60]

The kinematic viscosity of the solution was calculated by using the values in Table 25
(Appendix 1 — Data), with the range of values used from Table 25 summarised in Table 26
(Appendix 2 — Sample Calculations).

The Koutecky-Levich analysis brought forth a value of 0.9 electrons that can be rounded to 1
and 1.4 for gold, which can also be rounded to 1 electron transferred in the SDOR using SO,

gas for platinum and gold.

For platinum and gold, there is no literature that supports the finding of a 1 electron transfer.
Regardless, the slopes of the plots in Figure 64 show a very clear lack of parallelism on
platinum. This implies a mechanism that changes [53, 81, 85] during the mixed control
region’s step of the SDOR on platinum. The lack of strict linearity of the plots in Figure 64
and Figure 65 for both platinum and gold can also indicate a change in the mechanism [63].
To support these conclusions, the Levich plots were constructed and presented in the

following section.

5.3.1.5. Levich Plots

For both platinum and gold, the maximum peak current densities from Figure 60 and Figure
61 above were used to calculate the number of electrons transferred using the Levich
equation (15) from section 2.3.2. The values of the variables used in equation (15) are listed
in Table 12 above.

The plots for platinum in Figure 66 do not show strict linearity, as do gold’s to a lesser
degree in Figure 67; regardless, the plots lie more linearly positioned than platinum. The
number of electrons calculated for platinum using Levich was 1 and for gold 2.
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For a two electron process, as for gold, the SDOR follows the same reaction path as
depicted in reaction (51) above to produce H,SO,, demonstrated below in reaction (52) [23,
128, 129]:

SOQ + 2H20 s HQSO4 + 2H" + 2¢ (52)

This finding for gold is in correspondence with literature [23, 128, 129].

The lack of linearity, as with platinum, is indicative of a mechanism that involves more than
one step [53]. The slopes of the linear plots in the Koutecky-Levich plot showed a lack of
parallelism, which indicates a change in the reaction mechanism in the mixed control region
of the LPs. Therefore on platinum, the mechanism followed in the mixed control region might
differ from the mechanism followed in the diffusion controlled region. The Levich plot
determined the 2 electron oxidation reaction of SO, on gold, using direct administration of
SO, gas while Kouteky-Levich established 1, ultimately indicating a different mechanism in
the diffusion- and mixed control- regions. On platinum, Levich analysis confirmed the 1
electron transfer with a lack of linearity in the plots, indicating a complex mechanism. As the
mechanism was not in the scope of this study, further investigation was not attempted in that

context.

5.3.1.6. Conclusion

The voltammetric scans showed the best activity for a starting potential of 0.1 V vs. NHE as
was determined in section 5.3.1.1. This starting point of voltammetric scans showed the
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lowest SDOR onset potential with the highest maximum current density as depicted in Figure
58 and Figure 59 for platinum and gold respectively. The literature value for the reduction of
adsorbed SO, was determined as 0.14 V vs. NHE [130]. The improved catalytic activity
towards the SDOR, as described by literature [129, 130] in section 5.1.3, is due to a catalytic
layer of adsorbed reduced SO, forming, that subsequently acts as a donor ligand for the
electrode surface [127], as adsorbed SO, could potentially act as an electrode active site
inhibiter [18], which was also found in this study to be the case for both platinum and gold. It
was also speculated in this study that there are very strong adsorbed SO, on the gold
electrode surface (section 5.3.1.1) that is clear on preconditioning CVs although it does not
affect the electrode activity in a negative manner.

The number of electrons could be determined using Koutecky-Levich and Levich analyses
for both platinum and gold. There was a lack of a linear increase in current density as the
electrode rotation rate increased for platinum. Regardless, the use of Koutecky-Levich and
Levich analysis was still applied to the results, giving a result of 1 electron in both analyses’
approaches for platinum, which is a value not found in literature as most literature
investigations focused on indirect administration of SO, gas by means of Na,SO;. The
platinum electrode is active towards the SDOR nonetheless.

The number of electrons transferred on gold was calculated as 1 using Koutecky-Levich and
2 using Levich analyses, which is indicative of the oxidation of SO, to form H,SO, in the
diffusion limited region, as is indicated in literature [129, 130] with the overall reaction
depicted in reaction (53), based on reaction scheme (51) [52, 123, 127] in section 5.1.5.2:

SOQ + 2H20 —_— HQSO4 + 2H" + 2¢ (53)

The Tafel slope for the SDOR, using a direct administration for SO, gas on platinum in 0.5 M
H,SO, was determined as 891 mV/decade and as 378 mV/decade on gold, which is several
magnitudes higher than literature values found for the Na,SO; salt [23] as there are no
literature values for the gaseous form of SO, to be compared to. The magnitudes of the
Tafel slopes imply a sluggish reaction on both platinum and gold. When taking the Tafel
slopes into account, the SDOR is more favoured on gold than on platinum.

The SDOR onset potential was determined as ca. 0.52 V vs. NHE for both electrodes with
the maximum current density reached for the 1600 RPM scan on platinum about 1100
mA/cm? at ca. 2.0 V vs. NHE and on gold 2000 mA/cm? for the 1600 RPM rotation scan. The
maximum current density at 0 RPM is ca. 400 mA/cm?for platinum and 300 mA.cm? for gold.
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Regardless of the lack of confirmation of the 2 electron transfer reaction, the platinum
electrode showed activity towards the SDOR with a good correspondence to literature [52,
123, 127], except that literature used Na,SO; to produce dissolved SO, gas. The behaviour
of platinum and gold in aqueous sulphuric acid is thus in accordance with literature findings
[129, 130].

5.3.2. Sulphite Salt

The reaction of Na,SOj; as substrate to the SO, electro-oxidation is investigated on platinum
and gold in this section using 0.1 M Na,SO; dissolved in 0.5 M H,SO;,.

Na2803 + HQSO4 — NaQSO4 + HQO + SOQ (54)

The preconditioning and electrode preparation was done as described in section 5.2.1 and
5.2.2 for both electrodes. On gold the preconditioning CV typically resembled the
voltammogram of Figure 13 on page 30. No strongly adsorbed chemical species on the gold
surface was found, as with the gaseous study of SO, oxidation (Figure 57) that showed an
oxidation peak at ca. 0.666 V vs. NHE in the preconditioning voltammogram. The difference
of this adsorption phenomenon, when using Na,SO; to administer SO, with the direct
administration of SO, gas, might be attributable to the Na,SOj; in the solution that may
influence the adsorption of SO, to the gold active sites, as according to literature the SO,
oxidation rate or activity might be influenced by chemical species in solution adsorbing on
the electrode surface [51].

