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“Whatever is rightly done, however humble, is noble”

Henry Royce
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Electrochemistry at the center of future energy

1.1. Electrochemistry at the center of future energy

Humanity faces important environmental challenges in the coming century. The most
pressing of these issues is by far the global rise in CO, emissions, which has significantly
disbalanced the earth’s natural carbon cycle since the start of the industrial revolution.* To
prevent climate change, which may have highly detrimental consequences for humanity’s
prosperity, the world economy will have to make significant changes in its energy
infrastructure.

The issue of carbon-induced climate change is intimately coupled to a more general one,
which is the source of energy used for driving human enterprise. Since the industrial
revolution, humanity has been almost exclusively dependent on the burning of fossil fuels for
its energy needs and economic development.2 Besides their environmental impact, fossil fuels
are inherently constrained by political instability, as well as ultimately by their limited supply.3

The most compelling alternative to fossil fuels is solar energy, where radiation emitted by the
sun may be captured using photovoltaics.4 This leads to the direct generation of electricity,
which is the most useful form of energy. This generated electricity can facilitate virtually every
function that fossil fuels serve present day, and it is essentially an endless source of energy
since the sun is eternal within a human lifetime.5-7
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Figure 1.1: Power output data of the UK power grid, showing wind and solar, during the year 2017 (A), as well
as three consecutive days around the end of May, 2017 (B). Data downloaded from https: //gridwatch.co.uk/,
October 2018.

Electrical energy can be involved in inducing chemical transformations; this is the domain of
electrochemistry.8 Electrochemical reactions can play a key role in rebalancing the world’s
carbon footprint, which requires that the net emission of carbon into the atmosphere must be
reduced. Instead of burning fossil fuels and harnessing the resulting heat and gas expansion
work, energy from the sun is converted to electrical energy which can then be coupled to the
making and breaking of chemical bonds. An electrochemistry-facilitated method for
harnessing solar energy that especially appeals to the imagination is water electrolysis coupled
to fuel cells, where hydrogen (H,) is used as energy carrier.9-** Only water, H, gas and oxygen
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gas (0,) are involved as chemicals, making the overall process extremely environmentally
friendly. In effect, one can use it to power a car or any other electrical device with nothing but
solar energy and water. The process can serve as a means to capture and store energy from
solar power and other renewables. This is direly needed, since photovoltaic devices and wind
turbines, which are the primary sources of renewable electricity, have a highly intermittent

output (see Figure 1.1).12-14

40000 T T T T T 1500 - 10500
—=— Chemistry
35000 |4 \yater electrolysis L1250 [ 9000
| | —~— Renewable energy]
30000 000750
2 25000
S 6000
8 20000 - 750
2 Val 4500
& 15000 | . 500
u- [
10000f =" 3000
[ Sl
¥ 250
5000 .7./.,.,./0 1500
N beates 0 d0ONTC N . o L
1990 1995 2000 2005 2010 2015 2020
Year

Figure 1.2: Publications since 1990 related to topics “Water electrolysis” and “Renewable energy”, compared
to publication output related to the more general term “Chemistry”. Data downloaded from Web of Science

(webofknowledge.com), September 2019.

Electrochemical processes related to energy storage have always been associated with high
capital costs due to the price of electricity and the necessary electrolyzer designs.'56
Additionally, the most attractive of these processes are plagued by energy efficiency problems
that have yet to be resolved. In case of the aforementioned combination of water electrolysis
and fuel cells, these issues are caused in large part by the slow reactivity of O, -related
reactions.7-2° They will be discussed in more detail throughout this thesis.
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Figure 1.3: Predicted distribution of world-wide energy consumption up until 2100. Image and data by Shell,
from Shell Sky Scenario (October 2018).



Water electrolysis and the oxidation of chloride

Fortunately, the research interest in electrochemistry and sustainable energy research has
increased significantly in recent years (Figure 1.2); this trend has been driven in part by
increasing public awareness of climate change and the recent Paris climate agreement.2
Electrochemistry will play an increasingly important role in the decades to come as the world
energy infrastructure becomes more and more electrified (Figure 1.3).

1.2. Water electrolysis and the oxidation of chloride

As mentioned in section 1.1, electrical energy can be used in an electrolyzer that generates H,
on the cathode and 0, on the anode, splitting water according to:

2H20—>2H2+02 Eq. 1.1

The H, produced according to Eq. 1.1 can be said to contain the energy input that was used to
drive the reaction. It can be stored, transported and used as feedstock in a fuel cell where it is
recombined with atmospheric O, to form water. This route of energy capture, storage and
utilization avoids the burning of fossil fuels if electricity generated by renewables is used.
Moreover, it then has zero net-emission of CO, and does not involve environmental pollutants
in any of its stages. The overall splitting reaction proceeds as two half-reactions within the
electrolyzer, where H, is produced by the reduction of protons in the aqueous solution:

2HY+2e” > H, Eq. 1.2
Eg+y, = 0V vs.RHE

Another promising electrochemical approach for achieving zero net-carbon emissions is to
capture CO, at emission hotspots and convert it to useful starting materials. Instead of directly
targeting protons, the cathodic reaction is then the reduction of CO,, which can lead to a wide
range of useful products, such as methanol, ethylene, or CO (shown below):22-24

CO,+2H*+2e” - CO+ H,0 Eq.1.3
Ego,/co = —0.11V vs.RHE

Regardless of the reduction reaction, it must always be coupled to an oxidation reaction to
complete the electrochemical device. This reaction can be the oxidation of water to form
oxygen (0,), which is essentially a by-product:

2H,0 5 0, +4H" +4e” Eq. 1.4
Eg, /0 = 1.229 V vs.RHE

Eq. 1.4 is known as the Oxygen Evolution Reaction (OER). It is a highly desirable counter
reaction because water as a reactant is readily available on earth, and 0, is environmentally
harmless, meaning that it can be safely released into the atmosphere.
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It must be noted that industrial-scale electrolysis would require large amounts of water as
feedstock. However, freshwater on earth is a precious and scarce commodity. Furthermore,
areas where the influx of renewable energy from wind and solar are the highest, are often at
or near the sea.25-27 Seawater, which is also vastly more earth-abundant than freshwater,
would thus be a much better substrate for use in large-scale electrolysis.2527.28 The original
idea of a ‘hydrogen economy’, as first proposed by Bockris in the 1970s, was in fact based on
the direct electrochemical splitting of seawater using nuclear or solar power near arid sea
coasts, where the influx of solar energy is high and reliable.926 Saline water, which contains
high concentrations of chloride ions (~0.6 M), unfortunately raises a major challenge when
used as substrate in an electrolyzer; in chloride solutions, CI~ may oxidize to form labile and
powerful oxidizing agents, such as chlorine gas (Cl,).29-32 Contrary to O,, such species cannot
be easily disposed of in an environmentally friendly way, and the rate of their formation
usually dwarfs the rate of the OER, as will be discussed in more detail below.

The reaction where Cl, is formed directly from Cl~ is termed the Chlorine Evolution Reaction
(CER). The CER is highly unwanted in electrolyzers where only the cathodic reaction is of
interest, such as for renewable energy storage. There are however several areas of industry
where chloride oxidation is a reaction of great importance, such as the chlor-alkali process.33-
35 The CER is the desired anodic reaction in this process, where brine (concentrated NaCl) is
electrolyzed according to:

2H,0+ 2Na* +2Cl~ > H, + Cl, + 2 Na* + 2 OH™ Eq. 1.5

The jointly generated Cl, and NaOH are bulk chemicals that underpin approximately 50% of
the global chemical industry.36-39 The chlor-alkali process is very energy intensive; the
required power input to drive chlorine formation is the most significant economic (and
environmental) cost.3340-42 In 2006 the process consumed approximately 334 PJ of electrical
energy in the U.S. alone.43 A substantial body of research has thus gone in studying optimum
process conditions for the CER, since the large scale of the process means that even small
efficiency gains can have a large impact.344445 In this regard, the OER is highly unwanted in
the chlor-alkali process; the formation of 0, not only compromises the overall process
efficiency and catalyst stability, but also represents a safety risk.34:3546-48 Competition between
the OER and CER is also relevant to electrochemical water treatment, where strongly oxidizing
‘active chlorine’ may be electrochemically generated to eliminate pollutants.49-5t However, its
formation has to be tightly controlled or is sometimes unwanted.5253 Finally, the OER is
usually the sole desired counter reaction in electrowinning, where the electrolysis bath often
contains traces of chloride.5+ The OER and CER thus both lie at the heart of large-scale
electricity-to-chemical conversion steps, which makes them highly important to a renewable-
based energy infrastructure.

Both the OER and CER have been the subject of intense study over the past five decades, with
significant improvements in catalyst performance for both of them.33 They are most readily
catalyzed on metal oxides.55-57 The CER is usually carried out in acidic media because of
thermodynamic restrictions (see section 1.3), on anodes made of mixtures of RuO, and TiO,,
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so-called Dimensionally Stable Anodes (DSA®).33 Pt is also known to catalyze the CER at high
intrinsic rates, but suffers from inhibition due to transient formation of platinum oxides (see
Chapter 4).58 The OER can be carried out in a wide pH range, but performance wise, the
current state of the art is represented by polymer electrolyte membrane (PEM) electrolyzers
which employ acidic pH and are equipped with Ir-based mixed metal oxides.59 Unfortunately,
Iris a highly scarce, expensive material, and the strong reliance of acidic PEM electrolyzers on
Ir forms a severe bottleneck against wide-spread implementation. Major research effort is
currently being devoted to finding alternatives that are stable and OER-active in an acidic
environment without relying on rare precious metals.¢0-62

1.3. Kinetics and competition of the OER and CER

The oxidation of CI~ in aqueous media can lead to a variety of products. In acidic media, the
CER is the thermodynamically preferred reaction, which can be written as:

2C1" > Cly +2e” Eq. 1.6
Eg, e~ = (1.358 4 0.059pH) V vs. RHE

In acidic aqueous solution, the CER has an equilibrium potential that is close to the OER (Eq.
1.4), and will therefore be a competing reaction. The OER is a notoriously slow reaction for
which no perfect catalyst has been found yet, despite enormous research efforts. Its difficult
kinetics lead to a significant overpotential (typically between 0.25 - 0.35 V) and corresponding
energy losses. This is one of the reasons that large-scale energy storage by means of water
electrolysis has not yet been realized.203-66 The difficulty of catalyzing the OER lies in its four-
electron nature, which implicates a complex reaction pathway involving a minimum of three
or even four intermediates.%467.68 The CER on the other hand involves the transfer of only two
electrons and presumably only a single catalytic intermediate, therefore it is intrinsically a
much faster reaction.8 It was previously estimated that the CER exchange current density is
4-7 orders of magnitude higher than that of the OER.25 For a pH of around 1-2, this leads to
the situation that Cl, can be evolved exclusively, despite the thermodynamic preference for the
OER. In fact, the facile CER kinetics relative to the OER is what makes it possible to vigorously
evolve chlorine in acidic aqueous media during the chlor-alkali process, with minimal anodic
decomposition of the aqueous solvent.

Note that the equilibrium potential for the OER is pH-dependent, and therefore pH-
independent on the reversible hydrogen electrode (RHE) scale, whereas the reverse is true for
the CER. The selectivity between the OER and oxidation of chloride is thus expected to shift
with differences in bulk acidity. As the solution pH increases, there is an increasing
thermodynamic preference towards the formation of hypochlorous acid or hypochlorite:29

Cl- +H,0 - HCIO + H* + 2 e~ Eq. 1.7
Epcioci- = (1482 + 0.030pH) V vs. RHE

Cl"+H,0->Cl0O” +2H* +2e” Eq.1.8
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EQo-/ci- = 1.636 V vs. RHE

These reactions come into play because higher pH favors the disproportionation of Cl, into
HCIO and ClO~, according to:

Cl,(aq) + H,0 = HCIO(aq) + HY + CI~ Eq. 1.9
pK, = 2.98
HClO(aq) = H* + ClO~ Eq. 1.10
pK, = 7.53

From Eq. 1.9 and Eq. 1.10, the reactions in Eq. 1.7 and Eq. 1.8 have equilibrium potentials
equivalent to the CER at pH =~ 4 and pH = 4.7, respectively. The extent to which these
reactions compete with the CER has never been investigated, since the rapid
disproportionation of Cl, in alkaline media makes it difficult to quantify them. We will offer
an indirect indication of their occurrence based on arguments and data from sections 2.3.1
and 8.3.2. The CER is by far the most studied reaction, as it is the most relevant industrially
(see section 1.2). At pH values higher than 7, the competition between this reaction and the
OER becomes dictated by thermodynamics. While this is a useful practical approach for
enhancing OER selectivity over the oxidation of chloride, it prohibits an in-depth investigation
in how the reactions interact mechanistically.

Although the OER and CER look like fundamentally different reactions at first glance, it has
often been observed that their activities are coupled; catalyst materials proficient at the OER
are often also highly active for the CER.5569-71 This implies that the two reactions have a similar
active site, or partially shared reaction pathways. It also suggests that the key intermediates
related to oxygen and chlorine have similar binding modes on OER catalysts. This leads to a
so-called scaling relationship between them, as has been suggested by recent work using
Density Functional Theory (DFT) to study possible kinetic mechanisms of the OER and
CER.7>-77 Existence of such a scaling implies that control over selectivity between the two
reactions can be a serious challenge. It may be difficult, if not impossible, to efficiently separate
the two reactions on the basis of kinetic considerations alone, such as by finding an
appropriate catalyst.77879

The OER is usually accompanied by catalyst degradation, which is a major problem for the
durability of practical electrolyzers.8°-82 For pure metal oxides, the OER activity and extent of
catalyst degradation have been directly correlated,3*83 implying an additional ‘scaling relation’
between the evolution of 0, and some catalyst dissolution pathway.84 However, it has also
been reported that OER activity and catalyst degradation can be decoupled, such as by mixing
with appropriate heterometal oxides.8586 The CER also seems to correlate with catalyst
degradation, but not in the same way that the OER does.87-9°
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1.4. Review of microkinetic models

The OER is a highly complex reaction that proceeds through at least three reaction
intermediates, which can be written schematically as S-OH, S=O and S-O-OH, where S
denotes a surface site on the catalyst.91-93 There is involvement of multiple intermediates
simultaneously adsorbed on the surface, and the reaction pathway may also diverge; O-O bond
formation may take place through the conversion of the ‘oxo’ intermediate S=O into the
‘peroxo’ intermediate S-O-OH, or through a (non-electrochemical) recombination of two oxo-
intermediates.?4-97 Mars-van Krevelen type behavior, where lattice oxygen in the catalyst
surface itself actively participates and reconstructs during the reaction, has been repeatedly
observed,®5-98-100 a5 well as a dependency of the apparent OER kinetics on gas transport and
the porosity of the used catalyst.?t-104 The OER is thus best studied on simplified, non-porous
model surfaces (such as single crystals),05-107 which falls outside the scope of this thesis. We
will therefore mostly refrain from modelling kinetic parameters measured during the
evolution of oxygen.

In contrast to the OER, a microkinetic model of the CER is more straightforward, because the
reaction involves the transfer of only two electrons. In the following, we will discuss kinetic
models for the CER, summarizing from existing literature.3508-13 This discussion is also
relevant to other two-step mechanisms involving two electrons, such as the evolution of
bromine or hydrogen. In the literature, the first step towards the formation of Cl, is typically
assumed to be the fast adsorption and discharge of a chloride atom on the catalyst surface,
termed the Volmer step (Eq. 1.11):

CIm+ « 2Cl"+e” Eq. 111

Here, * represents a free catalytic site, and Cl* is a reactive chlorine intermediate adsorbed on
the surface. On metal oxide catalysts such as Ru0O, and Ir0,, the exact nature of * and Cl* in
Eq. 1.11 has not been completely resolved. It is probably intricately coupled to the surface
chemistry of the oxide, as the CER rate has been shown to be slowed down by H* in very high
concentrations.355¢ Eq. 1.11 is thus likely a simplification, but the reaction it represents is not
rate-limiting as long as extremely low pH (< 0) is avoided. The Cl* surface coverage 6, is then
in quasi-equilibrium with the subsequent rate-limiting step, and can be written as a fraction
(between 0 and 1) of the ‘maximum coverage’. As a further approximation, one can assume
that the adsorption of chloride obeys the Langmuir isotherm, based on the mean-field
approximation.4 The adsorption of C1* can then be described by:

0 :M Eq. 1.12
= Kyl lem + 1 q-1.

In Eq. 1.12, 11 is an overpotential defined as n = E — E°, where E° can be the standard
equilibrium potential of the overall reaction, or any other suitable reference potential. K, is
then the chloride adsorption constant atn = 0, [CI™] is the chloride concentration, and f =
F/(RT).
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The Volmer discharge is thought to be followed by several different types of step, depending
on the catalyst material and system conditions. In the Heyrovsky step, the evolution of a Cl,
molecule follows from an electron transfer reaction between Cl* and a second Cl~ ion from
solution, reminiscent of the Eley—Rideal mechanism in heterogeneous gas-phase reactions:

CI"+Cl"2Cl+e + * Eq. 1.13

At overpotentials high enough that the backward reaction of Eq. 1.13 is negligible, the j vs. E
relationship predicted by the Volmer-Heyrovsky (V-H) mechanism can be written as:

K [Clm]2elan+Dfn

jvy = 2Fky 00 M[Cl7] = 2Fk
JvH HOcie [CI7] H KCI[CI_]ef"+1

Eq.1.14

In the above, ky is the rate constant of the Heyrovsky reaction when n = 0, and «ay is the
corresponding transfer coefficient. Alternatively, the Krishtalik mechanism assumes that
desorption is a two-step process, involving a second type of chlorine intermediate:

Cl*2Cr*t +e” Eq. 1.15
CI** +ClI-2Cl, + * Eq. 1.16

This mechanism is only expected to occur on metal oxides.35 The electron transfer in Eq. 1.15
is assumed to be rate-limiting relative to the (non-electrochemical) desorption step in Eq. 1.16,
where the rather exotic chloronium (CI**) intermediate would be stabilized by the metal oxide
surface, as its structure is usually proposed to be (0 — CI*)*. When again assuming that n is
positive enough that the forward reaction dominates, Eq. 1.15 predicts that:

K¢ [Cl]elax+Drm

iy = 2Fkg0c,e™fM = 2Fk
Jvk kbcie K K[ ]ef + 1

Eq.1.17

where the symbols have similar meanings as in Eq. 1.14. The Volmer-Krishtalik (V-K)
mechanism predicts the same functional j vs. E relationship as V-T, but it differs in its [Cl7]
dependence.

Finally, a third type of rate-limiting step has also been described, similar to the Langmuir-
Hinshelwood mechanism in gas-phase catalysis. It is termed the Tafel step:

2CI" > Cly + 2+ Eq. 1.18

This mechanism assumes that the reaction is fully dependent on surface-bound species, and
that the rate-limiting step is non-electrochemical. The Volmer-Tafel (V-T) mechanism implies
that the forward current density follows:

2

Eq. 1.19

Kg[Cl7]e/M
KglCl-Jerm + 1

Jjvr = 2Fkp(6c)* = 2FkT<

10
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where kp is the non-electrochemical rate constant for Cl* recombination. The Volmer-Tafel
mechanism is dominant during the CER on Pt and is usually not considered on metal oxides.

The V-H, V-K and V-T mechanisms all make specific predictions about the observed kinetics
of the CER. We will primarily consider Tafel slopes (b) and reaction orders (R). These
quantities, defined as b = adn/ dlog(j) and R =3dIn(j) /dIn([CI"]), are easily accessible
through experiment and in this way provide convenient diagnostic tools for the underlying
mechanism. Their derivations are shown in Table 1.1, and some general limiting cases are
summarized in Table 1.2. These values will be discussed frequently throughout Chapters 3, 4
and 5.

We note that Tafel analysis can prove very useful for kinetic investigations, but the ‘meaning’
of the slope can be obfuscated by a wide variety of phenomena. 09115116 There is also significant
width and overlap of the predicted Tafel slopes between the various mechanisms. One must
thus exert caution when using Tafel values as a comprehensive diagnosis of the ‘real
mechanism’. One of the key points of Table 1.1 is that reaction orders and Tafel slopes of
reactions involving a chemisorbed intermediate are never expected to remain constant as
function of potential or concentration in the bulk, because of varying surface coverage of the
intermediate. This has been comprehensively described by Conway and co-workers,2 and
more recently by Rosestolato and co-workers.7

Table 1.1: Theoretical Tafel slopes and reaction orders for two-step reaction mechanisms for the CER, under
the assumption that ay = ay.

Volmer-Heyrovsky Volmer-Krishtalik
Tafel slope In(10) [ Kg[Cl e/ +1 ,
b (6 logj)‘1 7 \a(KglC e+ D + 1 Same as Volmer-Heyrovsky
an
Cl~ reaction order 2-6q 1-6g
Re- = alal—ré{— _ KalCJen +2 _ 1
n(Cr] Re[CI]er + 1 Ko[Cl]er + 1
Volmer-Tafel
In(10) 1
Tafel slope 2f (1—-6¢)
_ (6 logj\~* "
“\a ) = “1efn
n 2F108(e) (K [Cl7]e/m 4+ 1)
Cl~ reaction order 2(1-6c)
dlnj
— 1
Ra- =914 -
¢ om[Cr] =2 (Ka [CI T/ + 1)

11
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Table 1.2: Cases of limiting behavior for two-step reaction mechanisms for the CER. Data is shown as function
of the overpotential n and ‘chloride adsorption strength’ K, [CL™]. It was assumed that ay = ax = 0.5.

Limiting case Volmer-Heyrovsky Volmer-Krishtalik
b ~ 40 mV dec™t if K, [CI"] = 0
Tafel slope n-0
b — 120 mV dec ' if K [Cl7] - Same as Volmer-Heyrovsky
b
n— o b - 120 mV dec™?!

Cl~ reaction 00 Ra- = 21 K [CIT] = 0 Re- = 1if K[CI7] = 0
order Re- = 1if Kg[Cl7] - Re- = 0if Ky [Cl7] —» o0
Ra- n— Re- -1 Re- -0
Limiting case Volmer-Tafel

b ~ 30 mV dec™tif K [CI"] = 0

Tafel slope n-0 .

b - w0 if Ky[Cl7] »
b
n— o b - o
Reo- = 2ifKy[Cl7] = 0

Cl™ reaction n-0
order Re- = 0if K [Cl7] - o
Ra- n— ® Re-—-0

The above models all make use of a Langmuir model isotherm for chloride adsorption. In
reality, repulsive interactions between adsorbed chloride (and halides in general) will exist.14
If this is taken into account by using a Frumkin isotherm, this will lead to a broadening of the
isotherm, i.e. a broader range of chloride concentrations or potential is needed to reach
maximum coverage. For the models described above, this implies that the basic predictions
remain the same, but the range of chloride concentrations and potential where changes are
observed will widen.

1.5. Previous literature and the outline of this thesis

The encompassing goal of the work in this thesis is to deepen the understanding of the OER
and CER, in the context of the two gas-evolving reactions taking place simultaneously on a
catalyst surface. The central question is selectivity and the interplay between the reactions,
and how these relate to mutual kinetic competition. There is almost no situation imaginable
where the formation of a mixture of 0, and Cl, is an attractive outcome; the ‘perfect
selectivities’ would be 100% or 0% of either species evolved.