5.3.2.1. Effect of Starting Potential

Refer to section 5.3.1.1 for the reason behind the investigation into the different starting
potentials’ effect on the SDOR.

The voltammograms in Figure 68 and Figure 69 show the activity of the SDOR on platinum
and gold in 0.5 M H,SO, compared to a CV without Na,SO; in solution, so as to control if the
electrode is active or not. The scans on each electrode were started from 0.0, 0.1, 0.2, 0.3,
and 0.4 V with each and every scan ending at 2.34 V vs. NHE for gold and 1.75 V for
platinum. From the plots for platinum and gold, it can be seen that the starting potential of
0.1 V vs. NHE showed the lowest SDOR onset potential (0.5 V vs. NHE on platinum)
compared to 0.0 V, 0.2 V, 0.3 V and 0.4 V with their respective onset potentials on platinum
as 0.6 V, 0.55V, 0.7 Vand 0.75 V vs. NHE. The onset potential on gold for the 0.1 V vs.
NHE starting potential is ca. 0.55 V vs. NHE compared to ca. 0.6 V vs. NHE for the starting
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potentials 0.2, 0.3 and 0.4 V vs. NHE and an increase in current density at ca. 1.0 V vs. NHE
for the 0.0 V starting potential.
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Figure 68: CVs of SO. oxidation using 0.1 M Figure 69: CVs of SO oxidation using 0.1 M
Na>SO; in 0.5 M H;SO; at different starting NaSO; in 0.5 M H2SO; at different starting
potentials on platinum at a scan rate of 10 mV/s potentials on gold at a scan rate of 10 mV/s and 0
and 0 RPM electrode rotation rate RPM electrode rotation rate

The scan for the starting potential of 0.1 V vs. NHE showed an increase in current density
from ca. 0.5 V vs. NHE, reaching a maximum peak at ca. 0.72 V vs. NHE with a maximum
current density of about 18 mA/cm?. For the 0.1 V starting potential scan on gold, the current
density reaches a well-defined peak at about 0.69 V vs. NHE with a current density of ca.
25 mA/cm?, decreasing slightly to a diffusion limited current density of ca. 18 mA/cm? The
diffusion limited current carries on until the electrode surface oxide forms, as according to

literature the oxide inhibits the electrode activity towards SDOR [130].

According to literature the adsorption of SO, to the electrode surface might inhibit the activity
of the electrode surface towards the oxidation of SO, [18]. Adsorbed SO, is reduced at
potentials below ca. 0.65 V vs. NHE with the best potential for SO, reduction at ca. 0.15 V
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vs. NHE [18, 23]. Some authors state that the ideal potential for SO, reduction is 0.2 V vs.
NHE [132]. It was found by many authors that a layer of reduced SO, in the form of sulphur
formed a catalytic layer [26, 123, 130, 132]. More than a single layer of sulphur might also
inhibit the electrode activity due to active site passivation [18, 23]; for that reason the scans
were only initiated at the different starting potentials, so as to ensure result repeatability.

H,SO;3 + 4H* + 46 ——> 3H,0 + S E° = 0.449 V [26, 129, 130] (55)

As can be seen in Figure 68 and Figure 69 the electrodes showed activity for the SO,
electro-oxidation reaction in 0.5 M H,SO, using an indirect administration of SO, gas. All the

following voltammetric experiments were thus started from 0.1 V vs. NHE.

5.3.2.2. Effect of Rotation Rate
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Figure 70: LPs of Pt for SDOR using 0.1 M Na2SO3 Figure 71: LPs of Au for SDOR using 0.1 M
salt in 0.5 M H.SO,4 at different rotation rates at a Na>SO; salt in 0.5 M H.SO, at different rotation
scan rate of 10 mV/s (Ejow = 0.1 V) rates at a scan rate of 10 mV/s (Ejow = 0.1 V)

The LPs in Figure 70 for platinum showed a current density increase for SDOR from the
onset potential of about 0.5 V, reaching a maximum peak at about 1.2 V vs. NHE with a
current density of ca. 83.7 mA/cm? for the 1600 RPM LP scan. For the 0 RPM scan, the
maximum current density reached was determined as 18 mA/cm? at ca. 0.72 V vs. NHE. The
current density on gold starts to increase from about 0.54 V vs. NHE, reaching a maximum
current density of about 204 mA/cm? for the 2500 RPM scan. Depending on the electrode
rotation rate, the current density showed a sudden drop from about 1.5 V vs. NHE. The
sudden drop was also found in literature due to the coverage of the electrode surface by
oxides during the oxide adsorption process, ultimately inhibiting the SDOR [51, 129, 130].
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The findings thus correspond with literature. Gold showed a sudden drop in current density
while platinum showed a steady decrease in current density after the peak maxima was
reached.

The current density increase for the peak maxima on platinum is not linear with rotation rate
increase with the order of current density increase maxima 0, 100, 400, 2500, 900 and 1600
RPM. To the contrary, the LPs displayed in Figure 71 for gold showed a steady increase in
current density, with increase of electrode rotation rate compared to platinum. The lack of
linear increase with rotation rate increase on platinum, might be due to the strong or weakly
adsorbed species on the electrode surface pacifying the electrode active sites towards the
SDOR [23, 26, 127] by intermediate or reaction species. As the scans are only initiated and
not held for a defined amount of time at 0.1 V vs. NHE, it is possible that the reduced
catalytic sulphur layer coverage might not be constant between each LP run, as too little
reduced SO, (increased adsorbed SO, amount) might inhibit the electrode activity [18] or too
much reduced SO, coverage that might also inhibit the SDOR [18, 23] as according to
literature the ideal coverage of reduced SO, is a monolayer [26, 123, 130, 132].

The sudden drop in current density on gold occurs slightly later in the run for every increase
in rotation rate, as was the case with gaseous (direct) administration of SO, (section
5.3.1.2), which might be the establishment of oxide formation equilibrium being more difficult
to acquire, due to its removal by real-time SO, oxidation [51] and thus the delay in inhibition
of the electrode activity [51, 129, 130]. The displacement of the catalytic sulphur layer by
formation of the surface oxides may also contribute to the sudden fall in oxidation current
[51]. From Figure 71 it is clear that the reaction is mass transfer inhibited as the current
density increases with an increase in electrode rotation rate [23]. The results in Figure 71
correspond with literature findings [51, 129, 130].

To further investigate the reaction activity on the platinum and gold electrodes, the Tafel
slope was determined as in the following section.