Of special interest are anodes that evolve oxygen exclusively during seawater splitting, as these
would be highly valued, but due to the OER’s kinetic disadvantage, also by far the most
challenging to develop. A large body of research concerning the OER has been published, but

12
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the majority concerns electrolytes that are free of chloride. Interest in saline water splitting is
relatively sparse, although there has been an increase recently.

On the other hand, the perspective of CER research is dominated by the chlor-alkali industry.
Most CER papers are restricted to concentrated chloride solutions (1 M or higher) and high
current densities comparable to industrial operation, as well as DSA®-based industrial model
catalysts, which have relatively poorly defined surfaces. The OER is usually only considered
for its effect on catalyst stability; its selectivity during the CER is ignored. Outside of some
work in electrochemical water treatment, behavior of the CER from relatively dilute chloride
solutions (< 100 mM) has seen little attention, even though this limiting region may contain
especially relevant details concerning its mechanism and the effect on the OER.

This thesis is thus specifically focused on the selectivity between the CER and OER in such
dilute acidic chloride solutions, where the OER and CER have comparable onset potentials
and current densities, and are in direct kinetic competition. By studying multiple reactions
simultaneously, ‘cross-linked’ insights may be obtained, deepening the understanding of the
OER as well as the CER. This may aid the development of better catalytic materials for both.
Chapter 2 describes a new method for measuring CER selectivities in relevant dilute chloride
solutions, which enables rapid and accurate screening of OER vs. CER behavior over a wide
potential range. Chapter 3 looks deeper into the coupling between OER and CER activity on a
series of closely related Ir-based double perovskite electrocatalysts, and how the oxidation of
water and chloride affect their stability. Chapters 4 and 5 investigate the parallel oxidation of
chloride, bromide and water. As seawater contains a small fraction of bromide in addition to
chloride, these systems would better resemble the situation in an actual electrolyzer. Close
attention is paid to how bromide and its oxidation affects both the CER and OER. Chapters 6
and 7 focus on OER-selective anodes. Chapter 6 investigates the origin of manganese oxide-
based anodes, and their unusual preference for evolving oxygen. We find that the manganese
oxide overlayer actually induces the selectivity by forming an electrochemically inert barrier,
that prevents Cl~ from reacting. This represents a highly promising method for decreasing
CER selectivity, which is explored further in Chapter 7. Finally, Chapter 8 documents pitfalls
for quantifying gas-evolving reactions on a rotating ring-disk electrode, which were often
encountered during experiments throughout this thesis. Possible solutions are offered to
increase the gas collection reliability. Chapter 9 contains all supporting information, ordered
in subsections according to the corresponding chapter numbers.
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Introduction

2.1. Introduction

The OER and CER are strongly coupled reactions, and will proceed simultaneously on most
catalysts. If we want to develop anodes selective for the OER in (acidic) brine solutions or
further minimize efficiency losses in the electrolysis step of the chlor-alkali process, the
selectivity must be optimized towards only a single reaction. For that, one will need to
understand the competition between the OER and CER in more detail. A reliable and easy
method for the determination of the selectivity between the OER and CER would be of great
interest.

Previous research on the CER in aqueous media has generally been done in acidic solutions
with very high CI~ concentrations, often in the range of 3-5 M.56:113.18-122 CER activity and Tafel
slopes in such studies were derived from raw electrode current densities, with the assumption
that all observed current could be ascribed to the CER and that the OER plays a negligible role.
Although this assumption is reasonable for high Cl~ concentrations, a complete picture of the
competition between the OER and CER in chloride-containing media cannot be drawn in this
way.

An analytical method to measure Cl, and O, evolution separately, irrespective of chloride
concentration, is Differential Electrochemical Mass Spectrometry (DEMS),7+123-126 which
directly probes Cl, vs. 0, formation near the electrode surface and can provide highly accurate
and quantitative results online.2970127 However, DEMS suffers from inflexibility due to specific
cell and electrode requirements, and relatively slow response times. Alternatively, a common
method of selectivity determination is long-term bulk electrolysis, followed by titration of the
working solution using diethyl-phenylenediamine salts (DPD) or iodometry, to determine the
amount of Cl, formed.2973.128.120 This type of method, although accurate, is not suitable for
generation of extended data sets and does not offer the online selectivity determination that
DEMS does.

In this chapter, we explore a new method for measuring selectivity between the OER and CER
in acidic chloride-containing media, based on conventional electrochemical methods. We
develop and study the suitability of a rotating ring-disk electrode (RRDE) setup, which has
been well established for faradaic efficiency (FE) measurements in benchmarking OER
catalysts,66:130:131 and for the detection of the formation of H,0, during the oxygen reduction
reaction (ORR) on model PEM fuel cell cathodes.?32-134 To the best of our knowledge, an RRDE
approach for OER vs. CER selectivity measurements has not been previously reported. We
used a Pt ring for Cl, detection during catalyst operation, as Pt was previously established as
an effective catalyst for the chlorine reduction reaction (CRR), which is the opposite of the
CER.15 Other materials (such as Ru or Ir) may also be possible for Cl, detection,3¢ but we have
not pursued this in detail. As proof of concept, we explore the CER vs. OER behavior of IrO,
nanoparticles, as this material constitutes a stable and active acidic OER and CER catalyst.
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2.2, Experimental

KHSO, (EMSURE), KCl (EMSURE), and HCI0, (60%, EMSURE) were purchased from Merck.
Na,IrClg - 6H,0 (99.9%, trace metals basis) and NaOH (30% solution, TraceSelect) were
purchased from Sigma-Aldrich. All chemicals were used as received. The water used for
cleaning glassware and preparing solutions was filtered and deionized using a Merck Millipore
Milli-Q system (resistivity 18.2 MQcm, TOC < 5 p.p.b.). Experiments were done in a home-
made two-compartment borosilicate glass cell of 100 mL volume. IrO, deposition experiments
were done in a borosilicate glass vial of approximately 5 mL. Before the first-time use, all
glassware was thoroughly cleared from organic contaminants by boiling in a 3:1 mixture of
concentrated H,SO, and HNO5;. When not in use, all glassware was stored in a 1 g/L solution
of KMnO, in 0.5 M H,S0,. Before each experiment, glassware was thoroughly rinsed with
water, and then submerged in a dilute solution of H,SO, and H,0, to remove all traces of
KMnO, and MnO,. The glassware was then rinsed three times with water, followed by triple
boiling in Millipore water.

All experiments were carried out at room temperature (~20 °C). Hydrodynamic
measurements were performed using an MSR rotator coupled to E6 ChangeDisk RRDE tips
in a PEEK shroud (Pine Research Instrumentation). As counter electrode, a Pt mesh separated
from the main solution by a glass frit was used. The reference electrode was a HydroFlex®
reversible hydrogen electrode (Gaskatel). All potentials in this chapter are reported using the
RHE scale. Using a Luggin capillary, the RHE reference was aligned to the center of the RRDE
tip to minimize electrical cross-talk.137:38 The liquid phase collection factor of the ring-disk
system, N;, was determined to be 0.245 in at least four separate experiments, where the GC
disk was exchanged in between. The value was found using a conventional collection factor
experiment on a freshly prepared blank GC electrode with a Pt ring, studying the reduction/re-
oxidation of 10 mM K;Fe[CN]¢ in 0.1 M KNO3. 0.5 M KHSO, solutions were used for all CER
activity experiments. pH values were 0.88 + 0.05, as measured with a Lab 855 meter equipped
with a glass electrode (SI Analytics). pH values were verified by measuring the potential of a
calibrated Ag/AgCl reference electrode in the solutions. All working solutions were saturated
with either O, or Ar (Linde, purity 6.0) before experiments. Mild gas bubbling through the
solution was allowed during forced convection experiments, in all other cases gas was used to
blanket the solution.

The electrochemical experiments were controlled with an IviumStat potentiostat (Ivium
Technologies). For all experiments, the solution resistance was measured with electrochemical
impedance spectroscopy, by observing the absolute impedance in the high frequency domain
(100 KHz). Potentials were 85% corrected for these values during measurements. Before a
CER activity experiment, the Pt ring was electropolished by cyclic voltammetry (CV) from -0.1
Vto 1.7V at 500 mV s for 30 scans at a 1500 RPM rotation rate, after which the individual
scans did not change. This step is vital to the removal of traces of alumina, as well as traces of
IrO, that tend to remain on the ring after being swept outward during IrO,, electroflocculation
under rotation.’39 OER and CER experiments were done under hydrodynamic conditions at
1500 RPM by scanning the disk electrode in the range of 1.3 — 1.55 V at 10 mV s. For
quantitative analysis, the forward and backward sweeps were averaged to reduce
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contributions from double layer charging and IrO, pseudocapacitance. In between
experiments, the IrO, film was kept at 1.3 V. Ring currents were corrected for background
currents and collection delay, which was approximately 200 ms at 1500 RPM. Before
proceeding with OER and CER activity measurements, the IrOy film was treated by performing
20 scans between 1.3 — 1.55 V, in absence of Cl~. This was done to ensure stable and
reproducible catalyst behavior during experiments.

IrO, nanoparticles electroflocculated on glassy carbon were used as active OER/CER catalyst.
The Ir0,/GC electrodes were prepared as described in sections 9.1.1 and 9.1.2. Al,0; was used
for GC polishing, followed by rinsing and 5 minutes sonication in acetone and water. A time
duration of 600 s was used for the electroflocculation amperometry step.

For iodometry experiments, amperometry was performed for 60s at 1500 RPM in 16 mL of
0.5 M KHSO,, in the presence of Cl~, followed by titration of the bulk solution. Under identical
conditions, amperometry was performed for 20s and the Pt ring was used to measure
selectivity towards the CER. This selectivity was then applied to disk currents of the iodometry
experiment to calculate the amount of Cl, that must have formed according to the RRDE
method. In this way, both methods could be applied to a single experiment. The experiments
were done in a glass vial without headspace, of approximately 16 mL volume. The vial was
vertically elongated to minimize the contact area of the solution with air, and thus to prevent
gaseous Cl, from escaping the acidic solution. All solutions were pretreated by briefly evolving
chlorine and then purging the solution with Ar. Immediately after finishing an experiment, a
large (~100x) excess of Nal was rapidly added to the solution to trap all Cl, as I3 and to
minimize the equilibrium concentration of volatile I.. The vial was then closed air-tight and
the solution was allowed to equilibrate for approximately 1 minute. lodometry was performed
directly after. Reported values were the average of four titrations. For the sake of verification,
RRDE experiments in the iodometry vial were compared to those in a standard glass RRDE
cell of 100 mL volume. Although the absolute measured currents of the iodometry vial were
slightly lower than the RRDE cell, the ratio ‘R / ip (the ‘apparent chlorine collection factor’, N¢;,)

was found to be exactly the same, indicating proper transport of Cl, from the disk to the ring
in the iodometry vial. This justifies the comparison of our RRDE method and iodometry. We
attribute the lower CER currents in the small volume iodometric cell to distortion of the
hydrodynamic flow field, leading to lowered Cl~ mass transport.

2.3. Results and discussion

2.3.1. Aspects of selectivity between the OER and CER

As discussed in section 1.3, the formation of hypochlorous acid or hypochlorite becomes
thermodynamically favorable as the solution pH increases. These species might form directly
from an electrochemical reaction (Eq. 1.7 and Eq. 1.8), or through solution hydrolysis of Cl,
formed during the CER (Eq. 1.9 and Eq. 1.10). Contrary to chlorine, the reduction of ClI0~ and
HCIO are sluggish reactions on Pt, which reach diffusion limited conditions only at
overpotentials near n = 1 V.140.141 Ag such, we do not expect it possible to quantify these species
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by means of the RRDE, since the criterion of reaching diffusion limitations before the ORR
(which has an onset of approximately 0.95 V on Pt) cannot be reached. The formation of
ClO~ /HCIO thus has to be kept minimal, and Cl,(g) is the desired chlorine species for
reduction. We expect that the RRDE approach is limited to acidic environments (pH < 2),
where the focus is on direct (kinetic) competition of the OER vs. CER, and where both products
are gases dissolved in the working solution.

2.3.2. Application of the RRDE to OER vs. CER selectivity measurements

To demonstrate the application of our RRDE method to measure the CER, Figure 2.1 shows
the forward and backward scan average of an IrO, catalyst in the potential region of 1.3 — 1.55
V, in an acidic electrolyte in presence of 20 mM Cl~. Figure A 9.2.1 in the Supporting
information shows a typical characterization CV in the region 0 V - 1.4 V. In Figure 2.1, the
disk current (black line) was measured until 1.55 V, leading to a competition between the OER
and CER above ca. 1.48 V. The Pt ring (grey line) was fixed at Ez = 0.95 V and performs
reduction of Cl, (CRR, see next section). The ring potential 0.95 V was chosen well in the
diffusion-limited regime of the CRR near the edge of the ORR onset on Pt in a chloride-free
solution. In this way, the ring allows very precise observation of the onset and the rate of the
CER.
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Figure 2.1: CV of Ir0,,/GC in the OER + CER regionin 0.5 M KHS0, + 20 mM KCI, scan rate 10 mV s, rotation
rate 1500 RPM. pH = 0.88, solution saturated with Ar. Ring potential was fixed at Er = 0.95 V. The forward
and backward scans of the disk were averaged, i was corrected for collection delay. ipgr and icgg curves were
calculated as described in the text.

To minimize capacitive charging contributions on the disk, a relatively slow scan rate of 10
mV/s was used, and values of forward and average scans were averaged. The magnitude of
capacitive charging in the potential region of 1.3 V to approximately 1.4 V, where IrOy
experiences the onset of the Ir'V to IrV transition, was approximately 10 pA. Such currents
were usually less than 1% of the OER charge measured. Using the average of forward and
backward scans eliminated most of this possible source of error, noting that our IrO, showed
no significant hysteresis in the 1.3 — 1.55 V potential range (see Figure A 9.2.1).
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Since IrOy is established as a stable acidic OER catalyst within the time frame of our
experiments,8 we assume that the measured disk current can be ascribed exclusively to either
the OER or CER, after minimizing capacitive contributions. From the ring current, we can
then separate the current contributions of the OER and CER on the disk. Since the chlorine
reduction reaction taking place on the ring is simply the reverse of the CER, the current
contribution originating from the CER, i¢gp, will be:

. R
icEr = ﬁz Eq. 2.1

where iy is the current measured on the ring, and N, is the liquid phase collection factor (N, =
0.245). The OER current contribution is simply the current remaining after subtracting CER
activity:

ir
Ny

lpgr = ip — lcgr = ip — Eq. 2.2
where i is the total current measured on the disk. In Figure 2.1, ipgg and icgg (blue and red
dotted lines) were constructed by the above method. The OER onset is near 1.480 V, equivalent
to an overpotential nyzz = 0.25 V, in agreement with previous studies.'4>'43 The CER shows a
much earlier onset of ~ 1.420 V, equivalent to a negligible overpotential at pH = 0.88.

At this point we must describe a significant caveat, namely, that there is always the risk of
forming gas bubbles at high current densities. The problem is mainly related to high OER
currents, which may rapidly lead to local supersaturation of poorly soluble 0,.144-146 Gas
bubbles may strongly persist on the electrode surface and hinder the transport of products to
the ring,47 compromising the quantitative nature of the experiment. This is a universal
problem in the use of RRDE for gas forming reactions and makes OER FE experiments at high
overpotentials extremely challenging. The solubility of Cl, around pH 1 is approximately 103
times higher than that of 0,,48 making high CER currents less troublesome, although extreme
CER current densities may additionally lead to formation of Cl, bubbles. Chapter 8 looks into
this problem in much more detail.

2.3.3. Effect of chloride adsorption and PtO, formation on chlorine detection with the Pt ring

To explore the behavior of the CRR (and the ORR) on the Pt ring in presence of ClI~, we used
the disk to generate a stepwise increasing Cl, flux, by fixing the disk potential in the range
1420V < Ep < 1.480 V, where only the CER is expected to occur at pH = 0.88. We
simultaneously recorded forward linear sweep voltammograms at 1500 RPM on the ring,
using a slow scan rate of 5 mV s to minimize transient charging current. The steady state disk
currents and corresponding ring LSV profiles are shown in Figure 2.2. The working solution
was saturated with O, to accurately monitor the ORR onset as function of [Cl~] and (locally)
[CI,]. We assume that the increased concentration of O, does not majorly affect the CRR
kinetics.
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Figure 2.2: LSV of the Pt ring electrode, while keeping the Ir0,/GC disk electrode at constant potential in 0.5
M KHSO, + 100 mM KCI, scan rate 5 mV s, rotation rate 1500 RPM. pH = 0.88, solution saturated with O,.
Dotted curves with positive values correspond to disk currents, remaining curves correspond to ring currents.
The ring LSV sweeps were taken in the positive-going direction. Disk potentials were chosen in the region of
exclustve chlorine evolution, with values increasing from the blue curve to the red curve, E, = 1449V, 1.456 V,
1462V, 1467V, 1470V, and 1.475V. Black curve shows ring response while disk is not connected. Grey
dashed curve shows ring response while disk is not connected, in Cl™-free conditions.

In Figure 2.2, the ring first traverses a region of the superimposed ORR and CRR between
0.2V < Eg < 0.7 V. When comparing the ORR in chloride-free conditions (grey dashed curve),
its onset potential in presence of 100 mM Cl~ is shifted 200 mV negatively, which prohibits
the ORR from reaching diffusion limited current before the onset of hydrogen adsorption.
Such a suppressing effect was previously observed by Schmidt et al.*49 even at [Cl™] as low as
100 uM.

Following the ORR + CRR region, a region of constant negative current follows in the range of
0.7V < Ep < 1.3V, which we ascribe to the CRR under diffusion limited conditions. At
potentials higher than 1.3 V, the ring approaches Eglz Jc1-» and the onset of the CER on the ring
can be observed. The experiments shown in Figure 2.2 were also performed for [CI™] = 150
mM and 200 mM.

It is reasonable to assume that the constant current in Figure 2.2 in the region of 0.7 V < Ep <
1.3 V arises from the diffusion limited CRR. However, previous studies by Conway et al.s8:18
showed that chloride adsorption causes CER self-retardation on Pt for [Cl™] ranges near 1 M
by affecting the rate-limiting Tafel recombination step. To verify that the ring current response
is completely diffusion controlled at E; = 0.95 V, we propose a simple method: as long as only
the CER occurs on the disk, a of plot i vs. ip would yield a straight line, with the ‘apparent
chlorine collection factor’ N¢;, asslope. If N¢;, approaches the liquid phase collection factor N,
the ring reaction is indeed diffusion limited, and the measured CRR current is quantitative.
Kinetic limitations of the CRR on the ring would manifest as N;, < N;.
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Figure 2.3: Apparent chlorine collection factors Ng,, (equivalent to slopes of ring/disk ratios) plotted as
function of potential on the ring electrode, for [Cl™] = 100 mM (black), 150 mM (red) and 200 mM (blue).
Diamonds (correspondingly coloured) indicate the determination coefficient r? of the found slopes. Data
derived from Figure 2.2.

Using data from Figure 2.2, we plotted the iy vs. ip response at various ring potentials (see
Figure A 9.2.2). We generally observed strong linearity between iy and ip, with determination
coefficients r2 approaching 1. Furthermore, as shown in Figure 2.3, N, converges to a
constant value of ~ 0.244 for [C]”] = 100 mM, and ~ 0.258 for 150 mM and 200 mM, as Ejy is

lowered. Only for E; > 1.300 V do we observe ring-disk ratios that significantly differ from
these values. At these potentials, Eglz sci- isapproached (ncgr < 100 mV), and the CRR kinetics

become kinetically limited. For [CI"] = 150 mM and 200 mM, the value to which N,
converges is approximately 5% higher than N;. We ascribe this discrepancy to electrochemical
crosstalk,37138 which we could not eliminate experimentally despite intensive efforts (see also
the slight downward slope in disk currents within 1.4-1.45 V, in Figure 2.2). Nonetheless, the
most important point is that N, reaches limiting values close or identical to N, well before the
ORR onset potential.

To explore the effect of pH on Cl, detection, and to corroborate the discussion in section 2.3.1
concerning pH-dependent Cl, disproportionation into hypochlorous acid, we have probed the
apparent chlorine collection factor N¢;, in pH = 0.90 and pH = 2.91, using a forward linear
sweep in a Pt-Pt RRDE setup. Figure A 9.2.3 in the Supporting information shows that N¢;,
decreases from 0.242 at pH = 0.90 to 0.214 at pH = 2.91. We ascribe this 12% decrease in
collection efficiency to the partial disproportionation of Cl, into HCIO, a species which is
undetectable by Pt at E = 0.95 V. Cl, detection is thus no longer quantitative at pH ~ 3,
although it could still be used qualitatively, such as for mechanistic studies.
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Figure 2.4: Behavior of ig vs. ip at various ring potentials. Ir0,/GC disk electrode fixed at 1.475 V, in 0.5 M
KHSO, + [Cl™] increasing from 1 to 100 mM. Numeric labels next to data points show the concentration of
chloride, in mM. Labels for [Cl™] < 10 mM are not displayed.

Another factor that needs to be considered for the CRR on Pt is the presence of platinum oxide,
which is known to be a sluggish CER/CRR catalyst in comparison with Pt.58:108.135.136 In Figure
2.3, where [Cl™] is always 100 mM or higher, the formation of PtO, can be assumed absent due
to inhibition by Cl~ adsorption,5® but lower [Cl~] would allow significant growth of oxides. To
investigate the presence and effect of PtO, on the CRR, we performed experiments as in Figure
2.2 and Figure 2.3, but instead, we fixed E, = 1.475 V and studied the CRR on the Pt ring as
function of [Cl7] increasing from 1 to 100 mM.

Like Figure A 9.2.2, Figure 2.4 displays slopes of i vs. ip, together with the corresponding
[C17] values. We note that an increase in [Cl~] will now have a twofold effect: a) it will increase
CER current on the disk electrode, leading to higher Cl, flux to the ring and thus larger CRR
currents, and b) it is expected to progressively inhibit PtO, growth on the ring, affecting
measured ring current profiles. Linearity between iy vs. ip is generally observed, except for
data for which [CI7] < 10 mM. The corresponding LSV curves (see Figure A 9.2.4 in the
Supporting information, inset) suggest significant PtO, formation is taking place for
measurements in the 1-10 mM range when comparing against the black curve taken in Cl™-
free conditions. There is clear nonlinear behavior of increases in CRR current versus [Cl7].
Only for [CI”] > 10 mM we observe the desired linearity. We explain these results as follows:
for very low [CI™], detrimental PtO, formation occurs on the ring in the forward scan within
the timescale of our experiments. For [CI”] > 10 mM, PtO, growth becomes inhibited and the
CRR may proceed on an oxide-free surface. For higher chloride concentrations, the iy vs. ip
slopes show behavior identical to Figure 2.3, converging to N¢;, = 0.247 as Ex becomes lower.

To summarize our findings regarding the use of a Pt ring for chlorine detection: contrary to
the ORR, the specific adsorption of chloride at Pt does not seem to have a detrimental effect
on the CRR, at least not up to [CI~] = 200 mM. Somewhat ironically, Cl adsorption actually
seems favorable for carrying out the CRR as it inhibits the formation of PtO,, which is
detrimental. Furthermore, in case of [CI~] > 10 mM, ring potentials of 1.250 V already seem
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adequate to ensure that, at pH 0.88, the CRR proceeds diffusion limited. It is however
recommended to keep the potential at the lowest possible limit, 0.95 V, to minimize growth
and interference of PtO, at lower chloride concentrations.

2.3.4. OER vs. CER selectivity as a function of Ep and [CL']

Based on the method described in section 2.3.2, we define the selectivity towards the CER
(ecgr) as the molar ratio of Cl, formed versus the total amount of Cl, and O, formed. This is
equivalent to the ratio of CER current and combined OER and CER currents after normalizing
them to the number of electrons in each reaction:

icER /2

iCER/Z + iOER/4 Eq.2.3

&cgr =1 —€opr =

Typical results are displayed in Figure 2.5. We have plotted the data of three different disk
potentials, namely a) 1.48 V, b) 1.52 V and c) 1.55 V. These potentials correspond to regimes
where a) the CER is present and the OER is virtually absent, b) chlorine evolution is the major
reaction but the OER takes place with a modest rate, ¢) both the CER and the OER take place.

From Figure 2.5 we can make several interesting conclusions. The CER activity is
approximately linear with [C1™] at all potentials, indicating a reaction order of one within the
whole potential range. Only at very low [Cl™] we observe a slope smaller than one, likely due
to PtO, formation on the ring, as discussed in section 2.3.3. Furthermore, the OER rates show
a constant value for a given Ej, as function of [CI™], and this trend persists in the entire
measured potential range. Thus, the OER does not seem strongly affected by either the
presence of C1~ or the competing CER. Figure 2.5 suggests that the OER and CER proceed
independently within the measured potential range. This implies that the OER and CER do
not share the same active site on this catalyst, even though a scaling relationship between their
activities has been suggested in previous literature.s57276

Extensive DFT calculations on model Ru0,(110) surfaces have suggested that the OER and
CER proceed on the same active site, namely, oxygen atoms (O,) bound to Ru atoms which
are coordinatively unsaturated on the pristine model surface.”475 Although our results appear
to exclude a model of two reactants competing for the same active site, it can be assumed that
the amorphous, hydrous IrO, catalyst in our study is far removed from the Ru single crystalline
model surfaces used in the DFT studies, making a direct comparison difficult. Additionally, an
independence of OER activity versus [CI”] was previously found in DEMS studies on
heterometal doped RuO, mixtures, indicating that such behavior is not unusual.?:79

As the chloride concentration increases, e;zr appears to rise sharply. Near [CI"] = 20 mM,
ecer generally exceeds 80%, and at 40 mM it exceeds 90%. When the chloride concentration
increases to 100 mM, &.zr converges to values above 95%. For comparison, Figure A 9.2.5
shows a similar -z vs. [CI7] plot for commercial RuO, (available from Sigma-Aldrich).
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Interestingly, RuO, generally shows a higher selectivity towards the CER compared to the IrO,
catalyst, since ecgr converges towards 100% CER more rapidly as [Cl™] increases.

20
E —%—1.480 V
g —%—1.520 V
£ 1of —$—1550V | |
[
®
o
E R KKK —K . y
S o ook |
20 T T = / T T =
= /+ .
% + +/
£ 10f i / ]
5 g / +/
2 7 .
ol +/+, - T .
- o+
;5_, 0 e e—— —_—— ]
100 = - : . ) :
80t 1
g 0 1
&
40t 1
20t 1
0 . . . . .
° 20 40 60 80 100
[CI-] (mM)

Figure 2.5: Plots of OER and CER reaction rates as function of [Cl™], for three disk potentials: Ep = 1.480V
(blue lines), 1.520 V (green lines), and 1.550 V (red lines). Values were obtained from CVs identical to Figure
2.1, while varying [Cl™]. Rates were obtained by dividing currents by nF, the number of electrons transferred
and Faraday’s constant.

When the potential increases to 1.55 V, the CER starts becoming diffusion controlled, as
indicated by increasingly higher Tafel slopes (not shown). Also, the CER selectivity starts to

decrease due to diffusion limitations and increasing contributions of the competing OER.
There is thus a range of low [C1™] where significant (more than 10%) oxygen evolution is
present regardless of potential, up to about [Cl"] = 40 mM . Most importantly, higher
potentials of catalyst operation will increasingly favor the OER. This trend is very similar to a
previous DEMS study on OER vs. CER selectivity on pristine and doped IrO, nanoparticulate
catalysts.150

It needs to be stressed that that all measurements in this chapter were done in presence of 0.5
M HSOg, which is known to adsorb on Pt.’s* To investigate the effect of anion adsorption on
PtO, formation and CER detection, -z vs [Cl7] was measured in electrolytes of pH ~0.8
composed of 0.5 M NaHSO, and 0.5 M NaClO, (Figure A 9.2.6). A small but clear difference
is apparent: although the two electrolytes show similar selectivities, ez appears to lag behind
in low [Cl7] regimes in presence of non-adsorbing Cl0; . We ascribe this to a greater degree of
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PtO, formation, which hinders Cl, detection and distorts the apparent selectivity. As discussed

in section 2.3.3, the problem resolves itself as [Cl~] increases.
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Figure 2.6: Plots of A) OER rates and B) CER rates as function of Ep and [Cl™], constructed from CVs identical
to Figure 2.5, while varying [Cl™]. Rates were obtained by dividing currents by nF, the number of electrons

transferred and Faraday’s constant.

Owing to the scanning nature of the experiments, we have sampled the complete potential
range within 1.3 — 1.55 V. This allows the construction of 3-dimensional plots showing OER
rates and CER rates as a function of Ej and [CI™], as shown in Figure 2.6. We remark that
‘dynamic’ potential methods such as cyclic voltammetry may lead to different catalyst behavior
than steady state measurements, especially concerning gas forming reactions.82'52 In this
chapter, we have only included cyclic voltammetry to serve as a proof of principle for the RRDE
method, although steady-state amperometry experiments are also possible. Lastly, we stress
that plots like Figure 2.5 and Figure 2.6 are only valid for stable catalysts. Side reactions and
transient dissolution of the catalyst will distort the results. Caution is advised with the

assumption that all remaining current is related to the OER.
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Figure 2.7: Cl, concentrations and corresponding ecgg as determined by iodometry and the RRDE method, in
0.5 M KHSO0,. A: 50 mM KCI, as function of Ej,. B: Ep = 1.53 V, as function of [Cl™]. Error bars show 95%

confidence intervals of the titration.

Finally, to confirm that the RRDE method yields trustworthy results, we employed iodometry
to compare values of CER faradaic efficiency as determined by iodometric titration versus
those determined by the RRDE method. Values of [Cl,] obtained versus E, and [Cl™] are
shown in Figure 2.7, and agree well with each other between the two techniques. Values of
ecgr versus Ep and [C17] correspond to those in Figure 2.5, but are approximately 3% lower.
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As described in the experimental section, we ascribe this difference to a slight hindrance of CI~
mass transport in the iodometry setup.

2.4. Conclusions

In this work, we described the application of an RRDE setup to measure rates of the chlorine
evolution reaction in the context of selectivity between chlorine evolution and the evolution of
oxygen in acidic aqueous media. We used a Pt ring to selectively reduce the Cl, formed on the
disk by fixing the ring potential at 0.95 V vs. RHE in pH 0.88, which gives reliable diffusion
limited chlorine reduction rates and allows precise and flexible data acquisition. Using this
method, we demonstrated that the evolution of 0, and Cl, on a glassy carbon supported IrOy
catalyst proceed independently, and that the selectivity towards chlorine evolution rapidly
approaches 100% as the chloride concentration increases from o to 100 mM. Moreover, our
results suggest that on IrO,, oxygen evolution is not suppressed or influenced by the presence
of CI™ or by chloride oxidation taking place simultaneously on the surface.
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Introduction

3.1. Introduction

Proton Exchange Membrane (PEM) electrolyzers, which currently offer the best performance
for water splitting on the industrial scale, generally employ acidic pH. Ir is the only material
known to retain long-term stability under acidic OER operation, either as a pure oxide or as a
dopant. Virtually no acidic OER anode is known that does not rely on Ir.'52 Unfortunately, the
scarcity of Ir is a crippling limitation to large-scale implementation of PEM electrolyzers, and
a large body of research has been devoted to reducing the needed Ir loading, such as by
increasing the catalyst active surface area, or developing Ir-based materials with higher
intrinsic activity. A recent example of Ir-based materials with lower intrinsic Ir mass loading
are Ir-based double perovskites, which offer a way to reduce the amount of Ir needed while
retaining the high catalytic OER performance.'s3 Previous work by some of us showed that the
high OER performance of these materials is related to their surface instability in acid, leading
to amorphization of the surface and formation of a highly active surface layer.'54 An interesting
question is how these Ir-based double perovskites perform as CER electrocatalysts, and how
parallel CER impacts their stability. They represent an attractive system of study also because
of the possibility of studying a series of closely related structures. The Ir double perovskite
structure is represented by A,BlrOg and allows a degree of freedom in the type of A and B
cations, meaning that many different perovskites can be prepared.

In this chapter, we explore parallel evolution of oxygen and chlorine on a series of double
perovskites and investigate their selectivity and stability, as well as the interdependence
between the two reactions in acidic media of pH ~ 1. We applied the RRDE method and
scanning protocol described in Chapter 2 to measure the OER and CER on GC-supported,
dropcasted double perovskite microparticles. Similar to Chapter 2, relatively low chloride
concentrations (0 < [CI7] < 120 mM) were chosen to study the CER, since the competition
between the OER and CER is the most prevalent under these conditions. The double
perovskites used can be written as Ba,BlrOg, where B = Pr, Nd, La, Sn, Y, Tb, and Ce. The
material Sr,YlrO4 was also included with the aim to vary the A cation. Commercial IrO, was
included as reference material.

3.2. Experimental

3.2.1. Chemicals

HCl0, (60%) and NaCl (EMSURE/Analysis grade) were purchased from Merck. Ir-based
double perovskites were synthesized as reported previously.ss IrO, nanoparticles (Premion,
99.99%) were purchased from Alfa-Aesar. All purchased chemicals were used as received. The
water used for all experiments was prepared by a Merck Millipore Milli-Q system (resistivity
18.2 MQcm, TOC < 5 p.p.b.).

31



3 || Selectivity Trends Between Oxygen Evolution and Chlorine Evolution on Iridium-Based Double
Perouskites

3.2.2. Synthesis of the double perovskites and X-ray powder diffraction

Samples of A,BIrO¢ (A = Ba and Sr; B = Lanthanides, Y and Sn) were prepared from BaCOs,
SrC03, La,03, Ce0,, Prg044, Nd, 03, Tb,07, Y,03, Sn0, and Ir metal using methods based on
standard solid-state reactions.s515¢ The La,0; and Nd,0; powders were preheated at 950 °C
overnight before use. The well-ground mixtures were placed in alumina crucibles and allowed
to react at 800 °C overnight. The resultant powders were then sintered at 1250 °C for two days
with intermittent regrinding, and, finally, the samples were furnace cooled to room
temperature. Every synthesis was carried out in air.

X-ray powder diffraction patterns were collected on a Philips X’'Pert diffractometer in Bragg-
Brentano geometry, equipped with a X’Celerator detector and a Cu-Ka source. Diffraction
patterns were collected in steps of 26 = 0.020°, with a 10 s counting time per step in the range
15° < 20 < 90°.

3.2.3. Online electrochemical ICP-MS analysis

Investigations of the chloride impact on the stability of iridium based double perovskites were
performed using an electrochemical scanning flow cell (SFC) with online inductively coupled
plasma mass spectrometry (ICP-MS) analysis to detect dissolution products in direct
correlation to potential and current density. The SFC is a small polycarbonate cell with an
electrolyte flow of 192 uL min—* able to perform classical three electrode electrochemical
experiments. The cell’s inlet is connected to a counter electrode compartment, housing a
graphite rod (Sigma Aldrich, 99.995%), while a Ag/AgCl reference electrode (Metrohm) is
connected by a separate channel directly to the working electrode. The reference electrode was
calibrated vs. the RHE, against which all potentials are reported. The working electrode can
be moved with an xyz-stage (Physik Instrumente, M-403), which allows fast screening of
multiple catalyst spots on a 5x5 cm glassy carbon plate (HTW, SIGRADUR® G, 5x5 cm). The
outlet of the SFC is connected to the ICP-MS (Perkin Elmer, NexION 350x) to detect
dissolution products. The ICP-MS was calibrated for the elements A, B and Ir with a four-point
calibration slope by adding specific amounts of standard solutions (Merck, Certipur®, Ir, Pr,
Y, Ba, Sr) to the electrolyte. More details about the online SFC ICP-MS system can be found in
previous publications.’s7-59 The SFC was operated using 0.1 M HC10, (Merck, Suprapur®) as
an electrolyte in control experiments, and addition of 50 mM NaCl (Sigma Aldrich, 99.5%)
provided information of chloride impact on the stability. Catalysts were dropcasted from water
based suspensions containing 0.27 mg(Ir)/mL and 20 pL of Nafion (Sigma Aldrich, 5wt.% in
aliphatic alcohols). Using 0.3 pL of those suspensions for dropcasting resulted in dried catalyst
spots whose sizes (see Table A 9.3.1) were measured using a Keyence Laser Profilometer (VK-
X200 series). Surface area normalization was based on these spot sizes. Each measurement
was carried out in duplo to ensure reproducibility. Data from single measurements are
reported.

3.2.4. General electrochemical procedures

All experiments were carried out at room temperature (~20 °C).
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The electrochemical experiments were done using home-made two-compartment borosilicate
glass cells with solution volumes of 100 mL. Before first-time use, all glassware was thoroughly
cleaned by boiling in a 3:1 mixture of concentrated H,SO, and HNO;. When not in use, all
glassware was stored in a 0.5 M H,SO, solution containing 1 g/L. KMnO,. Before each
experiment, glassware was thoroughly rinsed with water, and then submerged in a dilute
(~0.01 M) solution of H,S0, and H,0, to remove all traces of KMnO, and MnO,. The glassware
was then rinsed three times with water and boiled in water. The rinsing-boiling procedure was
repeated two more times.

An IviumStat potentiostat (Ivium Technologies) was used during electrochemistry
experiments. All experiments except voltammetric characterizations were 85% iR-
compensated in-situ. The solution resistance was measured with electrochemical impedance
spectroscopy at 0.75 V vs. RHE, by observing the absolute impedance in the high frequency
domain (100-50 KHz) corresponding to a zero-degree phase angle.

3.2.5. Rotating ring-disk electrode (RRDE) procedures

RRDE experiments were performed in 0.1 M HCIO, solutions with a pH value of 1.20 + 0.05,
as measured with a Lab 855 meter equipped with a glass electrode (SI Analytics). The solutions
were saturated with Ar (Linde, purity 6.0) before experiments. Solutions were bubbled with
Ar gas during forced convection experiments, Ar was used to blanket the solution in stationary
conditions. The reference electrode was a HydroFlex® reversible hydrogen electrode
(Gaskatel), separated from the main solution using a Luggin capillary, to fix the reference
sensing point and to prevent mixed potentials at the reference due to dissolved Cl, gas. The
Luggin tip was distanced ~2 cm from the working electrode, to minimize distortion of the
current distribution across the electrode surface,® and it was aligned to the center of the
working electrode, to minimize electrical cross-talk.:37:138 All potentials in this chapter are
reported on the RHE scale. A Pt mesh was used as counter electrode, separated from the main
solution with a coarse sintered glass frit.

RRDE measurements were done with an MSR rotator and E6 ChangeDisk RRDE tips in a
PEEK shroud (Pine Research). GC disks (Pine Research Instrumentation, surface area 0.196
cm?) were prepared to a mirror finish by hand polishing on Microcloth pads with diamond
paste suspensions down to 0.05 um particle size (Buehler), followed by rinsing and sonication
of the electrode in water for 3 minutes. The fine-ground catalyst powders were prepared as
suspensions of 3 mg/mL (total catalyst mass) in EtOH (AR/Analysis grade, Acros organics).
After drying the prepared GC surface with compressed air, the RRDE tip was placed upside
down in the MSR rotator. Thin films of catalyst were prepared by dropcasting 2.5 pL well-
stirred EtOH suspension (formal loading ~38 pg * cm=2, total catalyst mass) onto the GC
surface, followed by drying under rotation at 175 RPM. After the solvent had visibly evaporated,
the surface was further dried with hot air for several minutes.

Before any RRDE experiment, the Pt ring was electrochemically reactivated by scanning from
-0.1Vto 1.7 Vat 500 mV s for 20 scans at 1500 RPM. Hydrodynamic experiments were done
at 1500 RPM by scanning the disk electrode in the range of 1.3 — 1.55 Vat 10 mV s'. In between
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experiments, the disk electrode was kept at 1.3 V. Ring currents were corrected for constant
background currents and product collection delay. The latter arises from the time needed for
products formed on the disk to reach the ring, and was approximately 200 ms at 1500 RPM.

The liquid phase collection factor of the ring-disk system, N;, was determined by studying the
Fe[CN]3~/Fe[CN]¢™ redox couple in a solution of 10 mM K;Fe[CN]¢ and 0.1 M KNOs, using the
Pt ring with a freshly prepared blank GC electrode. The value was 0.241 within 5% accuracy.
The collection factor for dissolved Cl, was also measured in the same setup, by evolving
chlorine selectively on Ba,PrlrOg in 0.1 M HCIO, + 0.1 M NaCl at a potential of 1.48 V vs. RHE,
right before the kinetic onset of OER. The collection factor for dissolved chlorine, N¢;,, was
found to be 0.215 within 3% accuracy, slightly lower than N;. The difference can be attributed
to the higher solution pH compared to the work in Chapter 2, which causes an increase in the
degree of Cl, dissociation into C1~ and HCIO, the latter of which is not detectable using present
methods (see section 2.3.1). The value for N;, was used in all calculations concerning OER
and CER current separation.

3.2.6. Parallel OER and CER — Activity measurements

Before initiating quantitative measurements, the GC-supported thin films were scanned 20
times in chloride-free 0.1 M HCIO, between 1.3 — 1.55 V, into the OER region, at 1500 RPM.
This was done to ensure unchanging catalyst behavior during experiments. The Pt ring was
initially deactivated. The final scan of this procedure was taken as the data for ‘pure’ OER
activity. In the next step, the double layer capacitance was determined to allow a degree of
normalization of the currents vs. electrochemical surface area (see below). Finally, 20 mM
NaCl was added to the solution, and the GC supported thin film was scanned once again
between 1.3 — 1.55 V at 1500 RPM, with the Pt ring fixed at 0.95 V vs. RHE for Cl, detection.
These three steps were performed strictly sequentially using the same film and setup. The
procedure of steps was repeated for each catalyst material at least three times, in
independently prepared solutions and glassware, and using freshly prepared electrode films.

Measurement of the double layer capacitance (C4;); was done by scanning the electrode in the
potential window of 0.05 — 0.15 V at scan rates of 25, 50, 75 and 100 mV/s (see Figure A 9.3.7).
The value of the double layer capacitance (Cy;) g was calculated from the slope of the charging
current around 0.1 Vvs. scanrate, icc,,,, = (Ca)oav * v (see Figure A 9.3.8). From (Cg;)0.1v>
the electrochemical surface area could be approximated for each individual experiment by
normalizing the activity to the specific capacitance of the double layer, assuming 0.059 mF
cm for the latter.6 Reported values for each type of catalyst are averaged from individually
normalized activities.

3.2.7. Parallel OER and CER — CER selectivity vs. [Cl-] measurements

Just like the activity measurements, the GC-supported thin films were scanned at least 20
times in chloride-free 0.1 M HCIO, between 1.3 — 1.55 V at 1500 RPM, to ensure unchanging
catalyst behavior during experiments. Following this, the ring was activated and kept at 0.95
V vs. RHE during all measurements. The electrode was then again scanned between 1.3 — 1.55
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V at 1500 RPM, while increasing the concentration of NaCl in steps from 0 mM to 120 mM.
No attempt at normalization versus surface area was undertaken for these experiments, since
we were interested in OER vs. CER selectivity and their reaction orders only, which are not
affected by current normalization. Details about the preparation of the amorphous, hydrated
Ir0,/GC catalyst can be found in section 9.1.2.

3.3. Results and discussion

3.3.1. ICP-MS measurements and effect of chloride on stability

A series of Ba,BIrO4 compounds (B = Pr, Nd, La, Sn, Y, Tb, Ce) and Sr,YlrO, were synthesized
and investigated for OER and CER activity and selectivity. We first investigated the stability
of these materials under representative electrochemical conditions, since it has recently been
shown that Ir-based perovskites are unstable in acidic media. Ba,PrirO4'53154 and the single
perovskite SrlrO;° tend to leach out both Ir and non-noble metals from their lattice during
sustained oxygen evolution, leading to an amorphous IrO, outer surface layer that is highly
active towards the OER, expectedly more so than the bulk material. The main driver for this
instability appears to be the favorable thermodynamics of non-noble metal dissolution in
acidic media, followed by co-dissolution and/or collapse of the interspaced IrO4 octahedra.
Since our experiments involve CER in addition to the OER, it was necessary to study the effect
of chloride on the leaching behavior of the studied materials.

We performed online electrochemical ICP-MS measurements to follow the dissolution of Ir
and the A + B cations under electrochemical conditions in 0.1 M HCIO,, in presence and
absence of 50 mM NaCl. Each experiment was comprised of the same electrochemical protocol
seen in Figure 3.1A (top). Contact was made at 0.05 V, while subsequent potential cycling at
200 mV s to 1.6 V was used to reach reproducible CVs. After a “resting” period at 1.2 V in
which the dissolution subsided to its background signal, a linear sweep voltammogram (LSV)
at10 mV s*t01.65V, along with the integral of Ir dissolution, was used to calculate the stability
number (S-number).'54 In the presence of chlorides, the formula for calculating the S-number
was adapted according to Eq. A 9.3.3 to include the formation of chlorine gas. Ba,PrlrOg,
Ba,YlrOg, Sr,YlrOg and Ba,CelrO4 were chosen as representative double perovskites.
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Figure 3.1: Online electrochemical iridium dissolution from ICP-MS measurements. Panel A: Ir dissolution
over time correlated with the applied E vs. t protocol (red) for Ba,PrirOg (blue), Sr,YlrOg (green), and
Ba,Ylr0g (yellow), in 0.1 M HClO, (solid) and 0.1 M HClO, with 50 mM NaCl (pale). For clarity reasons, the
initial contact peak is not shown (see Figure A 9.3.1 for the full version). Panel B: Ir dissolution along with the
current density of the LSV of the E vs. t protocol. Panel C: S-number (amount of gases evolved per amount of
Ir dissolved) comparison in presence and absence of 50 mM NaCl. Panel D: Total dissolved amount of Ir during
initial contact with the electrolyte, cycling and the LSV, as determined from the initial spot loading (see also
Table A 9.3.1).