5.3.2.3. Tafel Plots

The Tafel plot for platinum is based on the results in Figure 70 and is depicted in Figure 72
and for gold on Figure 71 and depicted in Figure 73. The slope of the plot for platinum was
calculated as 172 mV/decade, which is slightly high compared to literature values that range
from as low as ca. 30 — 145 mV with gold’s Tafel slope calculated as 59 mV/decade where
the values published in literature range from 50 — 70 mV [23].
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Figure 72: Tafel plot of Pt for indirect Figure 73: Tafel plot of Au for indirect

administration of SOz in 0.5 M H>.SO, plotted from
the potential range 0.601 — 0.701 V vs. NHE for the
0 RPM scan in Figure 70 with an R? of 0.977

administration of SOz in 0.5 M H.SO, plotted from
the potential range 0.551 — 0.651 V vs. NHE for the
0 RPM scan in Figure 71 with an R? of 0.983

The SDOR is thus slightly more sluggish on platinum than found in literature. The calculated

Tafel slope is therefore in correspondence with literature findings. The reaction activity was

thus further investigated with the use of Koutecky-Levich and Levich analyses.

5.3.2.4. Koutecky-Levich Plots
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Figure 74: The Koutecky-Levich plots of Au for SO oxidation in 0.5 M H2SO4 using 0.1 M Na>SO;

The Koutecky-Levich plot shown in Figure 74 is plotted from the LPs in Figure 71. The LPs

in Figure 70 for platinum do not show a linear current density increase in the mixed control

regions, which makes the application of the Koutecky-Levich analyses not viable.

The results for the Koutecky-Levich plot are given in Table 13 below, with the values used in

the calculations given in Table 14 below.

M.H. Steyn

MSc

Dissertation

1.4



Table 13: Results for Au Koutecky-Levich plot in 0.5 M H2SO4 with 0.1 M Na;SO;

Potential used (E vs. NHE) | Corresponding Slope (1/mA.s™?) | Number of electrons
0.6299 0.1226 1.3
0.6398 0.0942 1.6
0.6498 0.0756 2.0
0.6598 0.0692 2.2
Average Electrons: 1.8

The values used from Table 20, Table 22 and Table 24 (in Appendix 1 — Data) for the
calculation of the Koutecky-Levich results, is summarised in the following table:

Table 14: Values used for the variables of the Koutecky-Levich plots for Na,SO; as reagent in 0.5 M
H2S0,

Kinematic Viscosity (cm?/s) 1.068x10% [60]
Diffusivity (SO, gas) (cm?/s) 1.830x10° [60]
Radius (cm) 2.50x10™

Faraday Constant (mA.s/mol) 9.65x10’

Concentration Na,SO; (mol/cm®) | 1.0x10%*

The kinematic viscosity of the solution was calculated by using the values in Table 25
(Appendix 1 — Data) with the range of values used from Table 25 summarised in Table 26
(Appendix 2 — Sample Calculations). The diffusion constant or diffusivity of Na,SO; was
used as the diffusivity of SO, gas as Na,SO; produces SO, gas in H.SO, (reaction (54)).

The slopes of the linear plots of the Koutecky-Levich plot are not parallel for gold. The
number of electrons lost in the SDOR was determined as 2 on gold. For a two electron
process, the SDOR follows the same reaction path as depicted in reaction scheme (51)
above to produce H,SO,4, demonstrated in reaction (56) below [23, 128, 129]:

SOQ + 2H20 —_— HQSO4 + 2H" + 2¢ (56)

This finding is in correspondence with literature [23, 128, 129] and with the finding in section
5.3.1.4 when using direct administration of SO, gas.

For platinum the number of electrons could not be determined using Koutecky-Levich,
because the LPs in Figure 70 for platinum do not show a linear current density increase in

the mixed control regions.
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The lack of parallelism in Figure 74 implies a mechanism that changes [53, 81, 85] during
the mixed control step of the SDOR electro-oxidation process on gold. The lack of strict
linearity of the plots in Figure 74 can also indicate a change in the mechanism [63].

Further investigation was done using the Levich equation to either support or contradict the
results from the Koutecky-Levich analysis and to make useful conclusions on the reaction

mechanism.

5.3.2.5. Levich Plots
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Figure 75: Levich plot for the SDOR on platinum Figure 76: Levich plot for the SDOR on gold in 0.5
in 0.5 M H>SO; using indirect administration of M H2SO; using indirect administration of SO, gas
S0, gas using Na;SO3 using Na>SO3

The plots for platinum in Figure 75 do not show strict linearity, whereas the gold plots (Figure
76) are linearly positioned. The number of electrons calculated for platinum using Levich was
0.5 and for gold 2. The lack of linearity, as with platinum, indicates a mechanism that

involves more than one step [53].

The Levich plots confirmed the 2 electron oxidation reaction of SO, on gold, using indirect
administration of SO, using Na,SO; salt. On platinum, Levich analysis showed a 1 electron
(rounded from 0.5) transfer with a lack of linearity in the plots, indicating a complex
mechanism. Further investigation was not attempted in that context as the mechanism was

not in the scope of this study.

5.3.2.6. Conclusion

The starting potential of 0.1 V vs. NHE was determined to be the best scan starting potential
showing the lowest onset potential for the SDOR on both the platinum and gold electrodes,
using indirect (Na,SO; salt) administration of the SO, gas. The potential for the reduction of
adsorbed SO, was determined as 0.14 V vs. NHE in literature [130]. The improved catalytic
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activity towards the SDOR, according to literature, is due to a catalytic layer of adsorbed
reduced SO, forming [129, 130], subsequently acting as a donor ligand for the electrode
surface [127], as electrode activity might be inhibited by adsorbed SO, [18].

Both electrodes are active towards the SDOR with gold exhibiting a transfer of 2 electrons
and platinum 0.5, which can be rounded to 1. The possible reaction on gold could be as
depicted in reaction (57), which is based on reaction scheme (50) and (51) [52, 123, 127] in
sections 5.1.5.2 and 5.1.6.1 whereas there is no literature covering a 1 electron oxidation
process:

SOQ + 2H20 s HQSO4 + 2H" + 2¢ (87)

The Tafel slope for Na,SO; generated SO, was calculated as 172 mV/decade, which is
slightly higher than the published literature values found for the SDOR using Na,SO; salt as
SO, administration [23] on platinum, with gold as 59 mV/decade, which is within the range of
the stated literature values [23].