Figure 3.1 summarizes online ICP-MS Ir dissolution from Ba,PrlrOg, Ba,YlrOg and Sr,YlrOg
during the electrochemical protocol. Additional dissolution data for Ba,CelrOg is shown in the
SI. Similar to a previous report,’s4 all materials experience major Ir leaching immediately upon
contact with the acidic electrolyte (Figure 3.1D), during which the electrode is conditioned at
0.05 Vvs. RHE. Cycling of the electrode promotes the rate of iridium leaching, suggesting that
the effect is strongly dependent on transient changes in the catalyst matrix.82 Non-noble
components (Ba, Pr, Sr, Y and Ce) however show little to no potential dependent dissolution
and merely dissolve upon electrolyte contact. Table A 9.3.2 offers an overview of all integrated
dissolution rates. In this table, Ba,PrirOg in chloride-free electrolyte shows enhanced contact
dissolution rates of Ba compared to Pr and Ir. This conforms to previously reported XPS data
on Ba,PrirOg which was exposed to a similar environment.'s3 Interestingly, Sr in Sr,YIrOg4
shows a small but more pronounced potential dependent dissolution during cycling than Ba
in Ba,PrirOg and Ba,YIrOg. A lack of a clear trend for the total dissolution of any element in
the presence of chloride is due to the big percentage of the contact dissolution on the overall
dissolved amount (90-100%). The contact peak is rarely reproducible for the same catalyst as
it depends on many factors. We therefore limit the following discussion to the dissolution
observed during potentiodynamic control. Most importantly, the dissolution of Ir is increased
significantly during both the cycling and the linear potential ramp (Figure 1D). To look into
this aspect in more detail, the extent of Ir leaching was correlated with the catalytic current in
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the voltammogram during the final LSV (Figure 1B). This allowed the calculation of the S-
numbers for both the pure OER in HCIO,, as well as a competitive oxygen and chlorine
evolution in the presence of chloride (Figure 3.1C). A faradaic efficiency of 100% towards the
OER, and 90% chlorine evolution to 10% oxygen was assumed according to RRDE
experiments, respectively (see section 3.2.7). The stability number S (plotted in Figure 3.1C)
had a very similar value for Ba,PrlrOg, Ba,YlrOg and Sr,YlrOg. For Ba,CelrOg, OER activity
and Ir dissolution during the linear sweep were too low to accurately measure, and S could not
be determined. In presence of chloride, all materials experience more Ir dissolution, as
illustrated by a roughly 50% decrease in S, which is in line with previous results on the stability
of noble metals such as Pt and Rh in presence of chloride.’ These results suggest that the
dissolution of noble metal centers is impacted very differently during CER than during the
OER. We speculate that whereas during the OER, the dissolution is driven by formation of
higher oxide species, CI~ may enhance Ir dissolution specifically by forming chloro-iridate
complexes such as IrCl; and Ir[C]]3~. We note that the total amount of Ir that dissolved from
the double perovskites during these experiments is several orders of magnitude larger than
what has been reported for Ir0,.1* This means that IrO, represents an interesting, transiently
stable material for comparison in this study.

3.3.2. Catalyst characterization

To verify the bulk properties of the materials tested in this study, powder XRD patterns were
measured (Figure A 9.3.2). The patterns generally agree with those reported in the
literature;55156:162 in particular, the presence of the super lattice lines at about 18° and 35°,
which in the double cubic cell are indexed as (111) and (311) respectively, suggest an ordered
arrangement of the BOg and IrO¢ octahedra. The IrO, shows poor crystallinity, displaying a
single broad peak of overlapping rutile (110) and (101) reflections around 28° and 35°, as well
as a wide (200) reflection around 40°. A trace of metallic Ir is also present. This trace
disappeared quickly upon cycling (see Figure A 9.3.5).
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Figure 3.2: Voltammetric characterization of the Ir-based double perovskites used in this study, in a 0.1 M
HCl0, solution, supported on GC. All materials were scanned at least 20 times in the range of 1.30 — 1.55 V at
1500 RPM prior to characterization. Catalysts are shown in groups with pronounced Ir redox transitions (A)
and those with less obvious features, plus the lr0, reference (B). Scan rate: 50 mV s™.

For the RRDE measurements, ethanol suspensions of the fine powders were dropcasted
directly onto polished GC substrates and dried, followed by submersion and electrochemical
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measurements. We avoided the use of binders such as Nafion, 153163164 since it was found that
Nafion had a major depressing effect on CER selectivity, likely due to its permselective
behavior for cations (see Figure A 9.3.3).165 ICP-MS control experiments showed that Nafion
slightly enhanced Ir dissolution in Ba,PrirO4 during the electrocatalytic LSV (Table A 9.3.2).
The S-number however decreased very similarly (-47% vs. -48%) under the effect of chloride.
These results suggest that dissolution is much less strongly affected by chloride mass transport
than the CER.

Figure 3.2 displays the voltammetric characterization of ~38 pg cm= formal catalyst mass
loadings of the investigated double perovskites and IrO, in the potential window of 0 — 1.4 V.
On the basis of the stability results (section 3.3.1), we expect transient dissolution in all double
perovskites during the RRDE measurements. All characterizations in Figure 3.2 were
therefore taken from electrodes that were scanned at least 20 times in the potential region 1.30
— 1.55 Vin 0.1 M HCIO, at a rotation rate of 1500 RPM, to ensure that the voltammograms
correspond to the actual catalyst surfaces that were used for subsequent OER and CER
catalysis. The plots cannot be ascribed to idealized double perovskite surface structures but
should be considered as double perovskite-derived thin IrO, films in varying states of
amorphization.

On the basis of their voltammetric characterization, we divided the materials into two groups.
First, we consider Ba,PrlrOg4, Ba,NdIrOg4, Ba,LalrOg and Sr,YIrOg, which show strong redox
transitions in the range of 0.6 — 1.4 V (Figure 3.2A). These transitions are tentatively ascribed
to Ir redox transitions, as was done previously for Ba,PrlrQg.154 Ba,PrirOg and Sr,YlrO4 show
two sets of peaks in the forward scan (marked I and IT) and in the backward scan (marked III
and IV). Considering the position and irreversibility of the peaks, we ascribe these peaks to the
formation of an amorphous IrO, surface layer as a result of the leaching of A and B cations.
Peaks I and IV likely correspond to a transition between Ir3* and Ir**, whereas peaks II and
III represent further Ir oxidation that may be beneficial for OER catalysis (either formation of
Irs+ centers,%6-168 or the more recently proposed formation of Ir**-0~-moieties).16917 Second,
the group of Ba,SnlrOg, Ba,YIrOg, Ba,TblrOg and Ba,CelrO4 shows more subtle features
(Figure 3.2B). It is somewhat surprising that Ba,YlrOs and Ba,CelrO4 do not have pronounced
Ir redox peaks, since they also displayed significant dissolution upon contact in ICP-MS
measurements (Table A 9.3.2). Possibly, an amorphous IrO, layer is formed not during contact
dissolution, but during potential scanning in the OER region. The rate of Ir dissolution during
this scanning, which differs between catalysts, perhaps controls the extent to which the layer
forms. The IrO, reference shows a broad profile with small reversible peaks around 0.8 V and
1.2 V, in accordance with previous studies on IrQ, .15 We observed a trace of hydrogen
evolution near o V for ‘pristine’ IrO, before scanning repeatedly into the OER, which we
ascribe to a small amount of metallic Ir present in the bulk (see also Figure A 9.3.5). This
behavior is no longer visible in Figure 3.2B because of the irreversible conversion of interfacial
metallic Ir into its oxide, which is a much worse HER electrocatalyst.'”* See Figure A 9.3.5 for
comparisons of the curves in Figure 3.2 with the catalysts in their ‘pristine’ state.

We must note that, in the context of this thesis, the focus is on selectivity and OER/CER
interdependence, meaning we are not interested in absolute activities per se. It is however still
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desirable to apply normalization of current vs. the catalytically active surface area to allow
comparison between different catalysts, even though the ‘active site’ could become ambiguous
in the case of two distinct reactions. The most common and straightforward approach is
normalization vs. the electrochemically active surface area (ECSA) by measuring the double
layer capacitance (C4)g around potential E, which is expected to scale with the ECSA
according to:

(Cade

ECSA = —; Eq. 3.1
Cdl

where Cj; is the specific capacitance per surface area of the material. (C4;) can be determined
from the slope of the double layer charging current vs. the scan rate (Figure A 9.3.7).
Unfortunately, accurate ECSA determination is a persistent problem throughout
electrocatalysis, 7> for four main reasons: i) accurate values of Cj; generally do not exist, ii)
(C4) g has to be measured in a region completely free of faradaic processes, iii) (C4;)z may be
affected by the (potential-dependent) conductivity of the material, iv) determination of (Cy;)g
is not a selective chemical surface titration method, so that its value may actually not be the
best measure of the ECSA.

Ideally, (Cy4;) g should be measured at the same potential for all materials. Considering Figure
3.2, there is large variation in behaviors for the studied materials within the potential window
of 0 — 1.4 V. The Ir-related redox transitions in Figure 3.2A are visible in a wide potential range
up until the OER/CER onset, which means that any (C4); measurement in this potential
range is distorted by pseudo-capacitive contributions. McCrory et al. recommend measuring
Cq4; around the open circuit potential, but almost all measured materials assumed an open-
circuit potential value that fell in the pseudo-capacitance area. In fact, the Ey¢p value is likely
not suitable in this regard, since it almost invariably depends on mixed potentials, i.e. the
occurrence of multiple surface reactions resulting in zero net current. Other authors
recommend electrochemical impedance modelling to measure the adsorption capacitance of
reaction intermediates as an estimate of the ESCA."73 In the end, we resorted to measuring
(C4)g in a 0.1 V interval centred around 0.1 V, hereby termed (Cy4;)¢ 1 - This area appeared
free of pseudo-capacitive processes for all materials (Figure 3.2). Assuming a specific
capacitance Cj; = 0.059 mF cm™2, an ‘average’ of reported literature values for oxides in acidic
conditions, %53 we obtained ECSAs with similar magnitudes as the geometrical surface area.
The caveat of this method is the large separation of OER-relevant potentials and the ECSA
determination. Under the assumption that the Ir centers dictate the observed pseudo-
capacitive behavior, we also cannot exclude interference from conductivity (category iii), since
amorphous Ir oxides show a notable decrease of conductivity below 0.5 V.74 In effect, this
means that part of (Cg)o,y may originate from the GC substrate.’75176¢ Despite the
shortcomings of this normalization method, it has to be noted again that the activity
normalization affects neither the slope of Tafel curves, the reaction order analysis, or OER vs.
CER selectivity.
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3.3.3. OER and CER activity trends

In consideration of section 3.3.1 and 3.3.2, we will not theorize about catalyst structure vs.
catalytic activity relationships, since the true structure of the double perovskite surfaces is not
known. The materials show rather diverse catalytic behavior as will be shown below.

In the following sections, the RRDE method described in Chapter 2 will be implemented to
measure individual OER and CER current densities. As discussed in that chapter, the total
current on the disk electrode (ip) is assumed to be the sum of CER current (icgg), OER current
(ipgr), and a residual current originating from scanning (pseudo)capacitance. The capacitive
contribution was effectively minimized by using a relatively slow scan rate of 10 mV s and
averaging forward and backward scans, yielding approximately only catalytic current from the
catalytic OER and CER, which are solution-controlled processes. Values of iz were again
obtained by correcting the ring currents (i) for the collection factor of chlorine, which had a
value of N¢;, = 0.215 in 0.1 M HClO,. The remaining current on the disk was then assumed to
originate from the OER. See Figure A 9.3.6 for an example curve measured during a typical
experiment.

Due to the perceived instability of the catalysts under study, we must note that the ring
measurements may be affected by dissolved species coming from the disk. These species could
cause additional stray reduction reactions, or interfere with Cl, detection by re-depositing as
species which are not active towards Cl, reduction. As evidenced by their Pourbaix
diagrams,’7” most A and B cations used in this study are expected to be electrochemically inert
at 0.95V in acidic solution, meaning they will not react or deposit on the Pt ring. Only Sn and
solution-phase Ir species may possibly deposit as oxides under the studied conditions. From
the Ir dissolution rates in ICP-MS measurements, we estimate that the error due to reduction
reactions involving Ir is at least two orders of magnitude lower than the smallest ring currents
related to CER (Figure A 9.3.4). Furthermore, a rough estimate shows that it would take at
least 10 minutes of continuous operation at high potential to form a perfect IrO, monolayer on
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Figure 3.3: OER (A) and CER (B) Tafel curves obtained by scanning the electrode between 1.30 and 1.55 V at
10 mV s, A: ‘pure’ OER current densities in a 0.1 M HClO, solution. B: CER current densities in a 0.1 M HClO,
+ 20 mM NaCl solution, derived from ring currents on a Pt ring fixed at 0.95 Vvs. RHE. Values shown are the
average of at least three independent measurements (see Figure A 9.3.9 for a version containing error bars).
Solutions saturated with Ar, rotation rate 1500 RPM.
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the ring. Serious interference at the Pt ring can thus be safely excluded (see section 9.3.1 for
full details).

The value of the Tafel slope has been used as a ‘benchmark’ for catalytic OER performance,
with a lower Tafel slope correlating with a ‘better catalyst’.78-180 It must be noted that strictly
speaking, the catalytic performance of a material is not governed by the Tafel slope only. Alow
Tafel slope is only favorable if it leads to a low(er) overpotential at the desired current density.
The experimental findings related to the Tafel slope are discussed in this spirit; namely, that
catalytic performance and the Tafel slope are not by definition correlated.

Initially, ‘pure OER’ currents (in absence of Cl1~), as well as CER currents were measured
during the parallel evolution of oxygen and chlorine. Figure 3.3A shows OER Tafel plots
constructed from capacitance-corrected disk current densities, in absence of Cl~. Figure 3.3B
shows CER Tafel plots constructed from ring currents in presence of 20 mM Cl~. The activities
for the OER roughly follow the order Pr = Nd > La > Sn > Sr,Y = Tb > Ba,Y > IrO, > Ce. The
most catalytically active DPs Ba,PrlrOg, Ba,NdIrOg, Ba,LalrOg and Sr,YlrOg, also show a redox
transition in their blank CVs (see Figure 3.2A). We speculate that activities correlate to the
extent of surface leaching, although a definite correlation between activity and total dissolved
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Figure 3.4: Correlations between OER and CER activities, data derived from Figure 3.3 (CER measured in 20
mM NaCl). A and B: OER vs. CER current densities compared at 1.50 Vand 1.55 V, respectively. C: Comparison
of CER Tafel slope vs. current densities measured at 1.50 V, the upper potential limit of the linear portion. D:
Comparison of Tafel slopes from linear portions (1.45-1.50 V) of the OER and CER. All data are averages of at
least three independent measurements. Error bars represent corresponding standard deviations.
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amounts could not be established (see sections 3.3.1 and 3.3.2). Interestingly, the same order
in activity is observed for the CER, indicating scaling between OER and CER activities. To
minimize mass transport control in case of CER, the experiments were performed at 1500
RPM. The highest measured CER current densities per geometric area, as measured at 1.55 V
on Ba,PrirOg, were approximately 10% of the theoretical diffusion limited current as predicted
by the Levich equation. Therefore, it can be assumed that mass transport effects on CER are
negligible in the potential ranges studied. The OER is considered effectively immune to mass
transport effects.

Figure 3.4A and B show a comparison of CER and OER current densities for all materials,
plotted at 1.50 V and 1.55 V. As already faintly visible from Figure 3.3, there is a linear scaling
relationship between OER and CER activity. Although such a relationship has been observed
in previous literature, it must be noted that this is one of the few reports directly showing a
correlation between CER and OER activity among a group of catalysts.55 Furthermore, all
materials, including the least active ones, showed regions of linear Tafel phenomena for both
the OER and CER (R2 > 0.98). The slopes of these linear CER Tafel sections are shown in
Figure 3.4C, in comparison to CER current densities at 1.50 V. A lower Tafel slope generally
correlates with higher CER current densities, which is a reasonable finding due to the
exponential nature of the j/E curves. Furthermore, the catalytically most active materials
display linear Tafel slopes in the range 45-50 mV/dec for the CER, and slopes of 40-45 mV/dec
for the OER (D). For the less active materials, higher Tafel slopes with a higher variance are
observed (see Table A 9.3.3 for all numerical Tafel slope values).

Considering the instability of the materials, we must comment on the possible origin of the
linear relation between OER and CER activity. As previously mentioned, the selective leaching
of non-noble A and B cations from the lattice will to a varying extent form an amorphous IrO,
surface layer on all materials. Since the double perovskites share identical structural motifs,

one can expect them to follow comparable amorphization behavior. This could result in thin
catalytically active IrOy layers with perhaps varying surface area but similar kinetics, and thus
alinear OER vs. CER relation would always be observed. However, the variance in Tafel slopes
for the CER strongly speaks against this effect being the only descriptor for the OER and CER
activity;56181 if identical IrOy is formed, then all semi-logarithmic i-E curves should display
nearly identical (+5 mV/dec) Tafel slopes, which is not the case. The IrO, reference
furthermore fits in the scaling trend very well, despite possessing a rather different structure
compared to the double perovskites. All in all, although the true nature and structure of the
active catalyst phases cannot be discerned, we can still conclude that they vary among catalysts,
and that despite this, a linear scaling relationship between the CER and OER is observed. The
origin of this scaling has been commented on by Trasatti.5s It is possibly a similarity between
the way that chloride binds to surfaces, as compared to the several key oxygen intermediates
believed to be involved in the OER.72 Most importantly, scaling suggests that a catalyst with a
kinetic preference towards only one of the reactions may be very hard to find.
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CER selectivity as a function of chloride concentration

Similar to Chapter 2, we further probed the OER vs. CER selectivity of the materials by varying
the chloride concentration stepwise between 0 and 120 mM. Molar selectivities towards CER
(ecgr) were defined according to Eq. 2.3. Measured values of e.z5 for all materials are shown
in Figure 3.5, at 1.50 V and 1.55 V. At 1.50 V, &gy is very similar among materials and shows
a strong dependence on chloride concentration. At 1.55 V (Figure 3.5B), selectivity towards the
OER increases and there is more variance among materials. A group consisting of Ba,PrlrOy,
Ba,NdlrOg, Ba,LalrO4 and Sr,YlrO4 shows particularly high OER selectivity. At both potentials
shown, the least active materials generally show higher selectivity towards CER. An important
exception is Ba, SnlrOg. This material shows relatively high CER selectivity at both 1.50 V and
1.55 V while also possessing relatively high activity.

100+ A s 2 i t ! g 100 f B 58 ; H 3
«5% g *3% $ 1 I Y
* & i g <« < * g . x ¥ * <
8o} Bed 8o} ~e 83 t S « “
— ot ® Ba,Prir0 = K3 R
9 8% < 2 | e 9 13 « 1 ® Ba,PrlrO,
s 3 2! s
o . 4 Ba,NdIrOy < w0 e &
> 60 ot > r T4 4 Ba,NdIrOg| T
3 *q v Ba,lalrOq4 2 0" ¢ <4
0 $E 0 a o v Ba,lLalrO,
é) < ¢ Ba,SnirOy @ +* $ < ’ °
© 4A0F e < SK,YIrO, < 40 F o 34 ¢ Ba,SnirQq4|
& K2 Ba,YIrO, & 3 < SpYIrO,
20F ? * Ba,Tbir0,| | ol 2F Ba,YIrOs | |
< + Ba,CelrO, ® Ba,TblrOq
a e 10, * Ba,CelrQgq
of ] of * o,
0 20 40 60 80 100 120 0 20 40 60 80 100 120
[CIT (mM) [CIT (mM)

Figure 3.5: CER selectivity (ecgg, definition in main text) as a function of [Cl™], for different Ir double
perovskites and the lr0, reference. Values shown at 1.50 V (A) and 1.55 V (B). Values were obtained with the
RRDE method as described in section 3.3.3.

Despite these differences, it can be said that e is globally governed by a single relationship
none of the materials show extremely diverging values (>20%) in their selectivity between the
OER and CER. This conclusion is in-line with Figure 3.4A and Figure 3.4B, where a scaling
trend was seen at the single concentration [CI™] = 20 mM. This tendency seems to be
applicable to higher chloride concentrations as well. The effect of mass transport on the
measured CER currents should not be high. A 10% decrease in CER current, the prediction for
maximum mass transport control in the experiments (see also the discussion of Figure 3.3),
should lead to a decrease in .55 of less than 2% for virtually all chloride concentrations. At
potentials above 1.55 V, selectivity towards the OER will presumably increase, since CER will
become increasingly mass transport limited whereas the OER is much less affected.
Unfortunately it was not possible to probe this potential region due to formation of persistent
0, bubbles at high current densities on the electrode tip, which interfered with the collection
efficiency. See Chapter 8 for a deeper discussion of this problem.
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3.3.4. OER vs. CER interdependence and effect of chloride concentration

In this section, we look more deeply into the parallel evolution of oxygen and chlorine as a
function of chloride concentration. Figure 3.6 shows the effect of chloride regarding the OER
Tafel curves, as well as relative OER and CER activity. The chloride concentration exhibits a
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Figure 3.6: Effect of chloride concentration on the OER and CER. A: OER currents measured in the presence
of 20 mM NaCl, in parallel with CER. B and C: Relative OER current (B) and CER current (C) as function of
increasing chloride concentration. %OER currents shown relative to chloride free conditions (0 mM
NaCl), %CER currents shown relative to 30 mM NaCl. See Figure A 9.3.12 for versions of A and B containing
absolute currents.

pronounced influence on all catalysts under study regarding both the CER and OER. When
comparing Figure 3.6A to Figure 3.3A, the presence of 20 mM Cl~ induces a shift of the OER
Tafel curves towards higher potentials, a reduction in the apparent OER exchange current
density and thus a decrease in the OER activity (a factor of 2 for most materials). A scaling
relationship was again apparent when OER data from Figure 3.6A was compared to CER data
from Figure 3.3B (see Figure A 9.3.10). Figure 3.6B and Figure 3.6C show relative OER and
CER currents as a function of increasing [Cl™]. For the OER, all values are shown as
percentages relative to the value at chloride free conditions ([C17] = 0 mM). Likewise, all values
for the CER are shown relative to [CI”] = 30 mM, where the value of the current at this
concentration was taken as ‘30%’. This normalization was done due to the different current
densities, and allows a clearer comparison between trends among materials as chloride
concentrations increase (see Figure A 9.3.12 for the absolute currents). Figure 3.6B shows a
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nonlinear decrease in OER current as a function of [Cl™] on all materials, in some cases
(Ba, TblrOg and Ba,CelrOg) approaching virtually complete OER suppression at 120 mM. At
the same time, all materials show a continuous CER increase with increasing [Cl~] (Figure
3.6C), but there is significant downward curvature in all plots except for the IrO, reference.

For further analysis of the interdependence between the OER and CER, we consider a model
for the apparent suppressing effect of CI~ on the OER activity. The simplest approach to
explain this phenomenon would be to assume a simple site blocking, similar to previous work
by Fernandez and co-workers:82

Ke [Cl7]e/ )

.0 _ _ .0 _
iogr = logr(1 — O¢1) = ippr <1 T+ Ky [Cl-]el

Eq. 3.2

In this equation, iy describes the measured OER current; i, describes the OER current
that would have been measured in absence of chloride. The other symbols again relate to a
Volmer-type adsorption of chloride in pseudo-equilibrium. The corresponding OER chloride
reaction order dependence then becomes:

dlni Ke[Cl7]ef/™
ROER _ ( 0ER> __ cl
d dm[CI]/, ~ 1+ KglCl-]e/m Eq.33
From this expression, we expect ROER to change from o to -1 as [CI™] increases, the rate of
change depending on the overpotential and K;;. We will also consider the chloride reaction
orders of the CER (REER), and compare them with predictions from microkinetic models
described in section 1.4.

The experimental OER and CER reaction orders can be approximated from the derivative of
log-log plots (see Figure A 9.3.15) of the i vs. [C17] curves. The results are shown in Figure 3.7.
Reaction orders for the OER and CER that were measured on IrO,/GC in Chapter 2 (section
2.3.4) have been included for comparison. As described in 2.3.3, the results for values of [CI™]
<10 mM in Figure 3.7 may not be fully reliable due to possible interference of oxide formation
on the Pt ring used for detection.
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Figure 3.7: Reaction orders vs. chloride concentration (R¢;-) for the OER (A) and CER (B). Values were derived
using the [Cl™ ]-dependent slopes of Figure A 9.3.15.
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The initial focus of the discussion will lie on the OER chloride reaction order, for [Cl™]
concentrations of up to 50 mM (see Figure A 9.3.16 for a close-up of this region). In this range,
ROER has a negative fractional value between —0.2 and —0.4 for all materials tested in this
study, as was already apparent from the continuous decrease in OER activity in Figure 3.6B.
Interestingly, the previously characterized IrO, has a value of ROER closest to o, varying
between 0 and -0.1. This is illustrative of this material’s OER kinetics being almost impervious
to the presence of chloride or parallel chlorine evolution, in contrast with the double
perovskites. For these materials, ROER is generally less negative the higher the intrinsic
activity of the material, except for the IrO, reference, which shows relatively low activity but
globally also one of the least negative values of ROER. Furthermore, most OER Tafel curves
exhibit negligible changes in slope after the addition of C1~, except for Ba,CelrOg4 (see Figure A
9.3.11 for a comparison and Table A 9.3.3 for the full data). This suggests that CI~ does not
change the OER mechanism, which (along with the decreasing fractional reaction order in
Figure 3.7A) is in agreement with the simple site blocking model. However, the extent of
blocking appears to depend sensitively on the type of material. We hypothesize that site
blocking for a more amorphous catalyst is different from that in aless amorphous system. The
OER data at [CI™] exceeding 50 mM are subject to increasing levels of uncertainty, due to
inherent limitations of the experiment. With rising chloride concentration, the CER
contribution starts to dominate the OER current, as a result of which the experimental noise
is greatly amplified in subtle slope changes of the log-log plots. Extensive averaging or
smoothing may alleviate the noise, but we chose to present the data as-is to illustrate
limitations of the method. Despite the noise, the overall trend nonetheless suggests that the
reaction order never reaches -1, but rather seems to increase again, occasionally reaching
positive values. This may reflect the influence of chloride on the actual structure of the catalytic

interface.

Regarding the CER in Figure 3.7B, REER also decreases continuously for all double perovskites,
down to values of roughly o.5. For IrO, however, it stays at a constant value close to unity,

REER ~ 0.92. The Ir0, reference material shows even different values, with REER ~ 1.45

around [Cl~] = 10 mM, which then progressively decreases to a steady value of 1.07. A REER
value close to one has often been reported on metal oxides.3555112183184 Furthermore, a
decrease in REER as a result of an increase in [C17] has been reported previously on Ru0,.16
Judging from reaction orders alone, it thus seems likely that both IrO, and IrO, follow a
Volmer-Heyrovsky mechanism, as their reaction orders converge near 1 at higher [CI™]. This
is in agreement with previous reports.35 On the other hand, reaction orders on all double
perovskites continuously decrease to values much lower than 1. Such behavior is more
expected of either a Volmer-Tafel or Volmer-Krishtalik mechanism dominating the kinetics.
We further investigated the CER mechanism using test plots devised by Conway et al.8 and
Ferro et al.3 By re-ordering the measured CER i-E curves, one can test whether a Volmer-
Tafel or Volmer-Heyrovsky mechanism applies (see Figure A 9.3.13 and its description for
details about the method). For IrO,, we obtained a straight line in a Ferro-de Battisti test plot
only, indicating Volmer-Heyrovsky kinetics. We note that a straight line in such a plot can also
indicate Volmer-Krishtalik kinetics. However, the y-intercept is then expected to be

independent of [CI7]. Instead, the intercept shows an inverse [CI~] dependence, which
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matches well with the V-H pathway (see Figure A 9.3.14 for more details). On the other hand,
Ba,PrirO¢ only showed a straight line in a Conway-Novak test plot, suggesting that CER
proceeds via a Volmer-Tafel mechanism on this material (and perhaps also on the other
perovskites), in agreement with the reaction order findings.

As a final note, it can be expected that the apparent OER and CER chloride reaction orders on
the double perovskites are affected by adventitious surface leaching as described in section
3.3.1. This leaching should lead to transient changes of the active surface area, and its effect

on either R2ER or REER can be modelled via:

i =A([C7]);) Eq. 34

where i is the measured current for either the OER or CER, j is the current density as modelled
by either the V-T or V-H model, and A is the real electrochemical surface area, which is
dependent on chloride concentration due to leaching. It then follows that:

2 _( dlni ) _ 0lnj dlnA([CIT])
o= \@mlcr]/, ~amiar] T am[a] Eq.35

On the right-hand side, the first term corresponds to the ‘kinetic’ reaction order, as discussed
earlier in this section. The second term represents the influence of chloride on the real surface
area. As seen in Figure 3.1 and Table A 9.3.2, the leaching rates of both noble and non-noble
components are chloride-dependent, but not in the same manner; a complex interplay can be
expected from surface area changes due to increasing chloride concentration. Not much is
currently known on the growth of amorphous surface phases on these materials in acidic
media, meaning that the value and range of the A term is not easy to quantify. A reasonable
assumption is that the term 0 In A([C17]) /@ In[Cl7] is positive immediately upon contacting the
pristine perovskite with acidic electrolyte, during which the majority of surface leaching takes
place and the change in surface area should be the largest. Considering that the rate of leaching
steadily decreases over time in Figure 3.1, we may expect A to approach a constant value for
all values of [C17], and its contribution to the reaction order should then tend to 0. On the other
hand, if the rate of leaching increases strongly with increasing [Cl™], increasing changes of A
could explain the apparent rise in reaction orders for both the OER and CER at higher Cl~
concentrations.

3.4. Conclusions

In this chapter, we report that iridium-based double perovskites with structures Ba,BlrO, (B
= Pr, Nd, La, Sn, Y, Tb, Ce) and Sr,YIrOg, previously reported having high oxygen evolution
activity in acidic media, also show high catalytic activity towards chlorine evolution in
relatively low chloride concentrations (0 — 120 mM). A strong linear correlation between the
CER and OER activity was found on all catalysts employed, and also comparable selectivity.
This strengthens the suggestion that the OER and CER follow a scaling relationship, as
suggested in previous studies. On the basis of these results, it can be expected that promoting
one reaction over the other on the basis of kinetic considerations alone may be exceedingly
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difficult, if not impossible. Alternative pathways, such as affecting the CER thermodynamics
through pH changes, or the mass transport of chloride to the active catalyst, are likely more
successful in enhancing selectivity. Electrochemical ICP-MS measurements showed that
chloride has mixed effects on the stability of the perovskites. Whereas non-noble dissolution
effects were inconclusive, it significantly enhanced iridium dissolution during
potentiodynamic control and active OER/CER, as evidenced by a lower value of the S-number.
Dissolution pathways related to the OER and CER are therefore likely different, which must
be taken into account when considering an active catalyst for either of the reactions. Reaction
order analysis indicates that CER proceeds via Volmer-Tafel mechanism on the double
perovskites, whereas it follows a Volmer-Heyrovsky mechanism on IrO, and amorphous IrOy.
Contrary to amorphous IrO,, the OER activity on the double perovskites and Ir0, is strongly
impacted by chloride concentration, displaying fractional, negative reaction orders.
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Introduction

4.1. Introduction

As mentioned in section 1.2, seawater would be an extremely attractive substrate for solar
energy conversion. Unfortunately, attempting to directly electrolyze a chloride-containing
electrolyte may lead to the formation of large amounts of toxic chlorine on the anode. In
addition to Cl~, seawater contains a small but significant amount of Br~, roughly 0.3mol%
relative to chloride.’8¢ Analogous to the CER, bromide can rapidly be oxidized on the anode
via the bromine evolution reaction (BER):

2Br” - Br,+2e” Eq. 4.1
Ep,. /gy~ = 1.087 V vs.NHE

Like chlorine, Br;, is corrosive and toxic, and not easily disposed of in an environmentally
friendly way. Its formation is unwanted but kinetically highly favorable during seawater
electrolysis, due to the relatively low equilibrium potential relative to the OER. Bromide
oxidation is also an especially important consideration during the electrochemical treatment
and disinfection of wastewater, because it is strongly linked to bromination of organic waste
compounds present in the water. This is highly detrimental to the detoxification
performance.'87-18 The BER also is relevant to the energy intensive chlor-alkali process, where
Br~ is a common contaminant in the brine feedstock.19°

Previous literature has devoted far more attention to the CER than to the BER, in light of the
former’s industrial importance (see section 1.2). There has recently been a moderate increase
in interest in the BER as it may be a useful reaction in redox flow batteries.9:192 Much less
research has gone into systems where both CI~ and Br~ are present, such as when using
seawater or a seawater-derived electrolyte, in which the BER and CER can occur
simultaneously. To the best of our knowledge, the literature on this rather complex situation
is scarce, and is mostly carried out from the perspective of wastewater treatment.'93-95 Qur
interest goes out specifically to the fundamental understanding of the parallel halogen
oxidation reactions, which can be beneficial to seawater electrolysis and water treatment alike.
The BER and CER seem to follow similar electrocatalytic pathways,8196-198 which implies that
the active sites involved in the reactions would be the same, and that some form of interaction
between them can be expected. One could then imagine that the two reactions simply mutually
inhibit each other, or form an intimate coupling that can lead to changes in the reaction
pathway and the formation of interhalogen compounds. Either case can have important
practical implications, since in the first case, one reaction may block the occurrence of the
other one if the ratio between reactants is unbalanced enough. In the latter, interaction
between the two reactants can lead to unexpected outcomes.

In this chapter, we explore the parallel oxidation of bromide and chloride on a Pt
electrocatalyst, which exhibits significant electrocatalytic activity for both the CER and BER.
As a simplified model system, we use solutions containing HCl and HBr in varying ratios with
additional HC10, as background electrolyte. This prevents the presence of cations in solution,
which may have an influence on the kinetics.96199-200 The low pH was intended to prevent
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complications from the formation of oxygenated chlorine or bromine species (such as CI0~ or
Br03), which is favored by high pH,201202 and also allowed to study both the BER and CER on
Pt with minimal interference from the OER. We utilize forced convection studies using an
RRDE to gain insight into the kinetic competition and interdependence of the two reactions,
coupled to a Pt ring that allows quantitative detection of soluble halogen products, similar to
the discussion in Chapter 2. Special focus was on Tafel behavior and reaction orders as a
function of potential and reactant concentration. Of special interest were mutual inhibiting
effects, and the possible electrochemical formation of interhalogen compounds, such as BrCl.
Kinetic studies were complemented with in-situ electrochemical UV-Vis experiments on
stationary electrodes, to probe the formation of products as a function of potential and time
near the electrode surface. The combination of these techniques sheds light on how chloride
and bromide interact on a model electrocatalyst, and the implications this may have in a
practical setting.

4.2. Experimental

All experiments were carried out at room temperature (~20 °C). Cleanliness protocols for the
RRDE experiments were considerably more rigorous than those for the UV-Vis experiments,
because forced-convection techniques are inherently more sensitive to contamination.

4.2.1. Chemicals

For the RRDE experiments, HCIO, (70%, Suprapur®/Trace analysis grade) and HCl (30%,
Ultrapur®/Trace analysis grade) were purchased from Merck. HBr (47%,
Normapur®/Analysis grade) was purchased from VWR Chemicals. For the UV-Vis
experiments, HCI0, (60%, EMSURE/Analysis grade), HCI (32%, EMSURE/Analysis grade)
and HBr (47%, EMSURE/Analysis grade) were purchased from Merck. All purchased
chemicals were used as received. The water used for all experiments was prepared by a Merck
Millipore Milli-Q system (resistivity 18.2 MQcm, TOC < 5 p.p.b.).

4.2.2. Cleaning procedures

For the RRDE experiments, all glassware was thoroughly cleaned before first-time use by
boiling in a 3:1 mixture of concentrated H,S0O, and HNO3;. When not in use, all glassware was
stored in a 0.5 M H,S0, solution containing 1 g/L KMnO,. Before each RRDE experiment,
glassware was thoroughly rinsed with water, and then submerged in a dilute (~0.01 M)
solution of H,S0, and H,0, to remove all traces of KMn0O, and MnO,. The glassware was then
rinsed three times with water and boiled in water. The rinsing-boiling procedure was repeated
two more times.

The glassware and custom-built cell for UV-Vis experiments were cleaned by soaking in warm
reagent grade 98% H,S0, for an hour, followed by copious rinsing with Milli-Q water and
boiling three times in Milli-Q water. When not in use, they were stored submerged in Milli-Q
water.
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4.2.3. Electrode preparation

4.2.3.1. RRDE experiments

Pt disks of 5 mm diameter (0.196 cm?2 geometrical surface area) were used as primary working
electrode, along with a Pt ring as secondary electrode. At the beginning of an experimental
session, the assembled Pt-Pt tip was rinsed with copious amounts of Milli-Q water, treated for
3 minutes with a solution of 0.5 M H,SO, containing 0.5 g/L. KMnO,, rinsed with Milli-Q water,
treated with a dilute (~0.01 M) solution of H,SO, and H,0, to remove any traces of KMnO,
and MnO,, and then extensively rinsed with warm (~50 °C) Milli-Q water. During RRDE
experiments, the Pt disk and ring electrodes were electropolished by scanning from -0.1 V to
1.7V at 500 mV s for 20 scans at 1500 RPM. In-between experiments, the disk electrode was
kept at 0.7 V vs. RHE. Ring currents were corrected for constant background currents and
product collection delay. The latter arises from the time needed for products formed on the
disk to reach the ring. The delay for each used rotation rate was empirically determined by
stepping the potential to evolve Br, on the disk, and investigating the ring response as a
function of time.

Before each experiment, the Pt electrode was subjected to a pre-treatment step to ensure an
oxide-free, reproducible surface. The electrode was first kept at 0.4 V vs. RHE for 10 s, to
reduce any residual trace of platinum oxide of preceding experiments, followed by a 3 s hold
at 0.7 V vs RHE, to equilibrate the electrode and allow capacitive double layer charging to
minimize. Scanning commenced immediately afterwards (see Figure A 9.3.1).

4.2.3.2. UV-Vis experiments

A 5 nm platinum layer was sputtered onto a conductive fluorine doped tin oxide (FTO)
substrate (TEC-15, Hartford glass co.) for the in-situ UV-Vis transmission measurements. The
deposition was performed at 3 pbar deposition pressure, with a deposition rate of ~0.593 A/s,
using an AJA sputtering system (ATC 2400). The FTO substrate was cleaned, prior to the
deposition, using a sequence of laboratory soap, Milli-Q water, acetone and isopropanol and
eventually drying the substrates with nitrogen gas. Subsequently, the FTO substrate surface
was treated using argon plasma for 2 minutes, prior to the platinum layer deposition.

4.2.4. Cell preparation

4.2.4.1. RRDE experiments

RRDE experiments were done with home-made two-compartment borosilicate glass cells with
solution volumes of 100 mL. An IviumStat potentiostat (Ivium Technologies) run by the
IviumSoft software package was used for potential control. All experiments were done with an
MSR rotator and E6 ChangeDisk RRDE tips in a PEEK shroud (Pine Research). All
experiments were 95% iR-compensated during the experiment, by measuring the solution
resistance with electrochemical impedance spectroscopy at 0.70 V vs. RHE, and observing the
absolute impedance in the high frequency domain (100-50 KHz) corresponding to a zero-
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degree phase angle. All solutions used were saturated with Ar (Linde, purity 6.0) before
experiments. During forced convection experiments, solutions were continuously bubbled
with Ar gas. The reference electrode was a HydroFlex® reversible hydrogen electrode
(Gaskatel), separated from the main solution using a Luggin capillary. An additional
LowProfile Ag/AgCl reference electrode (Pine Research) served to measure the solution pH
and was used for conversion to the NHE scale. The Ag/AgCl reference was externally
calibrated on a regular basis and had a value of 198 + 0.5 mV vs. NHE. All potentials in this
chapter are reported on the NHE scale unless explicitly mentioned otherwise. A flame-
annealed Pt mesh was used as counter electrode, separated from the main solution by a coarse
sintered glass frit.

4.2.4.2. UV-Vis experiments

A Vertex potentiostat (Ivium Technologies) run by the IviumSoft software package was used
for potential control. The transmission measurements were performed in a custom-built setup,
consisting of a PTFE electrochemical cell housing equipped with quartz windows. A coiled
platinum wire acted as the counter electrode, and a LowProfile Ag/AgCl reference electrode
(Pine Research) was placed in fixed position relative to the Pt/FTO working electrode. The
Ag/AgCl electrode was calibrated at 199 + 0.5 mV vs. NHE. All applied potentials were 90%
iR-compensated according to the solution resistance. The latter was measured using a similar
procedure as in the RRDE experiments (section 4.2.4.1). A combination of light sources, a
deuterium lamp (Mikropack D-2000) and a halogen lamp (Ocean Optics HL 2000 — FHSA),
were used in the setup. These sources were combined using an optical fiber arrangement and
this fiber acted as the illumination source for the transmission measurements. The setup also
included a spectrometer (Ocean Optics, Maya 2000 Pro), which was used to capture the
transmitted light. The setup was aligned in such a way that the platinum/FTO sample was
illuminated from the back side and the transmitted light was captured on the opposite side of
the electrochemical cell. The transmission data was continuously recorded in-situ, while
performing the electrochemical measurements.

4.3. Results and discussion

4.3.1. Brief review of the BER and CER kinetics on Pt

The experimental CER kinetics on Pt appear the most compatible with the Volmer-Tafel (V-T)
mechanism, as suggested by Conway and co-workers. Evidence comes from impedance
studies, 8 potential-relaxation experiments2°3 and recombination test plots,2°4 showing that
Eq. 1.19 gives a good fit of the experimental data. However, the interpretation of experimental
reaction orders has been much less straightforward. This may be in large part due to the
complicating effect of transient formation of platinum oxide (PtO,), which readily occurs at
potentials where the CER takes place (section 4.3.5). The oxide layer competes with CI~
adsorption during CER electrocatalysis, and may itself have an effect on intrinsic catalytic
rates.56205 Conway and Novak obtained chloride reaction order values close to 1 when [CI7] =
100 mM, decreasing to zero when [Cl~] increased to 1 M and higher.»® These values were
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measured at constant overpotential, for which the V-T mechanism predicts that R¢- = 0 (see
section 9.4.3). The authors explained the non-zero values by the effect of specifically adsorbed
chloride anion (CI~*) on the PtO, layer, but no further analysis was undertaken to explore this.
The BER mechanism on Pt has been much less studied,2°6-208 but previous work by Conway et
al. with similar methodology as used for the CER indicates that it follows V-T characteristics
when [Br~] > 1 M.»9¢ The bromide reaction order was however not investigated in their work.
The effect of oxides during the BER should be much lower, because the BER takes place at
lower potentials than the CER. Additionally, bromide has a much stronger oxide suppressing
effect compared to chloride. In a mixed Br~ + Cl~ electrolyte, the situation becomes more
complex, since multiple electroactive species are involved with differing adsorption
strengths.209 We will focus our study on mutual competitive blocking effects, since these
should be relevant to the catalytic activity in an actual electrolyzer. Additionally, co-adsorption
of the two halogens could lead to the evolution of interhalogen compounds, such as BrCl. We
will show below that this compound may indeed be electrochemically formed. We assume that
the direct electrochemical formation of triatomic interhalogen ions through a trimolecular
reaction, such as BrCl;, is highly improbable.

4.3.2. Considerations of interhalogen formation reactions

When carrying out electrolysis in a mixture of halogen anions, one needs to consider various
electrode reactions and solution reactions, as summarized in Scheme 1. The corresponding
equilibrium constants of these reactions are given in Table A 9.4.1.202:210

Solution

Regi

B Electrode Surface .
Increasing E Increasing E

Scheme 4.1: Halogen reaction pathways on Pt during the parallel oxidation of aqueous Br~ and Cl™in an acidic
solution, according to data from literature>*® and Table A 9.4.1. Black arrows represent solution phase
reactions, relative sizes and thicknesses between pairs are illustrative of the direction of the corresponding
equilibrium. Blue arrows represent elementary steps in electrochemical reactions on the electrode surface.
Bottom area left shows rate-limiting reaction steps according to the Volmer-Tafel mechanism, which most
likely dominates on Pt. The right shows rate-limiting reaction steps according to a Volmer-Heyrovsky or
Volmer-Krishtalik-type mechanism. We exclude trimolecular reactions in this scheme.
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In Scheme 4.1, solution phase reactions are drawn starting from Cl, and ending in Br3 as the
most stable species. Two ‘regions’ can be discerned in the overall pathway: one that comprises
the interconversion between stronger oxidizing species Cl,, BrCl; and BrCl, and region 2
consisting of Br,, Br,Cl~, and Br3, species with higher stability. Besides effects of kinetic
competition, we are interested if electrocatalytic interhalogen formation can occur in a
mixture of Br~ and Cl~. As discussed in section 4.3.1, the main reaction of interest is the
formation of BrCl according to:

Br~ +ClI” @ BrCl+2e™ Eq. 4.2

This previously unreported reaction falls thermodynamically in-between the BER and the CER
(see Table A 9.4.1). It is illustrated in the lower part of Scheme 4.1, along with the BER and
CER, displaying the Tafel reaction (bottom left) or electrochemical desorption (bottom right)
as the rate-limiting step.

Unfortunately, accurate determination of products formed electrochemically on the electrode
is not straightforward in this system, because the aqueous interhalogen reactions shown in
Scheme 4.1 and Table A 9.4.1 are extremely rapid (values of rate constants are typically in the
order of 109). Any ‘oxidizing equivalents’ (thermodynamically labile species) generated on the
electrode will therefore tend to dissipate by reacting with bulk surplus of Br~ and Cl~ in
solution, which obfuscates the identity of the electrochemical product originally formed.2
Given sufficient mixing, the system will always evolve towards a mixture of primarily Br,, Brs
and Br,Cl™, regardless of the electrode potential applied. Although we thus cannot pinpoint
exactly the origin of any halogen species near the electrode, we can still rationalize the
occurrence of reactions happening in-between the BER and the CER from thermodynamic
constraints. Equilibrium constants in Table A 9.4.1 show large differences in the stability of
several species. In case that only Br, is being generated at the electrode, this implies that no
interhalogen other than Br,Cl™ should be formed spontaneously in solution, as the driving
force for the other interhalogen species is too small. The occurrence of either BrCl or BrCl; at
electrode potentials lower than the thermodynamic onset of Cl, evolution can then only be
rationalized by the occurrence of an electrochemical reaction. When the potential is high
enough to allow Cl, evolution, all species Scheme 4.1 can in principle be formed. The most
interesting potential region is thus in-between the BER and CER.