The SDOR onset potential on platinum was determined as ca. 0.5 V vs. NHE with a
maximum current density of about 83.7 mA/cm? for the LP scan at 1600 RPM rotation rate
and for the 0 RPM scan ca. 18 mA/cm? for the peak at ca. 0.72 V vs. NHE. The onset
potential on gold was determined as ca. 0.54 V vs. NHE with a maximum current density of
about 175 mA/cm? for the 1600 RPM rotation rate LP scan and at 0 RPM ca. 18 mA/cm?.
The difference in current density for the rotation rates thus indicates that, if diffusion control
had not inhibited the reaction activity, the best suited catalyst would have been gold, as it
exhibited the higher current density that translates to reaction rate [135].

When considering the indirect means of SO, administration (Na,SOs), the behaviour of
platinum in aqueous sulphuric acid is thus in accordance with literature findings [23, 26],
except that the linear increase in current density with the increase in rotation rate was not
found, with the possible lack of linearity due to the lack of constant catalytic layer coverage
of reduced SO, on the electrode surface (section 5.3.2.2). Platinum also showed less
correspondence to literature findings with the number of electrons transferred determined to
be less than 2. The behaviour of gold in aqueous sulphuric acid is thus in accordance with
literature findings when considering Na,SO3; as means of SO, administration [129, 130].
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5.4. Conclusion of the Sulphur Dioxide Oxidation Reaction
5.4.1. Platinum vs. Gold (Gaseous SO,)

The whole investigation should be taken into account when establishing the best catalyst for
the SDOR; thus, when considering the maximum current density reached at higher rotation
rates, gold shows the better performance compared to platinum (almost 2000 mA/cm? at
1600 RPM and 1100 mA/cm? at 1600 RPM respectively). Gold shows almost double the
current density at high rotation than platinum, which indicates a much higher reaction rate
[135] on gold than on platinum. Both catalysts showed mass transfer inhibition due to the
increase in current density with rotation rate, in correspondence to literature findings [23].

In conclusion, gold is the better catalyst for the electro-oxidation of SO, gas in 0.5 M H,SO,
compared to platinum. Using gold as a catalyst for the SDE (section 1.3.1) could really be
considered, as the onset potential is low with a maximum current density reached for the
SDOR considerably high indicating a very fast reaction rate as the current density is a direct
indication of the reaction rate [135].

5.4.2. Platinum vs. Gold (Na,SO; Generated SO,)

When taking the maximum current density as well as the Tafel slopes into consideration, the
SDOR using indirect SO, administration is more facile on gold in 0.5 M H,SO, than on
platinum. The maximum current density acquired on platinum is lower than the maximum
current density found on gold. The SDE can be regarded as a stationary electrode (section
5.1.1), therefore the maximum current density at 0 RPM is considered. The SDOR onset
potential should also be considered, with gold at a slightly higher onset potential than

platinum.

The study of the reaction activity should be regarded as a whole in the establishment of the
best catalyst for SDOR. Therefore, when considering the maximum current density reached
at higher rotation rates, gold shows the better performance as compared to platinum (about
170 mA/cm? at 1600 RPM and 83.7 mA/cm? at 1600 RPM respectively). Gold shows slightly
more than double the current density at high rotation than platinum, indicating a much higher
reaction rate [135] on gold than on platinum. Both catalysts showed mass transfer inhibition
due to the increase in current density with rotation rate, in correspondence with literature
findings [23] except for platinum, which did not show a steady or linear increase in current
density with electrode rotation rate, which was speculated to be due to the possible lack of
constant coverage of reduced SO, on the electrode surface (section 5.3.2.2).
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In conclusion, gold is the better catalyst for the electro-oxidation of SO, using indirect
administration in 0.5 M H,SO, as compared to platinum. As is the case with the direct
administration of SO, gas, using gold as a catalyst for the SDE (section 1.3.1).

To conclude, gold is a better catalyst for the electro-oxidation of SO, than platinum by using
0.1 M NaySO; salt to indirectly produce SO, in 0.5 M H,SO,.

5.4.3. Platinum vs. Gold for SDOR
Consider the following summary of results for the SDOR using direct (SO, gas) and indirect
(Na»SOj; salt) administration of SO, gas to the electrolyte solution.

Table 15: Comparison of SDOR results for gold and platinum using direct and indirect SO, administration
in 0.5 M H.SO,4

SDOR Onset Maximum _
Potential Current Density Tafe‘IjSIoge) N eb
at 0 RPM (mV/decade umber
(E vs. NHE) (mA/cm?)
Reaction | Medium Au Pt Au Pt Au Pt Au | Pt
SDOR ]
(SO,) Acid 052V | 0.52V 300 400 378 891 2 1
SDOR ]
(Na,S0,) Acid 054V | 05V 25 18 59 172 2 1

The Tafel slope is a good measure of electrode activity, with the results in Table 15 showing
that gold is more facile towards the SDOR for both direct and indirect administration of SO,
with gold exhibiting the lower slope for both types of administration, as compared to
platinum. The big difference in the Tafel slope magnitudes as well as the maximum current
densities for the different forms of administration might be due to the difference in dissolved
SO, concentration — increased SO, concentration leads to an increase in current density
[23]. The increase in Tafel slope magnitude with increase of SO, concentration might be due
to SO, adsorption saturating the electrode surface [23]. The saturated concentration of SO,
(direct administration) was ca. 1.4 M (Table 12) whereas the salt concentration (indirect
administration) was 0.1 M, with the saturated concentration more than ten (10) times more
concentrated than the indirect form.

The onset potential for SDOR on gold using direct SO, administration was lower than the
onset potential on platinum except with the indirect administration of SO, where platinum
exhibited a lower onset potential than gold. The maximum current density reached at 0 RPM
electrode rotation rate for gold with direct administration of SO, is lower than platinum,
whereas the indirect administration of SO, gas showed a higher current density than
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platinum. When taking the maximum current density reached at high electrode rotation rate
into account, gold performed better than platinum with both direct and indirect SO, gas
administration. The number of electrons involved in the SDOR was calculated as 1 for
platinum with both SO, administration methods, which is not found in literature. Using Levich
and Koutecky-Levich methods, it could be seen that the reaction mechanism is very complex
on platinum and that might lead to determination of 1 electron. The reaction mechanism was
not within the scope of this study and thus further investigation into it was not attempted.
Regardless, the electrode showed activity. For gold the number of electrons calculated was
2 for both direct and indirect SO, administration.

The oxidation of SO, can be depicted in the following reaction for gold, using direct and
indirect administration of SO, [23, 52, 123, 127-129]:

SOQ + 2H20 s HQSO4 + 2H" + 2¢ (58)

Gold showed an interesting phenomenon with a strong adsorbed chemical species
appearing on preconditioning CVs when investigating direct administration of SO, gas, which
is SO,, according to literature, that would not affect catalytic effectiveness [128, 129] as was
found in this study, whereas there was no such species in the indirect administration of SO,
gas.