4.3.3. RRDE studies of parallel oxidation of bromide and chloride

We used RRDE voltammetry to study the kinetics of parallel oxidation of Br~ and Cl~ under
hydrodynamic conditions, as this greatly simplifies the analysis by keeping the diffusion layer
thickness constant. It also removes products from the surface that may possibly react further
and in this way influence the apparent electrochemical kinetics;2°8 this could be either follow-
up electrochemical reactions on the surface, such as the oxidation of Br, into BrO3, or through
interhalogen reactions in the solution (see section 4.3.2). The RRDE also allows following the
formation of soluble reaction products by utilizing a Pt ring as detector. The ring potential was
fixed at 0.7V vs. RHE, to reduce halogen species formed on the disk without also reducing O,.
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Although the onset for oxygen reduction is around 0.95 V vs. RHE on Pt in HClO,, the
adsorption of Br~ significantly increases the overpotential, reducing oxygen reduction to
negligible rates for potential values down to 0.7 V vs. RHE.22 It was found that Br, reduction
becomes diffusion limited at an overpotential of approximately n = 150 mV (see Figure A 9.4.1
for details). Additionally, in Chapter 2 we showed that Cl, reduction on Pt becomes diffusion
limited at 7 ~ 250 mV. Ring currents at 0.7 V vs. RHE can thus be taken as quantitative.
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Figure 4.1: Cyclic voltammograms of a Pt-Pt RRDE in a solution of 0.1 M HCl0,, showing the BER in presence
of 10 mM HBr (Panel A), the CER in presence of 10 mM HCI (Panel B), and parallel oxidation of Br~ and Cl~
in presence of 10 mM HBr + 10 mM HCI (Panel C). Varying scan rates are shown in shades of blue at a fixed
rotation rate of 1600 RPM. Top panels show disk currents, bottom panels show ring currents while keeping
the ring potential at 0.7 V. Arrows indicate scan direction.
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Throughout this chapter we generally use the NHE as potential scale. We note that the pH-
dependent formation of platinum oxide (PtO,) can have a large effect on the apparent reaction
kinetics.58:203205 A change in acid concentration can thus cause a shift in the potential of
oxidation of the Pt surface on the NHE scale, and correspondingly the catalytic activity. The
significant background acid concentration of 0.1 M HCIO, served to dampen pH changes as
the total acid concentration was changed. The highest observed pH change was around 0.3 pH
unit, when going from 100 mM HCIO4 to 100 mM HCIO, + 10 mM HBr + 100 mM HCI, which
is equivalent to a potential difference of about 20 mV.

Figure 4.1 shows the BER and CER (panels A and B) as well as parallel Br~ and CI~ oxidation
(panel C) on a Pt-Pt RRDE, for varying scan rates. In Figure 4.1A, the BER starts at a potential
of 1.05 V, corresponding to a negligible overpotential, and reaches a plateau current at
approximately 1.25 V. In control experiments using 5 mM HBr (not shown), the measured
values of the BER limiting current correspond within a few % to a previous report by Xu et
al.208 The value is approximately 90% of the theoretical value predicted by the Levich equation,
suggesting that the limitation stems from mass transport and that it is not due to kinetic
limitations which may occur at much higher bromide concentrations.9¢ The effect of scan rate
on the BER is minimal for slow to modest scan rates up to 75 mV s. At higher rates, the
inability of Br, to be transported away from the surface fast enough leads to additional
reactions. The oxidation of Br, to BrO3 is visible around 1.50 V in the forward scan,23 and the
reduction of Br, to Br~ in the backward scan near 1.10 V. The CER in Figure 4.1B starts at 1.37
V, which like the BER is very close to its thermodynamic value. Contrary to the BER, it has a
rather strong scan rate dependence. This effect can be explained by transient oxidation of the
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Figure 4.2: Cyclic voltammograms of a Pt-Pt RRDE in a solution of 0.1 M HClO, + 10 mM HBr, showing the
effect of varying HCI concentrations in shades of green, recorded at 10 mV s (A) and 50 mV s (B) at a fixed
rotation rate of 1600 RPM. Top and bottom panels like those described in Figure 4.1. Arrows indicate scan
direction.
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Pt surface. PtO has very poor catalytic activity for the CER, and its formation is a relatively
slow process on the timescale of this experiment.108.196 A faster scan rate then leads to a Pt
surface that is less oxidized when CER becomes thermodynamically favorable, and thereby
results in higher reaction rates. This will be discussed in more detail below. In Figure 4.1C, the
presence of both 10 mM HBr and 10 mM HCl leads to the same current plateau as seen in the
BER wave in Figure 4.1A, followed by two superimposed current waves, a first with an onset
around 1.30 V, and a second one with an onset potential of 1.42 V. The latter one should
correspond to CER. The wave starting at 1.30 V must correspond to the interaction between
bromide and chloride. We will analyze the competition between BER and CER and their
interaction in more detail in the subsequent sections.

Figure 4.2 shows parallel Br~ and Cl~ oxidation with varying HCl concentration, for two
different scan rates. The superimposed oxidation wave between 1.30 — 1.65 V is chloride
concentration dependent, including the ‘pre-peak’ that starts around 1.30 V. They experience
an increase in current and lowering of the onset potential with increasing Cl~ concentration.
The pre-peak is also clearly captured in the ring currents (Figure 4.2 bottom panels), so that
it must correspond to a halogen evolution reaction. Diffusion-limited bromide oxidation
(potential region of 1.20 — 1.30 V) seems rather unaffected by the increasing presence of
chloride, except when [C1™] = 100 mM, where a kind of inhibition occurs.

The Pt ring electrode was used to quantify the extent to which the currents observed on the
disk corresponded to the evolution of soluble product species (Figure 4.1 and Figure 4.2,
bottom panels). The ring currents clearly mark the onset of the halogen oxidation reactions.
Particularly in Figure 4.1C, the ring effectively mirrors the disk during halogen oxidation. Once
halogen oxidation reactions start occurring, the ratio |iz/ip| generally converges to a constant
value that is within 2% of the RRDE collection factor (Figure A 9.4.3 and Figure A 9.4.4). Scan
rates faster than 100 mV s lead to some deviation from steady-state values, due to
pseudocapacitive contributions on the disk (such as from PtO,-related reactions), as well as a
decrease in the time resolution of the ring response.24 At high CER overpotentials in high Cl~
concentrations we also saw systematic deviations (Figure A 9.4.6), likely because the ring
response became distorted by bubble formation during intense gas evolution on the disk (see
also Chapter 8). In low CI~ concentrations all scan rates show a slight decrease in ring/disk
ratios above 1.55 V, likely due to the onset of slow parallel evolution of 0, on the disk. The OER
contribution on the disk is nonetheless rather small (less than 1%). In summary, all disk
current can be ascribed to only halogen oxidation for any combination of [HCl], scan rate or
rotation rate, as long as the scan rate does not exceed extreme values (see also Figure A 9.4.5).

4.3.4. Bromide oxidation and the effect of chloride

In this section, a closer look into the effect of chloride on the oxidation of bromide will be taken,
primarily by investigating Tafel slopes, reaction orders and the effect of mass transport.
Koutecky-Levich plots of the bromide oxidation wave at various chloride concentrations were
constructed using the forward sweeps of CVs (See Figure A 9.4.10). The y-intercepts were then
calculated as function of potential (Figure A 9.4.11). These results show that a higher [CI™]
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causes an increasing degree of kinetic control over the reaction, although the effect is very
subtle when [C17] < 100 mM.
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Figure 4.3: Tafel slope values in the bromide oxidation region of Figure 4.2A (A) for various measured chloride
concentrations. Only forward scans are shown. B: Chloride reaction order R¢;- as function of chloride
concentration, based on data shown in Figure A 9.4.9B.

Figure 4.3A shows Tafel slopes (derived from Figure A 9.4.8B) as a function of potential. From
Figure A 9.4.11, we can discern the potential region of roughly 1.075 — 1.125 V as kinetically
limited. In this region the Tafel slopes show a fairly constant value between 25-35 mV/dec,
agreeing well with previously reported values.»9¢ Addition of chloride up to concentrations of
50 mM does not change the Tafel slope values, and chloride reaction order analysis (Figure
4.3B) shows that R - stays close to 0. The effect of changes in PtO, coverage due to varying
pH should be very minor. Control experiments with 10 mM HBr and no chloride showed that
the BER rates show no hysteresis up to 1.40 V, suggesting that inhibiting PtO,, though it may
be formed,2°7 plays no significant role in the apparent catalytic activity (Figure A 9.4.12). The
reaction becomes notably affected when the chloride concentration increases to 100 mM,
where the Tafel slope values rise less quickly as function of potential, and R~ decreases to
around -1.

We also measured the BER dependence on bromide, in absence and presence of an excess of
chloride as to further probe the latter’s competition behavior. Figure A 9.4.13 and Figure A
9.4.14 show bromide oxidation curves and derived Tafel slopes as function of [Br~]. Tafel slope
values of the BER in 1 M HCI (Figure A 9.4.14B) are overall higher (30-50 mV/dec) and
significantly less linear, as would be expected on the basis of Langmuirian competitive
adsorption (Section 1.2 of the SI). Figure A 9.4.15 displays Rg,- for 10 mM < [Br~] < 100 mM.
The values around each given [Br~] are shown versus potential, because the BER is too fast to
measure activation controlled currents over a wider range of [Br~] at a fixed potential, without
running into diffusion limitations. The quasi-linear regions in Figure A 9.4.14 were used to
approximate the activation-controlled region for each [Br~]. Experimental error from very
small currents and the possible influence of the backward reaction led to unexpectedly high
values of Rp,- at very low overpotentials. Nonetheless, for each [Br~] in their respective
activation controlled potential region, Ry~ values are arguably close to 2, as predicted by the
V-T mechanism. The apparent reaction orders rapidly approach 1 as the potential increases,
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due to mass transport control. Interestingly, Ferro et al. obtained Rg,- = 1 on a stationary Pt
electrode;>'3 these values were obtained at constant overpotential, but the value of E, was
kept fixed by adding equimolar amounts of Br~ + Br,, such that expected values of Rg,- are
within 2 and o. Considering the rather narrow (roughly 50 mV) potential ranges in Figure A
9.4.15 where the BER appears activation controlled, it is possible that their values were
unintentionally obtained under diffusion controlled conditions.

When regarding the effect of competitive CI~ adsorption, one can extend the bromide

adsorption isotherm to include both Br~ and Cl~ according to:

0. — Ky [Br~]e/"
BT Kp,[Br-le/m + K [Cl=]e/m + 1

Eq. 4.3

A detailed discussion of the mechanistic implications of Eq. 4.3 can be found in section 9.4.2.
Importantly, it leads to the same predictions for R~ as in absence of competition, namely
that Rg.- should consistently decrease from 2 to 0 as a function of [Br~] in the V-T mechanism.
In presence of an excess of 1 M Cl™ in Figure A 9.4.15A, Rp,- has overall slightly lower values.
The reaction is no longer fully diffusion-controlled such that Rg,- is no longer strictly 1 at
higher potentials. The data seem to approach a non-zero value with higher potential, and again
approach 2 at low overpotentials. Both observations are predicted by the V-T pathway under
the assumption of Langmuirian, competitive adsorption. From this, we conclude that chloride
acts as an inhibitor on bromide oxidation and is otherwise uninvolved. Because chloride
typically binds weaker to surfaces than bromide,2s we expect that only at high ratios of
chloride versus bromide (such as in seawater), where Kp,[Br~] < K¢ [Cl"], the BER may
become significantly slowed down.2:6

4-3.5. Chloride oxidation and the effect of bromide

In this section, we look more closely how the oxidation of chloride is affected in a mixed Br~
+ C1~ electrolyte. The pre-peak starting at 1.30 V (Figure 4.1 and Figure 4.2) suggests a more
complex Br and Cl interdependence than only competitive adsorption, which is most likely
due to the formation of BrCl. The nature of this process will be discussed separately in section
4.3.6. For a meaningful analysis, it is necessary to isolate the chloride oxidation current from
the superimposed BER current plateau. A strict separation is complicated, because the
oxidation pathways of Br~ and Cl~ are clearly mutually dependent and the underlying
contribution of each pathway is not exactly known. As a first approximation, we assumed that
the BER follows an ideal sigmoidal curve, which appears justified by results from section 4.3.4
and Figure A 9.4.12. The BER wave could then be fitted using a 5-parameter generalized
logistic function, whose relative complexity allowed modelling the asymmetry that is inherent
to reaction mechanisms more complex than a single electron transfer step.27 The procedure
is illustrated in Figure A 9.4.23.
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Figure 4.4: Residual chloride oxidation currents after subtraction of BER-related current using a generalized
logistic baseline. Shown are the effect of scan rate (A), HCI concentration (B), and rotation rate (C). Dashed
lines in A and B correspond to CER data measured in absence of Br~ under otherwise identical conditions.

Figure 4.4 shows the effect of various experimental parameters on the current related to
chloride oxidation, after applying a logistic baseline correction for the superimposed BER
current. In comparison with the dashed traces of ‘pure CER current’ under bromide-free
conditions, there are significant differences. The ‘main’ oxidation wave, with an onset of 1.45
V in Figure 4.4A, can be ascribed to the CER. The overpotential for the CER in Figure 4.4A
and B is generally increased relative to bromide-free conditions, except for the experiments
with the highest scan rates and chloride concentrations. Figure 4.4C furthermore shows that
the CER current slightly decreases with rotation rate. This behavior may be caused by an
increase of the steady-state bromide coverage 6g, as a result of increased mass transport,
leading to suppression of the CER. When [CI~] was increased to 100 mM such that the BER
became more inhibited (section 4.3.4), the CER displayed an increase in current with rotation
rate, but a more clear rotation rate dependence could not be established (Figure A 9.4.16).

The CER is much more likely to be affected by PtO, formation, for which the driving force is
significant near the CER equilibrium potential. Oxide growth causes the CER current in Figure
4.4 to level off or sometimes even decrease with higher potential. The highest recorded
currents in Figure 4.4B are less than 10% of the diffusion limitation predicted by the Levich
equation, showing that the reactivity limitation is a kinetic effect.
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Figure 4.5: Chloride reaction order R¢;- as function of chloride concentration, based on data from Figure 4.4B.
Shown are values in presence of 10 mM HBr (A), as well as those in bromide-firee conditions (B).

Figure 4.5 shows chloride reaction orders based on data from Figure 4.4B. In presence of Br~
(Figure 4.5A) the reaction order is close to 0 at low chloride concentration, but then increases
to values close to 2, and then assumes a value of ~1.4 at [CI”] = 100 mM. This is in remarkable
contrast to the results obtained in absence of Br~ (Figure 4.5B), for which reaction orders are
close to 1, regardless of potential or chloride concentration.

All results in Figure 4.5 should contain a contribution from transient formation of the PtO,
layer. For the CER, this ‘oxide reaction order’ has been studied previously by Conway and
Novak, who obtained steady R¢;- values between 0.8 - 0.9 which quite suddenly decreased to
0 as [Cl”] increased to 1 M, at constant overpotential (see also section 4.3.1). As mentioned
previously, the V-T mechanism predicts that R¢;- is always zero when considered at constant
overpotential. The contradicting non-zero values were ascribed to specific adsorption by Cl~
at the expense of the oxide layer, forming co-adsorbed ‘CI™* which saturates to a constant
value at higher concentrations. This explanation is however not completely sufficient, since
the surface reaction order d1n 6, /9 In[Cl~] is then still expected to vary between 1 and 0, and
thus the overall reaction order should again be 0 < R- < 2. Most importantly, R - should
not be consistently near unity, but should vary as a function of [CI™] and potential. The V-T
mechanism predicts the same when measurements are made at constant potential, such as in
our results in Figure 4.5B. Similar to Conway and Novak’s results, they do not agree
satisfactorily with the usual kinetic models.

Br~ is also known to inhibit the oxidation of platinum, and does so more strongly than
Cl™ 206218 Br~ may thus affect the CER indirectly by replacing PtO, as the competitive
adsorbate, which could change the apparent reaction order values between Figure 4.5A and B.
In order to look into this more closely, one could describe the effect of adsorption from either
Br~ or PtO, using a site-blocking model. Previous studies have shown that the oxide layer on
Pt initially forms up to a monolayer of OH*, and 0*, coupled to a slow place-exchange between
O and Pt as oxidation progresses.219-220 For a fixed potential E, this oxide growth depends on
time according to:205

Qpeo, (t) = A(E) log(t + to) =~ A(E) log(t) Eq. 4.4

63



4 || Competition and Interhalogen Formation During Parallel Electrocatalytic Oxidation of Bromide
and Chloride on Pt

In this equation, Qp;o, is the charge transferred in the formation of the layer, which can be
measured from the corresponding reduction peak, ¢, is a offset time present at the start of the
linear log(t) region (usually, t, < t), and A is an empirical constant that depends on the
potential. The oxide growth has been reported to depend on time as log(t) over a wide range
of time and potential values, including when chloride is present in the electrolyte.205 In our
potentiodynamic experiments, the overall polarization time and thus the expected oxide
thickness should then approximately depend on the scan rate v for a given potential window
and electrolyte composition according to:

1
Qpto,  log (;) Eq. 4.5

Values of Qp(, were obtained from the PtO, reduction peak (Figure A 9.4.17). As predicted by
Eq. 4.5, a plot of Qp;,, vs. log(v) resulted in a straight line with negative slope in 0.1 M HCIO,.
This relationship was preserved in presence of 10 mM Br~ (Figure A 9.4.18). It was also
preserved in the combined presence of Br~ + Cl~, suggesting that PtO, shows the same growth
characteristics under influence of the two halogen anions. When CER current values are then
compared versus Qp.o,, a quite linear relationship emerges (Figure A 9.4.19 and Figure A
9.4.20). It can be reasonably assumed that sub-monolayers of oxide were present during most
experiments, since in our case the charge of a ‘monolayer’ oxide on a perfectly flat surface
corresponds to roughly 80 pC.205 These results thus suggest that the effect of PtO, on the CER
activity is primarily through site-blocking. A similar observation underlies the work of Patil et
al.22t Further evidence comes from Figure A 9.4.23: Currents recorded at 1.57 V (Figure A
9.4.22) were extrapolated to Qp,o, = 0 (a ‘PtOy-free’ surface), and were normalized to the
chloride concentration. Comparison with diffusion-limited currents predicted by the Levich
equation (blue) suggests that the CER would reach diffusion-limited currents in absence of
oxides at 1.57 V. There may also be an intrinsic catalytic effect of the oxide layer, but this is
likely most significant at specific oxide coverages that are close to (formally) a monolayer.:8.205

Contrary to PtO,, the adsorption of Br~ is in pseudo-equilibrium and should be regarded in
the same way as the CER, such as by using the competitive Langmuir isotherm in Eq. 4.3.
However, the results from Figure 4.5A strongly disagree with the prediction that R¢;- should
consistently decrease from 2 to 0 as a function of [C]7]. Instead, R¢- stays close to o for an
appreciable concentration range and then increases. A simple Langmuirian site-blocking
description therefore seems inadequate. The chloride reaction orders in Figure 4.5A also seem
incompatible with a change in reaction pathway towards BrCl formation, since it is expected
that R~ < 1 for this reaction.

Figure 4.6 shows measured Tafel slope values for the CER in presence (A) and absence (B) of
Br~. ‘Pure CER’ in Figure 4.6B for various chloride concentrations has linear Tafel regions
with a slope between 35-45 mV/dec, in agreement with previous results,58 followed by a
continuous increase in slope with higher potential. The latter is explained by (transient)
inhibition of the CER due to PtO, formation, as was previously noted. The effect lessens as the
chloride concentration increases. Like in Figure 4.5, the presence of Br~ imparts significant
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Figure 4.6: Tafel slope values in the CER region of Figure 4.4B following the pre-peak, for the various
measured chloride concentrations. Only forward scans are shown. Shown are values in presence of Br~ (A),
and values for ‘pure CER’in absence of Br~ (B). Several traces in A and B involving 0-10 mM chloride have
low signal/noise ratios and are not shown or have been cut off at lower potentials.

changes. Intriguingly, the linear Tafel regions now have a value of around 100 mV/dec. In the
Langmuir isotherm, competition leads to higher Tafel slope values (see Table A 9.4.2), but
only in combination with increasing curvature. It cannot explain Tafel regions that have a
higher value, but also stay linear. The linear value of 100 mV/dec could imply that a change in
the rate-determining step of the CER mechanism has taken place, the most straightforward
possibility being rate-limiting Volmer discharge. This, however, is in contradiction with R¢-
being greater than 1 in Figure 4.5A. In summary, chlorine evolution seems to be the major
reaction in the chloride oxidation region, but presence of Br~ induces a large change in the
apparent kinetics. This change does not stem from a change in how the oxide layer forms
during the experiments, but seems to be the result of a complex interaction of Br~ or Br* with
the CER reaction pathway on the surface. The CER on Pt, regardless of the presence of Br~, is
not captured by the usual microkinetic models in a fully satisfactory way, as was previously
hinted at by Tilak and Conway.!2

4.3.6. Nature of the chloride oxidation pre-peak

As mentioned above, the pre-peak that starts at 1.30 V only appears when both Br~ and CI™
are both present, at a potential where the BER is diffusion limited, and where the CER is
thermodynamically not yet allowed, meaning it cannot be ascribed to the evolution of either
Br, or Cl,. At the same time, the pre-peak current is always registered on the ring, so that it is
associated with the evolution of a soluble reaction product. Therefore, it likely involves
formation of an interhalogen compound, where BrCl is the most probable candidate, as its
standard potential (1.19 V vs. NHE) lies in-between CER and BER.

To investigate the pre-peak in more detail, it was necessary to extend the fitting procedure
discussed in section 4.3.5 to ‘isolate’ the relevant current. It must be noted that the pre-peak
is always convoluted by parallel evolution of bromine and chlorine. The BER contribution was
previously modelled using a generalized logistic function, such that the residual current
contains the CER wave with the pre-peak superimposed. To isolate the pre-peak current, the
CER wave was modelled using a simple exponential function according to the Butler-Volmer
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relation. CER curves were fitted using narrow potential regions where the Tafel slope was
roughly constant as in Figure 4.6. The resulting exponentials were then extrapolated under
the pre-peak, forming a nonlinear baseline together with the generalized logistic function for
the BER. The multistep nature of the reaction could justify a more complex fitting function,
but as discussed in section 4.3.5, this relation need not hold at potentials higher than the linear
Tafel regions, where the real kinetics are obscured by PtO, formation. The entire procedure
thus assumes that the BER and CER are the main reactions occurring in a mixed Br~ and CI~
electrolyte, behaving respectively as an asymmetric sigmoid and (at low overpotentials) a
superimposed exponential, and that the pre-peak is a third process overlapping with the
previous two. In case that the CER currents were too small to observe a linear Tafel region, a
simple linear baseline was used instead.
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Figure 4.7: Examples of chloride oxidation pre-peak current determined from RRDE experiments, after
separating BER and CER contributions using a generalized logistic and exponential function, respectively.
Shown are the effect of scan rate (A), HCI concentration (B), and rotation rate (C).

Figure 4.7 shows the pre-peak current determined after applying the two-step baseline to
correct for the superimposed BER and CER currents, and its response to various experimental
parameters. No effect from rotation rate is apparent, suggesting that the rate-limiting step is
surface-confined. The peak also shows complex dependencies on scan rate and chloride
concentration, as shown in Figure 4.8.
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Figure 4.8: Scan rate and [Cl~] relationships as determined for the CER pre-peak, using data from Figure 4.7.
Shown are the dependency of the peak current vs. the square root of the scan rate (A), dependency of the peak
charge on the inverse square root of the scan rate (B), and a log-log plot of the peak charge versus chloride
concentration (C).

In case of a surface-confined reaction, one would expect a linear dependence between peak
current and scan rate, but this is not observed in Figure 4.8. The pre-peak has a linear
dependence of the peak current on the square root of the scan rate, an approximately linear
dependence of peak charge with the inverse square root of the scan rate, and a ‘surface charge
order’ of about 0.5 (i.e. a square root relationship between peak charge and chloride
concentration). Especially the linear dependency of peak current vs. square root scan rate is
striking. This outcome is usually expected for a solution species reacting at a stationary
electrode, where the square root relationship arises from the dependence of the diffusion layer
thickness on time. It should not apply under hydrodynamic conditions, where the thickness is
constant in time. A possible explanation for this, as well as the general behavior of the pre-
peak, is that surface diffusion is involved. Formation of BrCl is expected to proceed via an
electrochemical Langmuir-Hinshelwood mechanism, such as during CO stripping from Pt,222
which requires concerted steps of two different reaction surface species instead of one. We
found that the pre-peak is effectively irreversible and does not re-appear in the backward scan,
even when using a lower potential of scan reversal (Figure A 9.4.24). This implies that it
requires a precursor that is only formed during the forward scan (Figure A 9.4.25).

4.3.7. UV-Vis studies of parallel oxidation of bromide and chloride

In the RRDE experiments, we ascribed the three main oxidation events to the formation of
Br,, BrCl and Cl, based on a kinetic analysis. It is highly desirable to corroborate these results
with a method capable of ascertaining the identity of the products formed. UV-Vis
spectroscopy allows this, since all species in Table A 9.4.1 (except Br~ and CI~) have a
secondary adsorption band (or shoulder, in case of Br3) that falls in the range 325 — 390 nm,
which is accessible when measuring a transparent electrode on a glass substrate. We applied
a stepwise potential vs. time program constituting 25 mV steps with a 30 s duration, between
1.060 — 1.485 V vs. NHE (Figure A 9.4.26A), in order to study both the effect of increasing
potential, as well as shifts in solution composition during progressing oxidation reactions for
each constant potential. Changes in the total transmission were measured after passing the
beam through the back of the Pt/FTO electrodes and through the electrolyte, to probe the Pt
interface as well as halogen species in the surface layer.

The spectra in Figure 4.9 show the effect of increasing bromide concentration and were taken
at potentials related to regions of interest, as seen in the corresponding currents in D. The BER
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Figure 4.9: UV-Vis measurements of a stationary Pt/FTO electrode in a solution of 0.1 M HCl0, + 1 M HC, in
presence of various [HBr]. A, B and C: UV-Vis spectra measured as function of bromide concentration, after
stepping the potential up to 1.110 V (A), 1.185 V (B) and 1.335 V (C), in 25 mV steps of 30 s each. Spectra are
shown of 10 seconds after applying the relevant potential. Previously published?® wavelengths of peak
adsorption are indicated for each relevant species. D: Corresponding currents measured during the
experiments. Only the final 10 seconds of each potential step are shown for clarity (see Figure A 9.4.26B for
full data). Upper axis shows the potentials applied at each moment in time.

has significant activity at 1.110 V (A) and reaches a plateau around 1.185 V (B). The CER
becomes just possible at 1.335 V (C), based on the comparison with bromide-free experiments
(red tracein D). Features seen in the spectra are always the sum of a mixture of species (section
4.3.2). In Figure 4.9A, Br3 contributes the most strongly to the signal due to its high extinction
coefficient.2c Once the potential increases to 1.185 V (Figure 4.9B), the dominant species is
Br,Cl~. This can be explained by depletion of Br~ near the surface, which shifts the local
equilibrium from Br3 to Br, and subsequent reaction with CI~. This is supported by a strong
correlation between the peak height relative to its shoulder at 383 nm and the extent to which
the BER approaches the current plateau (Figure A 9.4.27). Increasing the potential further to
1.335 V, where the CER can occur, leads to a substantial decrease in transmission in the region
320 — 360 nm. This is clearly related to the formation of Cl,, BrCl; and BrCl in solution, which
all adsorb in this wavelength window.
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Figure 4.10: Complete set of UV-Vis experiments for parallel bromide and chloride oxidation in 1 M HCl and
50 mM HBr, zoomed on the region where the halogen species adsorb. Colors denote different potential steps,
some values of which are indicated. Color gradients from dark to light indicate time evolution of the spectra
during each potential step.

When examining the currents recorded in parallel with UV-Vis in Figure 4.9D, we once more
observe a pre-wave that precedes the CER onset (onset 1.260 V), and becomes more prevalent
as the bromide concentration increases. This pre-wave corresponds quite well to results from
the RRDE experiments, and suggests that BrCl is formed electrochemically. Further evidence
for its formation comes from Figure 4.10, where we regard the complete time evolution of a
typical UV-Vis experiment during parallel bromide and chloride oxidation. Between 1.110 V
and 1.260 V, the spectra show the previously described peak of Br,Cl™ near 380 nm. As the
potential is stepped beyond 1.260 V, the transmission in the region 340 — 360 nm
disproportionally lowers, which can only be caused by the formation of Cl,, BrCl or BrCl;. We
note that in bromide-free conditions, Cl, becomes only just detectable around 1.350 V, and
dominates at 1.400 V (Figure A 9.4.28). The change at 1.260 V therefore implies the formation
of BrCl or BrCl; without the presence of Cl, in solution, such that they must have been formed
directly by BrCl formation on the electrode. Similar results were obtained under conditions of
higher bromide concentrations (Figure A 9.4.29), as well as lower overall halide
concentrations (Figure A 9.4.30 and Figure A 9.4.31). The UV-Vis spectra thus confirm the
observation in the RRDE experiments of an intermediate oxidation reaction occurring
between the BER and CER.

In Figure 4.9, we note an increase in transmission in the wide region of 550 — 9oo nm for
experiments involving high bromide concentrations combined with high potentials. This
increase was likely caused by transient Pt dissolution during vigorous halogen oxidation. The
used Pt samples had a low thickness of roughly 5 nm, to limit scattering of the beam. Therefore
any dissolution had a relatively large effect on the transmission.
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4.4. Discussion and conclusions

The study of parallel Br~ and Cl~ oxidation on Pt revealed significant differences in their
interaction. Bromine evolution exhibited linear Tafel slopes of 25-35 mV/dec and a Br~
reaction order Rp,- thatis probably close to 2 at low overpotentials. In the presence of chloride,
the reaction becomes increasingly kinetically controlled, and Tafel curves have steeper slopes
and becomes less linear. The BER chloride reaction order R~ progressed from roughly o to -
1 as the chloride concentration [Cl7] increases. All these phenomena could be quite well
modelled by the Tafel recombination-controlled mechanism, describing the competitive
adsorption of Br~ and Cl~ with a simple Langmuir isotherm in the Volmer pre-equilibrium.
The results suggest that the effect of CI~ on the BER is ‘simple’ competitive adsorption through
site blocking. The competing effect of Cl adsorption will likely become more prevalent at
higher [CI7]/[Br~] ratios, such as in seawater.

Contrary to the BER, the Langmuirian Volmer-Tafel approach fails for accurately modelling
the CER kinetics and the competing effect of bromide, as neither the CER itself (in absence of
Br~) nor the CER during parallel Br~ and Cl~ oxidation are properly described by this model.
In absence of Br~, the CER displays linear Tafel regions between 35-45 mV/dec, and R~
values that are consistently close to 1, irrespective of [C1~] or overpotential . The addition of
Br~ again leads to linear Tafel regions but with significantly higher values of ~100 mV/dec,
and R, - varies between 0 and 2 as function of ClI™. The parallel formation of a platinum oxide
layer at CER-relevant potentials and its effect on the apparent oxidation kinetics remains an
incompletely understood issue, but it should not be the origin of the Br~-induced drastic
change in the CER kinetics. The suppressing effect of 10 mM Br~ leads to a decrease of the
PtO, charges during CER experiments of 10-30% (Figure A 9.4.19 and Figure A 9.4.20), but
the oxide growth behavior was very similar to Br~-free conditions. It thus seems reasonable
that the interaction of the PtO, layer with the occurring CER, although not exactly understood
due to its complexity, is not changed significantly by bromide. The change in CER kinetics
should originate from a direct effect of Br~ on the adsorption and recombination of chloride.

In addition to the BER and CER, the formation of the interhalogen BrCl likely takes place
during parallel Br~ and CI~ oxidation on Pt. Evidence for this comes from an oxidation ‘pre-
peak’ that thermodynamically precedes the CER, and UV-VIS experiments that indicate that
an ‘intermediate’ oxidizing species is formed at potentials lower than the CER onset. RRDE
experiments suggested that BrCl evolution takes place via an irreversible surface reaction with
a dependence on scan rate that suggests that surface diffusion plays a role. The process was
strongly dependent on the preceding electrode treatment and probably depends on a specific
intermediate.

This study has shown that 2-electron halogen oxidation reactions may still be more
complicated than previously thought. While the BER conformed surprisingly well to a simple
Langmuir pre-equilibrium model, previous studies on poly- and monocrystalline Pt surfaces
show that the surface should be virtually saturated with Br* near the onset of the BER.223-225
A similar argument holds for Cl* and the CER.226-228 The value of 6 should thus be essentially
constant versus potential when the respective halogen evolution conditions proceed, and the
reaction rate should be virtually independent of E or [X~] in case of the V-T mechanism. The
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reactions nonetheless behave as if 6 is still low near the onset, which suggests that the pre-
adsorbed species are not the actual reactants. This situation is very similar to the evolution of
H, on Pt, which takes place while Pt is demonstrably saturated by H*, yet shows Tafel slopes
of ~ 30 mV/dec at low overpotentials. To explain this disparity, the concept of ‘overpotential-
deposited hydrogen’22 has been invoked. A similar approach might be advisable for the BER
and the CER. The apparent differences between the reactions is then perhaps due to differing
interactions of overpotential-deposited Br* and Cl* with the emerging PtO, layer. To better
describe the CER, an approach that also includes a description of local interactions between
adsorbed species may be needed, as has been done previously for competitive adsorption of
Br~ and H* on Pt(100).23° The use of a more complex isotherm (such as Frumkin) will
probably not be more accurate as long as it still relies on the mean-field approximation, which
cannot account for structured adlayers. In this regard, additional studies of halogen evolution
on single crystal Pt surfaces would be very insightful.
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Introduction

5.1. Introduction

In Chapter 4, we explored the parallel oxidation of chloride and bromide on Pt within the
context of seawater electrolysis, which would involve electrolytes that contain both Cl~ and
Br~ salts. On Pt, we observed competitive effects and the likely formation of the interhalogen
BrCl during halogen evolution. In this chapter, we extend this work to the previously studied
amorphous IrQy catalyst, which is OER-capable and representative for typical metal oxides
used in neutral and acid PEM electrolyzers. The OER is the sole desired anodic reaction in
such an electrolyzer; the oxidation of either CI~ or Br~ leads to toxic side-products that
undermine the environmentally friendly potential of the electrolysis process, and should
therefore ultimately be avoided. Having studied the effect of parallel CER on the OER in
Chapters 2 and 3, we hope to aid progress towards an OER-selective anode in seawater by now
including the effect of the parallel CER and BER (Eq. 4.1) on the evolution of oxygen.

The BER is generally ignored in the context of seawater electrolysis, because the bromide
concentration in seawater is relatively low (0.3%mol relative to the chloride concentration).:86
However, its standard potential is notably lower than that of the CER and OER. Bromide
oxidation can thus easily occur in an electrolyzer, especially since like the CER, the
overpotential of the BER can be vanishingly small. Additionally, scaling behavior between the
OER and CER has been reported in previous literature and Chapter 3 of this thesis (see also
section 1.3). As the BER and CER appear to have very similar reaction mechanisms on a variety
of surfaces,8196-198 it is expected that a similar scaling exists between the BER and the OER.
Both the CER and BER are thus serious competitors to the sluggish OER, which is associated
with a significant overpotential.

Despite its particular relevance to seawater electrolysis, the simultaneous evolution of Br,, Cl,
and 0, has been little explored.'93-195 Furthermore, very little is known of the BER mechanism
on a metal oxide catalyst, and how it may influence the concurrent CER and OER. Br~ likely
competes for adsorption on the same active sites on the catalyst, which would slow down the
other two reactions. As was observed during the parallel CER and BER on Pt in Chapter 4,
adsorbed reactive Br and Cl species could also lead to formation of interhalogen compounds,
such as BrCl, making the system more unpredictable. By simultaneously studying the BER,
CER and OER, and looking deeper into their competitive behavior, it is intended to expand
knowledge on these issues and also broaden the general understanding of the individual
reaction mechanisms.

In this chapter, the parallel evolution of Br, and Cl, during O, evolution is studied in acidic
media (pH = 0.35), where they can be studied with minimum interference from reactions that
lead to oxygenated halogen species, such as BrO3 or C10™.201:202,210 The previously studied GC-
supported IrO, was taken as anodic electrocatalyst. Heavy use will be made of the RRDE
technique described in Chapter 2, where the Pt ring served as a detector for Cl, evolved. This
technique will be extended and appended with modelling to separate the individual BER, CER
and OER related activities. The IrO, electrocatalyst could also be conveniently
electrodeposited as optically transparent thin layers, once more allowing the analysis of the
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identities of halogen oxidation products near stationary electrode surfaces, using online
transmission UV-Vis experiments.

5.2. Experimental

All experiments were carried out at room temperature (~20 °C). RRDE experiments are
inherently more susceptible to contamination than stationary UV-Vis experiments. Cleaning
preparations for forced convection experiments were therefore significantly more elaborate.

5.2.1. Chemicals

For the RRDE experiments, HClO, (70%, Suprapur®/Trace analysis grade) KHSO,
(EMSURE/Analysis grade), KCl (EMSURE/Analysis grade) and HCI (30%, Ultrapur®/Trace
analysis grade) were purchased from Merck. HBr (47%, Normapur®/Analysis grade) was
purchased from VWR Chemicals. For the UV-Vis experiments, HCIO, (60%,
EMSURE/Analysis grade), HCl (32%, EMSURE/Analysis grade) and HBr (47%,
EMSURE/Analysis grade) were purchased from Merck. Na,IrClg - 6H,0 (99.9%, trace metals
basis) and NaOH (30% solution, TraceSelect) were purchased from Sigma-Aldrich. All
purchased chemicals were used as received. The water used for all experiments was prepared
by a Merck Millipore Milli-Q system (resistivity 18.2 MQcm, TOC < 5 p.p.b.).

5.2.2. Cleaning procedures

All glassware in the RRDE experiments was boiled in a 3:1 mixture of concentrated H,S0, and
HNOj; before first-time use. When not in use, all glassware was stored in a 0.5 M H,SO,
solution containing 1 g/L KMnO,. Before each RRDE experiment, all glassware was first rinsed
with water, and then submerged in a dilute (~0.01 M) solution of H,SO, and H,0, to remove
all traces of KMnO, and MnO,. It was then rinsed three times with water and boiled in water.
The final rinsing-boiling procedure was repeated two more times.

The glassware and custom-built PTFE cell for UV-Vis experiments were cleaned by soaking in
warm reagent grade 98% H,S0, for an hour, followed by thorough rinsing with Milli-Q water
and boiling three times in Milli-Q water. When not in use, they were stored submerged in
Milli-Q water.

5.2.3. Electrode preparation

5.2.3.1. RRDE experiments

Ir0,/GC electrodes were prepared via electroflocculation of IrO, nanoparticles, as described
in sections 9.1.1 and 9.1.2. Diamond paste was used for GC polishing, and the electrode was
then rinsed and sonicated in water for 3 minutes. A time duration of 300 s was used for the
electroflocculation amperometry step.

Before each experiment, the IrO, surface was subjected to a pre-treatment step to ensure
reproducible activity (see Figure A 9.5.2). The electrode was first kept at 0 Vvs. RHE for 10 s,
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followed by a 3 shold at 0.9 V, in order to equilibrate the electrode and allow pseudocapacitive
charging to decay to a minimum. Scanning commenced immediately afterwards. The Pt ring
electrode was electropolished before experiments by scanning from -0.1 V to 1.7 V at 500 mV
s for 20 scans at 1500 RPM, followed by removal of gas bubbles adhered to the tip (see also
Chapter 8). Ring currents were corrected for constant background currents and product
collection delay. The latter arises from the time needed for products formed on the disk to
reach the ring and was empirically determined for each investigated rotation rate.

5.2.3.2. UV-Vis experiments

Conductive fluorine doped tin oxide (FTO) substrates (TEC-15) were purchased from Hartford
glass co. The FTO substrates were cleaned by sonication, using a sequence of laboratory soap,
Milli-Q water, acetone, isopropanol and water, followed by drying the substrates with
compressed air. IrO, deposition was then performed using the same prepared colloid solutions
and voltammetry-amperometry protocol described in section 5.2.3.1. The FTO substrates were
placed upright in the solution, with a LowProfile Ag/AgCl reference electrode aligned to the
center of the electroactive surface and a circular Pt counter electrode placed symmetrically
around the bottom. Instead of a rotating tip, a stirrer bar at the bottom of the cell rotating at
~400 RPM was used to induce mass flow of the IrO, particles during deposition.

5.2.4. Cell preparation

5.2.4.1. RRDE experiments

An IviumStat potentiostat (Ivium Technologies) with IviumSoft software was used in all
experiments for potential control. The electrode assemblies were E6 ChangeDisk RRDE tips
with a PEEK shroud, attached to an MSR rotator (Pine Research). All experiments were 95%
iR-compensated in-situ, by measuring the solution resistance with electrochemical impedance
spectroscopy at 0.90 V vs. RHE on the disk, and observing the absolute impedance in the high
frequency domain (100-50 KHz) corresponding to a zero-degree phase angle. All used
solutions were saturated and continuously bubbled with Ar gas (Linde, purity 6.0) during
experiments. The reference electrode was a HydroFlex® reversible hydrogen electrode
(Gaskatel), separated from the main solution using a Luggin capillary, with the capillary tip
purposely aligned to the center of the working electrode.23' An additional LowProfile Ag/AgCl
reference electrode served to measure the solution pH and was used for interconversion
between the NHE and RHE scale. The Ag/AgCl reference was externally calibrated on a regular
basis and had a value of 199 + 0.5 mV vs. NHE. A Pt mesh was used as counter electrode,
separated from the main solution by a coarse sintered glass frit.

5.2.4.2. UV-Vis experiments

A Vertex potentiostat (Ivium Technologies) run by the IviumSoft software package was used
for potential control. Transmission measurements were performed in a custom-built setup,
consisting of a PTFE electrochemical cell housing equipped with quartz windows. A coiled
platinum wire was used as the counter electrode, and a LowProfile Ag/AgCl reference
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electrode (Pine Research) was placed in fixed position relative to the IrO, /FTO working
electrode. The Ag/AgCl electrode was calibrated at 199 + 1 mV vs. NHE. All applied potentials
were 90% iR-compensated according to the solution resistance, which was measured using a
similar procedure as in section 5.2.4.1. To achieve a wide spectrum in the incoming beam, a
deuterium lamp (Mikropack D-2000) and a halogen lamp (Ocean Optics HL 2000 — FHSA),
were used in the setup. These light sources were combined using an optical fiber arrangement
and this fiber acted as the illumination source for the transmission measurements. A Maya
2000 Pro spectrometer (Ocean Optics) was used to capture the transmitted light. The setup
was aligned in such a way that the IrO,/FTO samples were illuminated from the back side and
the transmitted light was captured on the opposite side of the electrochemical cell. The
transmission data was recorded simultaneously with the electrochemical measurements.

5.3. Results and discussion

5.3.1. Brief review of the BER and CER kinetics on metal oxides

Similar to Chapter 4, we will again look closely at experimentally determined Tafel slopes (b)
and reaction orders (R) to better understand the underlying halogen oxidation mechanisms
(see section 1.4). The Langmuir isotherm assumed in the models is likely an oversimplification,
but the use of a more complex isotherm, such as devised by Frumkin, does not change the
previously described limits for b and R when either 8 - 0 or 8 — 1. Their shape and width as
function of E and [Cl~] will however depend sensitively on the isotherm. The discussion of
experimental findings will be restricted to some general trends and possible limiting values.

In previous literature, the mechanism of the CER on metal oxides has been studied extensively,
but despite this it still has some uncertainty. The main issue is that combined R¢- values and
Tafel slopes often do not satisfactorily agree with predictions of either the Volmer-Heyrovsky
(V-H) or Volmer-Krishtalik (V-K) mechanisms. As can be seen from Eq. 1.12, the driving force

for Cl~ adsorption depends on both the potential E and the bulk chloride concentration. As 6,

changes from 0 to 1 under the effect of increasing  and/or [C1~], the V-H mechanism predicts

that the chloride reaction order R - decreases from 2 to 1, and that the Tafel slope increases
from ~40 mV/dec to ~120 mV/dec (under the assumption that ay = 0.5). Tafel slopes of ~40

mV/dec at low overpotentials have indeed often been observed in experiments, pointing to the

theoretical limit of 6., ~ 0. However, the corresponding experimental values for R~ were

almost universally close to 1, suggesting the limit of 6, =~ 1.3555110.112:183184,232 Often, they were

also practically invariant versus E and [Cl~]. The V-K mechanism was in fact specifically
invoked to account for this problem, as it predicts that 0 < R¢- < 1, which is slightly more in-

line with these results. Conway and Tilak have postulated that the CER mechanism on metal

oxides follows rather the Volmer-Tafel mechanism,2 but this view is not widely shared. We

will discuss our results in adherence with previous literature, although the established

discrepancies between the models and experimental results must be kept in mind.
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5.3.2. Parallel RRDE oxidation currents as function of chloride concentration

We will first describe our methods and a few general results regarding the parallel BER, CER
and OER on the Ir0,/GC catalyst. RRDE cyclic voltammetry was used for all kinetic studies,
since both the BER and CER are rapid reactions which quickly become diffusion controlled as
the overpotential increases. Hydrodynamic conditions keeps the diffusion layer thickness
constant in time, simplifying the analysis and allowing a deeper investigation of the role of
mass transport. Sufficiently high rotation rates also prevented Br~-related follow-up reactions
by removing Br, formed near the surface. In the spirit of Chapter 2, it was possible to use the
RRDE with a Pt ring to selectively reduce halogen species formed in parallel with OER, so that
the reactions can be separated and analyzed independently. As in Chapter 4, the ring potential
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Figure 5.1: Measured current densities of OER and halogen evolution on an Ir0,,/GC electrode in 0.5 M HCLO,,.
Top panels show forward, pseudo-capacitance corrected scans of the disk, lower panels show corresponding
ring signals measured at 0.7 V vs RHE, corrected for background and collection delay. The effect of increasing
HCI concentration is shown from black to green. A: OER in parallel with Br~ and Cl~ oxidation, in presence
of 10 mM HBr and o — 100 mM HCI. Results in chloride-free conditions (only the BER and OER) are shown in
pink. Also shown is the OER activity in absence of both Br~ and Cl~ (grey dotted trace). B: Experiments similar
to A, but in Br~-free conditions, with the ring at 0.95 V vs. RHE. Orange trace shows OER activity in absence
of Cl~. Solution purged with Ar, rotation rate 1600 RPM, CV’s recorded at 50 mV s™.

was fixed at 0.7 V vs. RHE, where the reduction of oxygen has negligible activity in presence
of Br~, and where halogen reduction reactions should thus be fully diffusion limited.