Both platinum and gold exhibited reliance on the catalytic layer of reduced SO, to improve
activity of the electrode towards bulk SO, oxidation [26, 129, 130]. The inhibition of the
electrode activity, once oxide adsorption occurs, is apparent on both gold and platinum [23,
52, 132, 134]. It might be due to the displacement of the catalytic sulphur layer by the
formation of oxides that could contribute to the sudden fall in oxidation current [51]. The
sudden decrease in current density was not found on platinum, with the indirect
administration of SO, gas using Na,SO;. Taking into account the onset potential, the
maximum current density on a stationary electrode and on a rotating electrode as well as the
Tafel slope, it can be concluded that gold is ultimately the superior catalyst for the SDOR, as
compared to platinum. Literature also speculates that gold might be a superior catalyst to
platinum for the SDOR [23]. As literature states, gold exhibits better catalytic properties
towards SDOR than platinum as SO, adsorbs much more strongly on platinum than on gold
[26, 130], which can be regarded as the main drive behind the reactiveness and selectivity of
the electrodes towards the SDOR [130].
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Chapter 6: Conclusion

For each respective reaction studied in this investigation the best catalyst material was
determined. In fuel cell applications, the best cathode or anode material was determined for
the ORR and EOR. The catalyst material for use in the SDE was also investigated for the
SO, oxidation reaction.

6.1. Oxygen Reduction Reaction (ORR)

Gold is known to bind oxygen strongly enough so as not to inhibit its reactivity or so weakly
that the electrode would be inactive towards ORR [49], while platinum is known to bind
oxygen to a degree of strength that might inhibit its activity towards the ORR [31, 74]. It is
speculated that platinum’s activity could be hampered by the adsorption of O, [31, 74], OH
[381, 76], H [83] or anions such as CIO, or HSO, that provide steric hindrance towards
oxygen adsorption [83]. As gold is also softer than platinum, and that increased hardness is
related to less activity [28], it can be concluded that the softness of gold can also contribute
to the higher efficiency of reaction towards ORR.

The ORR is known to be structure sensitive on platinum [74, 76, 79, 83] and gold [40, 49, 59]
in both acidic and alkaline medium. Pt(111) showed higher activity towards ORR in
perchloric acid [76, 79] than Pt(100) with the (111) lattice exhibiting a greater ease of
interaction with OH in alkaline medium [76]. Gold on the other hand had been established to
rely significantly on the plane of orientation of crystal lattices for the reduction of oxygen or
peroxide with Au(111) having a weak effect on the transformation of peroxide to water [82].
The results for platinum and gold are thus summarised in the table below:

Table 16: Results summary for ORR in alkaline and acid medium for Au and Pt

Onset Potential E vs. NHE | Tafel Slope (mV/decade) | e Number
Medium Au Pt Au Pt Au | Pt
Acid 0.4 0.8 -129 -205 - 4
Alkaline 0.1 0.14 -80 -72 2 4

It can be concluded that gold is a good competing electrode material and worthy alternative
material to platinum for the ORR in alkaline media, should the price of gold per fine ounce
decrease to much lower levels compared to platinum. Gold showed crossover of LPs in the
mixed control region with no diffusion limited character in acidic medium; therefore the
number of electrons could not be determined using either Levich or Koutecky-Levich
analyses. Onset potential and number of electrons play an extremely important role along
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with the Tafel slope to determine the best performing electrode, as platinum had the lowest
Tafel slope in alkaline medium, and almost equal to gold, and the highest in acidic medium,
with a higher onset potential than gold in both media. Therefore, platinum is overall an
effective ORR electrode with gold a good alternative to platinum in alkaline medium.

Ultimately, platinum showed the most effective reduction for the ORR with a total reduction
of oxygen to water in both media, which is suitable for use in fuel cell technology, as there is
no corrosive peroxide forming that can potentially damage or decrease the lifespan of a fuel
cell [73]. More power can also be drawn from a four electron process [73]. Gold was also
established to be a good competitive catalyst material as an alternative to platinum towards
the ORR in alkaline media, should the price of gold per fine ounce become cheaper than

platinum.

Platinum can therefore be considered as the ideal catalyst material for the cathode in an
acidic fuel cell so as to reduce oxygen to water and to increase the lifetime of the fuel cell.
Gold and platinum could be regarded as equally competitive catalysts for the ORR in

alkaline medium.

O, +4e +4H" — 2H,0 (Acidic) (59)

O, + 4e” + 2H,O0 — 40H (Alkaline) (60)

In this study platinum was concluded to be the more effective catalyst towards the ORR in
both media, which is the same conclusion, reached in literature [40, 79] with gold an equally
competitive catalyst to platinum in alkaline medium and worthy alternative to platinum should
the price per fine ounce decrease below that of platinum.

6.2. Ethanol Oxidation Reaction (EOR)

In this study, platinum showed superior activity in both acidic and alkaline medium.

In alkaline medium, gold had an apparent increase in activity compared to the acidic
medium; nonetheless smooth platinum could be regarded as a preferred catalyst rather than
a smooth gold electrode. Literature speculation that un-activated gold showed better
performance to the ethanol electro-oxidation reaction in alkaline media rather than acid
media is supported by the results in Table 17 [47]. Gold seems to perform better in alkaline
medium as CO poisoning does not occur on the gold surface, unlike platinum [114].
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Table 17: Comparison table for all the results at 0 RPM for ethanol oxidation in platinum and gold in both
acid and alkaline media

Peak
P oﬁzzlt(ial Current Tafel Slope Activation
Density mV/decade Energy kJ/mol

E vs. NHE 5

mA/cm
Reaction | Medium | Au Pt Au Pt Au Pt Au Pt
Ethanol Acid 1.26 | 0.8 | 0.21 | 3.5 228 209 - -
Oxidation | Alkaline | 0.36 | -0.1 | 5.93 | 1.96 227 249 30.121 | 26.201

The most accepted electro-oxidation reaction mechanism (C,-pathway) for ethanol on a gold
electrode suggests that the reaction takes place without the breaking of the C-C bond, which
then forms acetaldehyde and acetic acid [101], as the platinum electrode is prone to CO
poisoning [32].

On platinum the C-C bond is broken at low potentials in alkaline medium. Adsorbed species
are thus CH, and CO. The CHy are firstly oxidised to CO then to CO, or (bi)carbonate. CHy
intermediate species are found to be more stable in alkaline media, with the dominant
poisoning species in alkaline solution being adsorbed CO, implying that CH, is readily
oxidised on polycrystalline platinum surface in alkaline solution. C-C bond breaking is thus
more facile in alkaline medium, which in turn enhances the selectivity of the pathway to the
Ci-pathway in alkaline medium on a platinum electrode, also evident in the magnitude of the
Tafel slope comparison in Table 17.

With platinum in alkaline medium, the C-C bond is broken and CO, and adsorbed CO and
CH, is formed with an activation energy requirement less than gold, which only produces

acetic acid in alkaline medium.

Thus, platinum is the best catalyst for the electro-oxidation of ethanol in alkaline and acid

medium.

In a fuel cell application with ethanol, platinum would be the best suited electrode material in
both acidic and alkaline medium, especially at elevated temperatures in alkaline fuel cells. At
this stage, as literature indicated, there are many issues that need to be resolved before
alkaline fuel cells can be used; at elevated temperatures especially.

6.3. Sulphur Dioxide Oxidation Reaction (SDOR)

The Tafel slope is a good measure of electrode activity, with the results in Table 18 showing
that gold is more facile towards the SDOR for both direct and indirect administration of SO,
with gold exhibiting the lower slope for both types of administration compared to platinum.
The maximum current density reached at 0 RPM electrode rotation rate for gold with direct
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administration of SO, is lower than platinum, whereas the indirect administration of SO, gas
showed a higher current density than platinum. When taking the maximum current density
reached at high electrode rotation rates into account, gold performed better than platinum
with both direct and indirect SO, gas administration (Table 18).

Table 18: Comparison of SDOR results for gold and platinum using direct and indirect SO, administration
in 0.5 M H2SO4

SDOR Onset Maximum Tafel Slope e
Reaction | Medium Au Pt Au Pt Au Pt Au | Pt
SDOR Acid 052V | 0.52V 300 400 378 891 2 | 1
SDOR Acid 054V | 05V 25 18 59 172 2 | 1

The number of electrons involved in the SDOR was calculated as 1 for platinum with both
SO, administration methods, which is not found in literature. Using Levich and Koutecky-
Levich methods, it could be seen that the reaction mechanism is very complex on platinum
and that might lead to determination of 1 electron. The reaction mechanism was not within
the scope of this study and thus further investigation into it was not attempted. For gold the
number of electrons calculated was 2 for both direct and indirect SO, administration.

The oxidation of SO, can be depicted in the following reaction for gold electrodes using
direct and indirect administration of SO, [23, 52, 123, 127-129]:

SOQ + 2H20 —_— HQSO4 + 2H" + 2¢ (61)

Gold showed an interesting phenomenon with a strong adsorbed chemical species
appearing on preconditioning CVs, which is SO,, according to literature, that would not affect
catalytic effectiveness [128, 129] as was found in this study, whereas there was no such
species in the indirect administration of SO, gas. This adsorbed specie might contribute to
the magnitude of the Tafel slope in the direct administration of SO, with both platinum and
gold. Both platinum and gold exhibited reliance on the catalytic layer of reduced SO, to
improve activity of the electrode towards bulk SO, oxidation [26, 129, 130]. The inhibition of
the electrode activity, once oxide adsorption occurs, is apparent on both gold and platinum
[28, 52, 132, 134]. It might be due to the displacement of the catalytic sulphur layer by the
formation of oxides that could contribute to the sudden decrease in oxidation current [51].
The sudden decrease in current density was not found on platinum with the indirect
administration of SO, gas using Na,SO;. Taking into account the onset potential, the
maximum current density on a stationary electrode as well as the Tafel slope, it can be
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concluded that gold is ultimately the superior catalyst for the SDOR, as compared to
platinum. Literature also speculated that gold might be a superior catalyst to platinum for the
SDOR [23]. As literature states, gold exhibits better catalytic properties towards SDOR than
platinum as SO, adsorbs much stronger on platinum than on gold [26, 130], which can be
regarded as the main drive behind the reactiveness and selectivity of the electrodes towards
the SDOR [130].

6.3.1. Sulphur Depolarised Electrolyser (SDE) Applications

As gold had been established, in this study, to be the superior catalyst for the SDOR, the
anode in a fuel cell for use in the oxidation of SO, within the HyS cycle (section 1.3.1) so as
to generate hydrogen gas and sulphuric acid in the SDE (reaction (3)), can be made of gold,
as its activity towards the SDOR is superior to platinum.

SO; + 2H,O —— HSO4 + Hp (62)

6.4. Summary

The results in Table 19 indicate which electrode material had the better activity towards
every investigated reaction in each electrolyte medium. Platinum was the dominant material,
with better activity in four of the six studied reactions. Gold would therefore be the best
electrode to use with the SDOR.

Table 19: The electrode with the better activity towards each reaction in all electrolyte media

Best electrode for each reaction in every electrolyte medium

EOR Acid | EOR Alkaline | ORR Acid | ORR Alkaline | SDOR (Na,SO;) | SDOR (SO,))

Pt Pt Pt Pt = Au Au Au

Extensive mechanistic studies will have to be done to get a more in-depth understanding of
each reaction so as to develop the ultimate performing catalyst material.

Based on this study for each reaction, the best catalyst setup would be as follows: ORR —
Platinum or gold for the cathode and anode in alkaline and platinum in acidic media for fuel
cells. EOR: - Platinum for both the cathode and anode in alkaline and acidic medium fuel
cells. SDOR - Gold for the anode and platinum for the cathode.
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6.4.1. Further Work

During the course of this investigation, there were a few concepts that came to light that

could enjoy some further future investigation. A concise list follows:

The lack of linearity in the increase of current density with increasing rotation rate with
gold in acidic medium in the ORR (Figure 21). This behaviour might be due to different
mechanistic pathways, electrode preparation techniques, or even surface structure
anomalies.

Gold as electrode material for the ORR in alkaline media for use in fuel cell technology.
As gold performed very competitively against platinum towards the ORR in alkaline
medium, implementing it as an alternative catalyst to platinum for the ORR in alkaline
medium can be seriously considered or further investigated.

The third peak of the EOR on platinum in acidic medium (Figure 36 & Figure 38). As
there was no literature that even mentioned the third oxidation peak of the EOR on
platinum in acidic medium, its peculiar behaviour with temperature changes, and the
possible by-products could be identified and investigated in-depth, which might
contribute to solving the mysteries behind the EOR mechanism.

The strongly adsorbed specie on gold in the SDOR in acidic medium using SO, gas as
administration form (Figure 57). The SO, electro-oxidation mechanism is very complex
and the adsorbed specie that does not negatively affect the electrode activity, supports
that conclusion. There is also no literature found that discusses the peak found in Figure
57. Investigation into this peak might help solving the mystery.

Alloying of platinum and gold could also be investigated for the different reactions as
well as alloying of the two catalysts with different PGMs or noble metals. There is a wide
variety of literature coverage of alloying, although many different aspects thereof have
not been considered yet.

Extensive mechanistic studies on each reaction on different catalyst materials in
different electrolyte media, as most of the electrochemical reactions in this study’s

mechanisms are still very mysterious with many varying pathways found in literature.
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Appendix 1 — Data

This appendix lists the data used for all formulas in this dissertation to calculate values of

certain wanted variables or constants.

The diffusion coefficient for gases and liquids in water is given in Table 20 below [60]:

Table 20: Diffusion coefficients for different gases and liquids in water

Diffusion Coefficients (D) of Gases in H,O at 25 °C
O, 2.42 x10” cm®/s
SO, 1.83 x10° cm?/s
EtOH 1.24 x10® cm?/s

The following table (Table 21) gives the values for different compounds’ viscosity at different
concentrations at standard temperature [60]:

Table 21: Viscosity of different compounds at different concentrations at 25 °C

¢ (mol/L) p (g/cm®) | u(mPa.s)
1.008 1.0764 1.625
0.311 0.9964 1.040
g 0.621 0.9947 1.070
b} 0.930 0.9930 1.100
1.238 0.9913 1.131
1.544 0.9896 1.163
1.850 0.9880 1.196
¢ (mol/L) p (g/cm®) | u(mPa.s)
0.089 1.0025 1.010
0.179 1.0068 1.019
0.362 1.0155 1.038
- 0.548 1.0242 1.058
(@] 0.736 1.0330 1.079
X 0.929 1.0419 1.102
1.124 1.0509 1.126
1.322 1.0599 1.151
1.524 1.0690 1177
1.729 1.0781 1.205

M.H. Steyn MSc Dissertation



The solubility of oxygen and sulphur dioxide is given below in Table 22 [60]:

Table 22: Mole fraction solubility of different gases

T (K) | Solubility X; | Equation Constants
288.15 | 2.756 x 10° | A =-66.7354
293.15 | 2.501 x 10° | B = 87.4755

S [298.15|2.293 x 10° | C = 24.4526
303.15 [ 2.122 x 10° | Std. dev. = +0.36%
308.15 | 1.982 x 10° | Temp. Range 273.15 - 348.15K
288.15|3.45x10° | A=-25.2629

. 1293.15|2.90x10% | B =45.7552

Q9 [298.15 | 2.46 x 10 | C=5.6855
303.15[2.10 x 10® | Std. dev. = +1.8%
308.15| 1.80 x 10° | Temp. Range 278.15 - 328.15K

The equation used for the solubility is given as:

InX, :A+%+ClnT*

T :L
100K

(63)

In equation (63), X; is the mole fraction solubility, A, B & C the constants, as listed in Table

22 for each gas, and T the temperature in Kelvin. All these values are valid for a partial

pressure of 1 atmosphere.

Summarised in Table 23 below are variables used by some authors in the literature, for use

in the Koutecky-Levich equation (16) & (18) to determine the number of electrons involved in

the electrochemical reaction under investigation:

Table 23: Values of the Koutecky-Levich variables for the calculation of the number of electrons

Source Electrolyte Kinematic Diffusivity of O, | Oxygen
Kullapere et al. [78] | 0.1 M KOH 0.01 cm?/s 1.9X10° cm?/s 1.2X10°® mol/cm®
Jeon et al. [58] 0.5 M H;SO, 0.010 cm?/s 1.8x10°cm/s 1.136x10° mol/cm®
Sarapuu et al. [31, | H,SO, & HCIO, | 0.01 cm®/s 1.93x10° cm?/s 1.22x10° mol/cm®
49]

Paliteiro et al. [63, | 1 M NaOH 1.062x107% 1.65x10° cm?/s 8.4x10"" mol/cm®
81, 87] cm?/s

Bron [65] H.SO4 1.078x10° cm?/s| 1.8x10° cm?/s 1.13x10° mol/cm®
Erikson et al. [59] 0.5 M H,SO, 0.01 cm?/s 1.8x10”°cm?/s 1.13x10° mol/cm?®
Erikson et al. [59] 0.1 M KOH 0.01 cm?/s 1.9x10° cm?/s 1.2x10° mol/cm®
Van Brussel et al. | HCIO, 8.93x10%cm?s | 1.93x10°cm?/s 1.22x10° mol/cm®
[67]

Alexeyeva et al. [68] | H2SO4 0.01 cm?/s 1.8x10”°cm?/s 1.13x10° mol/cm®
Chen et al. [29] NaOH 9.97x10°cm?/s | 1.9x10°cm?/s 2.5x10° mol/cm®
Zdenék etal. [129] | H,SO4 - 1.8x10°cm?/s -
Zdenék et al. [129] | H.SO, - 2.0x10°cm?/s -
Zdengk et al. [129] | 0.5 M H,SO, 0.98x10%cm?/s - -
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O’ Brien et al. [26] 0.1-0.5 M - 2.0x10”cm?/s -
H.SO,
O’ Brien et al. [26] 1 M H,SO4 - 1.03x10° cm?/s -

Seo and
[133, 134]

Sawyer | 0.1 M H,SO,

2.0x10° cm?/s

Table 24: Universal gas constant R for use in the Arrhenius equation

| Universal Gas Constant, R | 8.31447 J/K.mol" |

Table 25: Data from Lide et al. to calculate the kinematic viscosity of 0.5 M H.SO, for use in the Koutecky-
Levich analysis [136]

Mass % | m/molkg™ | ¢/mol L™ | p/gecm™ | n A/°C n/mPas
0.5000 0.0510 0.0510 1.0016 | 1.3336 | 0.2100 1.0100
1.0000 0.1030 0.1020 1.0049 | 1.3342 | 0.4200 1.0190
2.0000 0.2080 0.2060 1.0116 | 1.3355 | 0.8000 1.0360
3.0000 0.3150 0.3110 1.0183 | 1.3367 | 1.1700 1.0590
4.0000 0.4250 0.4180 1.0250 | 1.3379 | 1.6000 1.0850
5.0000 0.5370 0.5260 1.0318 | 1.3391 2.0500 1.1120
6.0000 0.6510 0.6350 1.0385 | 1.3403 | 2.5000 1.1360
7.0000 0.7670 0.7460 1.0453 | 1.3415 | 2.9500 1.1590
8.0000 0.8870 0.8580 1.0522 | 1.3427 | 3.4900 1.1820
9.0000 1.0080 0.9720 1.0591 | 1.3439 | 4.0800 1.2060

10.0000 1.1330 1.0870 1.0661 | 1.3451 | 4.6400 1.2300
12.0000 1.3900 1.3220 1.0802 | 1.3475 | 5.9300 1.2820
14.0000 1.6600 1.5630 1.0947 | 1.3500 | 7.4900 1.3370
16.0000 1.9420 1.8100 1.1094 | 1.3525 | 9.2600 1.3990
18.0000 2.2380 2.0640 1.1245 | 1.3551 | 11.2900 1.4700
20.0000 2.5490 2.3240 1.1398 | 1.3576 | 13.6400 1.5460
22.0000 2.8760 2.5920 1.1554 | 1.3602 | 16.4800 1.6240
24.0000 3.2200 2.8660 1.1714 | 1.3628 | 19.8500 1.7060
26.0000 3.5820 3.1470 1.1872 | 1.3653 | 24.2900 1.7970
28.0000 3.9650 3.4350 1.2031 | 1.3677 | 29.6500 1.8940
30.0000 4.3700 3.7290 1.2191 | 1.3701 | 36.2100 2.0010
32.0000 4.7980 4.0300 1.2353 | 1.3725 | 44.7600 2.1220
34.0000 5.2520 4.3390 1.2518 | 1.3749 | 55.2800 2.2550
36.0000 5.7350 4.6560 1.2685 | 1.3773 2.3920
38.0000 6.2490 4.9810 1.2855 | 1.3797 2.5330
40.0000 6.7970 5.3130 1.3028 | 1.3821 2.6900
42.0000 7.3830 5.6550 1.3205 | 1.3846 2.8720
44.0000 8.0110 6.0050 1.3386 | 1.3870 3.0730
46.0000 8.6850 6.3640 1.3570 | 1.3895 3.2990
48.0000 9.4110 6.7340 1.3759 | 1.3920 3.5460
50.0000 10.1960 7.1130 1.3952 | 1.3945 3.8260
52.0000 11.0450 7.5020 1.4149 | 1.3971 4.1420
54.0000 11.9690 7.9010 1.4351 | 1.3997 4.4990
56.0000 12.9760 8.3120 1.4558 | 1.4024 4.9060
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58.0000 14.0800 8.7340 1.4770 | 1.4050 5.3540
60.0000 15.2940 9.1680 1.4987 | 1.4077 5.9170

70.0000 23.7900 | 11.4940 1.6105

80.0000 40.7830 | 14.0880 1.7272

90.0000 91.7620 | 16.6490 1.8144

92.0000 117.2510 | 17.1090 1.8240

94.0000 159.7340 | 17.5500 1.8312

96.0000 | 244.6980 | 17.9660 | 1.8355

98.0000 | 499.5920 | 18.3460 1.8361

100.0000 18.6630 | 1.8305

The columns in Table 25 each represent the following: Mass percent; m = molality (moles of
solute per kilogram of water); ¢ = molarity (moles of solute per litre of solution); p = the
density of the solution in g/cm®; n = refractive index relative to air; A = the freezing point
depression relative to water in °C; n = absolute dynamic viscosity in mPa.s equivalent to
centipoise cP.
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Appendix 2 — Sample Calculations

This chapter shows examples of how calculations were done to determine certain important

values for certain concepts or methods.
Tafel Slope:

Let’s consider ethanol oxidation in acidic medium for gold. The range of current densities
was used to extrapolate the slope, which was used to determine the Tafel slope.

m =0.228V /decade

To determine the actual Tafel slope, the slope had to be multiplied by 1000 to get into the

mV unit of measurement:

Tafel Slope = 0.228V /decadex 1000
=228mV /decade

Arrhenius Plots:

Consider the electro-oxidation reaction of ethanol in alkaline medium and the Arrhenius
equation (20):

Ink=InA- E,
RT

The linear plot of the inverted temperatures and the logarithmic of the current density at a
given potential was used to calculate the activation energy by using values such as the slope
of the linear plot and the universal gas constant from Table 54:

a

E
Slope = —
P R

s E, =-SlopexR

E, =—(-3622.8369K )x8.31447J/ K.mol™)
E, =30121.96898.J/mol

E, =30.121kJ /mol

Koutecky-Levich:

The Koutecky-Levich plots consisted of the different plots of the inverse of the current
density, plotted against the inverse of the rotation rate, for a series of results for a given
potential across the different rotation rates. Consider oxygen reduction in acidic medium.
Let’s use the range of values for the 0.3100 V plot. The current densities at those potentials
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was used over the range of different rotation rates and plotted. The slope of the linear plot
was used to calculate the number of electrons for each rotation rate and the average was
taken thereof. The final average of electron number was taken across all the potentials for
which a plot was created. Thus the calculation using the Koutecky-Levich equation was done
as follows, starting by using the formula in equation (18):

1
0.62nFm* DY v " *C"
. 1

0.62(slope) F*D¥*v™"°al*C",

Slope =

1
"7 062 (- 2.48)-(0.65x107 mAs/mol)- (3.14)- (0.62en2)- 8.37x10 - cn 1 s)- 2. 2.en 1 5)-(1.2915~)-(1.27x10°)
n=-114

The same calculation was done using all the rotation rates and taking the average thereof to

determine the number of electrons involved in the reaction at that potential:

Ny = -5.8
Levich:
The Levich equation (15) was used to determine the number of electrons as follows:

0.62nFmr’D¥ "> C*,

16

Slope =
|4

ne ple - slope
0.62Fm’D¥ 0" C"
_ (0.001"¢cm? /s)- (~ 0.48)
0.62-(0.65%107 mA.s/mol)- (2.42x10em?® /5] - (1.269x107)
=2.39

The kinematic viscosity of 0.5 M H,SO, was calculated using the values from Table 25 to
produce the following results depicted in Table 26.

Table 26: The values used for extrapolation of the kinematic viscosity of 0.5 M H.SO4

Values and equation constants used to calculate the Kinematic Viscosity of H,SO,
Concentration ranges from Table 25 used for extrapolation: | 0.051 - 4.03

Equation Constants: | Ax* Bx C Correlation®
pvs.[]: - 0.05906409 | 1.000882911 | 0.999584664
nvs.[]:| 0.024680388 | 0.174747211 | 1.006895346 | 0.999740159

Known Concentration: 0.5

Corresponding calculated p: | 1.030414956
Corresponding calculated n: | 1.100439048
Calculated Kinematic Viscosity: | 0.001067957
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