All experimental data were gathered with cyclic voltammograms recorded at 10 mV s™.
Forward scans were used for catalytic analysis, while forward and backward scans were used
to estimate capacitive currents. These non-catalytic contributions were usually a minor factor
(less than 0.1%) in the total current, and were minimized by subtracting a constant value from
the forward scan currents. Results were recorded versus the RHE, which is the ‘natural’
potential scale of the pH-dependent OER. Generally, this scale will be used to report OER-
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related results. The studied halogen evolution reactions are however pH-independent. A
relatively acidic supporting electrolyte of 0.5 M HCIO, (pH = 0.35) was used to reduce pH
changes from the addition of HBr or HCIl. Data involving Br~ or Cl~ oxidation are reported
versus the NHE scale to account for potential shifts from pH effects, which were very minor

(<5 mV).

Figure 5.1A shows some typical results measured on GC-supported IrO, in a mixed Br~ and
Cl™ electrolyte. The onset of bromide oxidation from 10 mM HBr is clearly visible around 1.12
V vs. RHE, and the reaction reaches a plateau near 1.40 V vs. RHE. This plateau stems from
diffusion limitations, because its current density is about 95% of the limiting value predicted
by the Levich equation. The OER starts around 1.45 V vs. RHE in absence of HBr and HCI
(dotted trace in upper panel). In presence of only 10 mM HBr (pink trace in upper panel), the
OER appears superimposed on the limiting current of bromide oxidation. A closer inspection
shows that its onset is at a slightly higher potential, and the activity is lower than in absence
of Br~. As intended, the OER is not captured in the corresponding ring data (lower panel),
which only detects the limiting current of bromine evolution. When HCl is added, the ring data
show an additional halogen oxidation reaction around 1.45 V vs. RHE, which suggests chloride
oxidation starts taking place in parallel with OER. Compared to Figure 5.1B, which shows the
parallel evolution of 0, and Cl, in absence of bromide under otherwise identical conditions,
the CER activity is significantly reduced, and has a much higher onset potential. Reciprocally,
HCI also imparts some notable changes on the bromide oxidation wave. The bromide
oxidation activity is lowered in the whole measured potential range, which becomes more
obvious with increasing [Cl~]. Diffusion limitations for bromide oxidation are again apparent
around 1.40 V vs. RHE. While bromide and chloride are being oxidized simultaneously, there
is no immediate sign of a new onset somewhere in-between the BER and CER, in contrast to
results from Figure 4.1C concerning Pt. This suggests that no interhalogen reactions are taking
place.

5.3.3. Kinetic analysis and reaction orders of bromide oxidation

The bromide oxidation waves in Figure 5.1 between 1.10 — 1.45 V vs. RHE will be investigated
in more detail. For this, Koutecky-Levich plots were constructed by varying the rotation rate
(see Figure A 9.5.5 and Figure A 9.5.6) for each combination of [HCI] + 10 mM HBr. The y-
intercept of these plots and their closeness to zero can be unambiguously interpreted as a
degree of mass transport control over the reaction, especially if the plots are highly linear.

Data in Figure 5.2 was derived from measured disk current densities jj,, where up to 1.45 V,
no evolution of Cl, or 0, occurs. In presence of Cl~, formation of the interhalogen BrCl is
thermodynamically allowed around potentials >1.19 V vs. NHE (see Table A 9.4.1). We will
discuss this issue further below, and for the moment refer to positive currents within 1.10 —
1.40 V vs. NHE in presence of Cl~ as ‘bromide oxidation’.

Figure 5.2A shows that the BER (pink trace) is essentially fully diffusion controlled near 1.35
Vvs. NHE (~1.38 V vs. RHE). When HCl is present, the intercept values become slightly larger
as [Cl7] increases, indicating that the reaction becomes slightly more kinetically controlled
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Figure 5.2: Kinetic data measured in the potential region of bromide oxidation, in 0.5 M HClO, + 10 mM HBr,
forvarying concentrations of HCI. Data is shown on the NHE potential scale to account for minor (+4 mV) pH
shifts. A: Values of the intercept as function of potential, derived from Koutecky-Levich plots as in Figure A
9.5.6. Pink trace shows data when [HCl] = o mM. Top panel shows values of the intercept; lower panel shows
corresponding values of the linear correlation coefficient R2. B: Tafel slopes obtained from semi-logarithmic

data of Figure 5.1 (see Figure A 9.5.11).

and diffusion limitations are approached more slowly as a function of potential. The reaction
nonetheless always becomes diffusion controlled above 1.40 V vs. NHE. In Figure 5.2B, the
BER (pink trace) shows a quasi-linear Tafel region between 1.15 — 1.25 Vvs. NHE, where values
are initially 9o mV/dec and gradually increase with potential. In this region, the effect of HCI
is a slight increase of the Tafel slope values. All slopes increase sharply at potentials higher
than 1.25 V vs. NHE, which can clearly be ascribed to the onset of mass transport control. The

effect of CI~ is a somewhat more extended potential window of kinetic control.
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Figure 5.3: Chloride and bromide reaction orders measured in the potential region of bromide oxidation, in
0.5 M HCI0,. Data is shown on the NHE potential scale to account for minor (x4 mV) pH shifts. A: Chloride
reaction orders R;- at several potentials, obtained by varying the HCI concentration at a fixed value [HBr] =
10 mM. B: Bromide reaction orders Rg,- at several potentials, obtained by varying the HBr concentration in
Cl™-free conditions.

81



5 || Competition and Selectivity During Parallel Evolution of Bromine, Chlorine and Oxygen on IrOx
Electrodes

Figure 5.3A shows chloride reaction orders (R¢-) for bromide oxidation at a constant [HBr| =
10 mM, derived from log-log plots of current density at constant potential (Figure A 9.5.12).
Values for R¢- are slightly negative at all times, as can be visualized by a reduction in bromide
oxidation currents by Cl~ in the curves in Figure 5.1A. Observing the quasi-linear Tafel slopes
in Figure 5.2B, the reaction is irreversible and kinetically controlled within 1.18-1.25 V vs. NHE;
here, R¢- = —0.1, regardless of potential or chloride concentration. At higher potentials
where diffusion limitations dominate, R¢- approaches o. Furthermore, Figure 5.3B shows
bromide reaction orders (Rg-) for the BER, in absence of Cl~ (see also Figure A 9.5.9). The
BER, due to its rather high intrinsic rate, approaches diffusion limitations very quickly. This
leads to only a rather narrow potential window of around 1.19 - 1.22 V in which the reaction
was kinetically controlled at all measured bromide concentrations. Values of Rg,- within this
window were found to be significantly higher than 1 at low concentrations, and leveled off to
lower values as [Br~] increased. For diffusion-controlled potentials, Rp,.- ~ 1, as can be
expected when transport of Br~ to the surface is rate-limiting.

The Rg.~ values in Figure 5.3B are best captured by the V-H mechanism, as they are
appreciably higher than 1, and (at kinetically controlled potentials) appear to level off to 1 as
both E and [Br~] increase. However, within the Langmuir V-H or V-K formalism, the ‘onset
value’ of ~90 mV/dec for Tafel slopes in Figure 5.2B is quite different from the expected value
of ~40 mV/dec at low overpotentials, provided that a = 0.5. For the BER in a Cl™ -free
electrolyte, a similar effect was observed (Figure A 9.5.8). Tafel curves in the range of 1 mM <
[Br~] < 100 mM had quasi-linear regions, but the slope at the onset of these quasi-linear
regions itself depended on the concentration. The most straight-forward interpretation of
these results is a coverage effect of Br*. At the onset of the reaction, 65, is perhaps significantly
high, and the Tafel slope is already changing from 40 to 120 mV/dec. It is also possible that
repulsive adsorbate interactions (which are ignored by the Langmuir approximation) play a
role. Alternatively, the change in slope may be caused by the formation of higher oxidation
states in the IrO,, which starts occurring in the same region where the BER is kinetically
controlled. The catalytic capability of IrOy towards the OER has been shown to sensibly
depend on this transition, such that it may also affect intrinsic rates of the BER. In any case,
the theoretical upper limit of 120 mV/dec is never observed, possibly because diffusion
limitations set in before the required overpotential is reached. To further investigate the
bromide oxidation mechanism, we used Conway-Novak and Ferro-de Battisti test plots
(Figure A 9.5.10), which offer a method to distinguish between the V-T or V-H mechanisms,
respectively. The basis of this method is to rearrange the j vs. E relationship predicted by those
mechanisms (i.e. Eq. 1.14 and Eq. 1.19), to give a straight line. Redrawing the experimental
data in the same way and comparing the linearity provides a qualitative indication as to which
mechanism the data adhere the best. We found that both Conway-Novak and Ferro-de Battisti
plots of the BER data resulted in linearity, but significantly diverged in the high overpotential
limit. Current densities in this region increased faster than expected by either mechanism, but
Ferro-de Battisti plots gave better linearity overall. Similar results emerged from test plots
involving bromide oxidation in presence of Cl~. Like the unusual Tafel slopes, it is possible
that transient redox changes in the IrO, play a role.
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When HCl is added, competitive adsorption of C1~ will take place. The Langmuir V-H and V-
K mechanisms predict that, approximately, all Tafel slopes shift horizontally to lower
potentials when this happens (see the SI for full details). The change in Tafel slopes in Figure
5.2B versus [HCI] qualitatively agrees with this, but the effect is rather subtle. Additionally it
is noted that R ;- for bromide oxidation is always negative. Its value is predicted to be R - =
—0¢; by both the V-H and V-K pathways, where 0 < 6., < 1, such that the experimental value
of -0.1 can be accommodated. The BER on IrO, and the effect of C1~ on this reaction can thus
be modelled quite well by the V-H pathway, although describing the competitively adsorbing
Br* and Cl* adsorbates with the Langmuir isotherm is likely an oversimplification.

We note that parallel adsorbing CI~ may lead to the formation of interhalogen products. This
can be excluded primarily because Cl~ has only a suppressive effect on the activity. If chloride
was involved in any reaction, one would intuitively expect an increase in the mass-transport
limited current densities of bromide oxidation. Instead, R¢- is close to zero in this region, so
that the formation of BrCl, as previously observed on Pt, seems unlikely. Up until roughly 1.40
V vs. NHE, the BER is the only reaction occurring in a mixed Br~ + Cl~ electrolyte.

5.3.4. UV-Vis studies of halogen evolution

At potentials near the onset of the CER and OER, the measured currents become increasingly
convoluted. Although the formation of interhalogen compounds, like BrCl, could be excluded
up to 1.40 V vs. NHE by kinetic analysis, it becomes difficult to unambiguously assign the disk
activity to specific reactions at higher potentials. To reduce this complexity, we investigated
the product distribution of halogen species near the surface using electrochemical UV-Vis
spectroscopy. We observed the formation of BrCl on Pt in a mixture of Br~ and Cl~ in Chapter
4; of particular interest would be whether a similar phenomenon takes places on IrOy.
Interhalogen reactions happening in solution again need to be taken into account, as described
in section 4.3.2; we will approach this issue similarly as described in that section and in the
discussion of UV-Vis results on Pt. By increasing the potential in 25 mV steps, with a step
duration of 30 s, we studied the effect of increasing potential and shifts in solution composition
during progressive oxidation reactions for a given constant potential. For the current
experiments, a potential range between 1.100 — 1.500 Vvs. RHE was chosen (Figure A 9.5.17A).
Changes in the total transmission were measured after passing the beam through the back of
the Ir0,/FTO electrodes and through the electrolyte. These experiments were carried out in
0.1 M HClO, + 0.1 M HC], so that pH changes from HBr addition were negligible (on the order
of 0.05 unit).

Figure 5.4 shows currents and the complete time-evolution of a typical UV-Vis experiment on
an Ir0,/FTO electrode during the parallel oxidation of Br~ and Cl~. The currents in Figure
5.4A show the BER onset around 1.20 V vs. RHE, reaching a (diffusion-limited) peak at 1.325
V followed by the onset of a second reaction around 1.425 V vs. RHE. The latter is clearly due
to the CER, and appears to be shifted to a ~50 mV higher potential compared to the CER in
absence of Br™, similar to results from RRDE experiments. The suppressive effect of Br~ on
the chloride oxidation activity is also apparent. As shown in the corresponding UV-Vis spectra
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Figure 5.4: UV-Vis measurements of a stationary Ir0,/FTO electrode in a solution of 0.1 M HCl0, + 0.1 M HCI
+10 mM HBr. A: Currents measured during the experiment, where only the final 10 seconds of each potential
step are shown for clarity (see Figure A 9.5.17B for full data). Currents in Br~-free conditions are shown for
comparison, upper axis shows the potentials applied at each moment in time. B: Corresponding transmission
data of the region where the halogen species adsorb. Varying colors among traces correspond to different
potential steps, of which some are indicated. Color gradients from dark to light indicate time evolution of the
spectra during each potential step.

in Figure 5.4B, all relevant (inter)halogen species have a secondary adsorption band (or
shoulder, in case of Br3) that falls in the range 325 — 400 nm. Up until 1.275 V vs. RHE, we
observe mild adsorption with a broad shoulder spanning 340 — 450 nm, which suggests that
the main species formed is Brz.2*® Higher potentials then lead to the sustained growth of a
peak around 385 nm, which can be attributed to the formation of Br, and Br,Cl~. The currents
in Figure 5.4A suggest that bromide oxidation starts to become transport limited around 1.30
Vvs. RHE, depleting Br~ near the surface and reversing Br3 to Br, and Br,Cl~ under the effect
of C1™. This trend then persists over a rather wide potential range, where up until 1.425 V vs.
RHE, the only significant change is the growing of the Br, and Br,Cl™ signals. Cl, starts to
evolve around 1.450 V vs. RHE, coupled to a sharp decrease in transmission in the wavelengths
corresponding to Cl,, BrCl and BrCl3. As Cl, is the most powerful oxidizer in the system under
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study, any interhalogen species previously described can now be formed in solution from
follow-up reactions with Br~. Crucially, we note that up until 1.425 V vs. RHE, the
transmission within 335 — 345 nm is virtually constant, and no shift of the peak around 385
nm to shorter wavelengths is observed. Both observations suggest that BrCl is not formed
before the onset of the CER, which was a general finding during experiments with varying
concentrations and ratios of [Br~] and [Cl~] (see also Figure A 9.5.18 and Figure A 9.5.19).
Although the formation of BrCl in parallel with the CER cannot be excluded, it seems
reasonable that evolution of Cl, is the fastest and most prevalent reaction at the high potential
limit. In the remainder of this chapter, we will thus assume that the only major electrode
reactions are the BER, CER and OER.

5.3.5. Kinetic analysis of chlorine and oxygen evolution

To investigate the CER and OER in the high potential region of Figure 5.1A, the two reactions
have to be separated from each other and the underlying BER. We will first describe a method
for isolating and modelling these individual currents. As mentioned previously, the ring
potential was optimized to selectively reduce halogen evolution products while leaving 0,
untouched. The ring response is then proportional to jyzg, the total halogen evolution current
density on the disk, according to (see also Eq. 2.1):

iR

JXER = N Eq.5.1

where jp is the ring current normalized to the disk geometrical surface area (therefore with the
same units as j,, mA cmpZ,) and N is the ring-disk collection factor. From the ring currents,
it is thus possible to derive jyzg, which is the sum of the BER and CER current densities, jgggr +
Jjcer (Figure A 9.5.3A). Under the reasonable assumption that the IrO, catalyst is stable, we
may then assume that the remainder of j, after subtraction of jygy is due to OER (see also Eq.
2.2):

JoEr = Jp — JxEr Eq.5.2

After calculating jygg from jg, the CER must then be separated from the BER. As in Chapter 4,
a strict separation is complex, because the CER and BER are always superimposed, and the
underlying contributions of each are not exactly known. However, the bromide oxidation wave
generally is fully diffusion controlled at potentials higher than 1.40 V vs. NHE (see section
5.3.2), implying that it follows a sigmoidal trend in the region that is obscured by the onset of
chloride oxidation. Like the work concerning Pt (see section 4.3.5), the foot and the top of the
bromide oxidation wave were modelled as sigmoidal curves using a 5-parameter generalized
logistic function, similar as described in section 4.3.5. Due to competitive adsorption by CI~
(section 5.3.2), the wave can show notable asymmetry between the foot and the top. This
asymmetry was nonetheless captured well by the relatively complex fitting functions (Figure
A 9.5.3B). The generalized logistic function at the top of the wave was then used to extrapolate
limiting current densities from bromide oxidation near the upper potential limit in jyzz. The
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remaining current density after subtraction can be assigned to the CER. Figure A 9.5.3 shows
an example of this procedure.
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Figure 5.5: Individual BER, CER and OER current densities during parallel Br~, Cl~ and H,0 oxidation as
function of [HCl], on an Ir0,/GC electrode in 0.5 M HCl0, and 10 mM HBr. A: BER current densities derived
from generalized logistic fits of the foot and top of BER waves in Figure 5.1A. Pink trace shows chloride-free
conditions. B and C: CER and OER current densities derived from BER logistic fits and the ring response. Solid
traces show CER (B) and OER (C) in presence of 10 mM HBr. Dashed traces are similar experiments in
solutions free of Br~. Green, solid trace in C shows OER measured in 0.5 M HCl0, and 10 mM HBr only (no
Cl™). Green, dashed trace in C shows pure OER’, measured in 0.5 M HClO, (no Cl~ and Br~).

Figure 5.5 shows the fitted and calculated individual current densities for the BER, CER and
OER according to the above procedure. As previously established, the BER is suppressed by
Cl~, illustrated by negative values for R¢;-. The CER is mutually strongly inhibited by Br~,
which shifts the onset potential for the CER around 50 mV more positive (Figure 5.5B). The
OER is also negatively affected by Br~ (thick, green traces in Figure 5.5C), and CI~ further
decreases the activity, showing that Br~ and Cl~ suppress the OER in an additive way. During
measurements in 10 mM HBr and 100 mM HCI, the OER activity can become almost
immeasurably small (Figure 5.5C). At the same time, we observed that all measurable OER
Tafel slopes are roughly similar, implying that the mechanism does not change under the effect
of either Br~ and Cl~ (Figure A 9.5.14B). The retardation of the reaction is therefore probably
caused by active site blocking.
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Figure 5.6: CER Tafel slopes, measured in presence (A) and absence (B) of 10 mM HBr, based on data from
Figure 5.5. Data for chloride concentrations lower than 10 mM in A had insufficient signal to noise ratio and
were omitted.

From the partial current densities in Figure 5.5, it is possible to determine Tafel slopes for the
CER, as well as values of R¢- in presence and absence of Br~, as shown in Figure 5.6 and
Figure 5.7. In Figure 5.6B, Tafel slopes for the CER competing with the OER generally start
close to 40 mV/dec and then steadily increase. It is interesting to note that measurements in
low [HCI] (such as 2 mM) show a sharp rise of slope beyond 120 mV/dec, like the BER did in
section 5.3.3. The reason is probably the onset of diffusion limitations, as the rates measured
at the high potential limit were within 40-50% of the Levich limiting current density for the 2
— 5 mM experiments. At chloride concentrations higher than 5 mM, the Levich limiting
current density was approached less closely. Diffusion control thus becomes less of a factor,
implying that the reaction kinetics are slowed down as a result of the increasing [C1™].

When comparing Figure 5.6B to data in Figure 5.6A, the upward curvature in the high
potential limits disappears in the presence of Br~, as can be explained by the much lower
overall reaction rates and thus the virtual absence of diffusion control (see Figure 5.5B). Linear
Tafel slopes in Figure 5.6A start around 30 mV/dec, within 1.49 - 150 V vs. NHE, which is
slightly lower than 40 mV/dec. These values seemingly agree with predictions by the Volmer-
Tafel mechanism, but are more likely related to errors in the model describing the underlying
BER limiting current density, which possibly approaches the real limiting value too quickly.

Figure 5.7 shows R - values for the CER and the effect of Br~ (see Figure A 9.5.15). Br~
strongly lowers the activity of the CER, while at the same time, reaction orders are higher when
comparing Figure 5.7A and B, where in the latter, values are usually below 1. All values
decrease with increasing [Cl17]. Higher reaction orders can be expected when competitive
adsorption by Br~ decreases the chloride surface coverage 6.;. A lower value of 8, at the onset
of the reaction means its contribution to the measured reaction order is higher (see the SI of
Chapter 4, in section 9.4.2). The range of values spanned by R - in Figure 5.7A is mostly
within 1-2, agreeing with the V-H mechanism. Only the value at the highest [CI™] is around 0.8,
which falls outside of this range. Corresponding Tafel data for [CI~] = 50 mM and 100 mM in
Figure 5.6A, which are the most accurate, are lower than in Figure 5.6B, but display roughly
the same rate of change over the measured potential window. This suggests that like the BER,

87



5 || Competition and Selectivity During Parallel Evolution of Bromine, Chlorine and Oxygen on IrOx
Electrodes

175 F T T T T ™ 1.50 T T T T T T
—=—E =1.515V vs. NHE —=— E =143V vs. NHE
150 L —e— E =152V vs. NHE | | 125% e E=15Vvs. NHE |
—a— E =1.525V vs. NHE a4 E=152Vvs. NHE
L | v E=1.525Vvs. NHE
1.25 A 100} % ,
. 1.00 T 1 .
e ——— £ 075 E
075} ~%
0.50 | B
0.50 - 1
0.25 L i 0.25 E
0.00 L L L L L L 0.00 L L L L L L
0 20 40 60 80 100 0 20 40 60 80 100
[HCI] (mM) [HCI] (mM)

Figure 5.7: Chloride reaction orders R,- for the CER, in presence (A) and absence (B) of 10 mM HBr, based
on data from Figure 5.5. Potentials were chosen to span the range where significant CER occurs, which is much
narrower for the CER in presence of Br~. Data in B are only shown for [Cl~] values where the ring collection
method is reliable (see section 2.3.3).

the Tafel slopes as a whole are shifted horizontally on the potential axis. Together with the
rising Tafel slopes as function of potential, this may be a coverage effect by CI* when
considering V-H or V-K as the dominant mechanism. We further analyzed the CER using
Conway-Novak and Ferro-de Battisti test plots, which clearly point towards a V-H or V-K type
mechanism for the CER, including when the reaction is inhibited by Br~ (Figure A 9.5.13). It
must be noted that linearity in Ferro-de Battisti test plots does not discern between the V-H
and V-K mechanism, as their functional j vs. E relationship is the same. Distinction is in
principle possible by investigating values of the slopes and y-intersects, but we refrained from
this because these quantities are extremely sensitive to the value of the equilibrium potential,
and become further convoluted when competitive adsorption is involved. It is in any case most
likely that the values for R~ in Figure 5.7A and B correspond to V-H or V-K mechanisms with
a first-order dependence on 6;.

Finally, we note that the significant depressing effect of CI~ on the OER activity is in stark
contrast with results from Chapter 2, where the same Ir0O,/GC electrode was studied for the
CER. Ina 0.5 M KHSO, electrolyte, CI~ has only a negligible effect on the OER activity, and the
reaction order for the CER approaches values slightly less than 1 (see Figure A 9.5.15). It is
likely the presence of HSO; that negates the suppressive effect of CI~ on the OER and CER,
because OER and CER activities in such electrolytes were significantly lower than in a solution
of non-adsorbing Cl03. This strengthens the idea that chloride effects on the CER and OER in
the current study are related to specific adsorption of CI™. In presence of excess HSO;, the
surface is already heavily under the influence of a competitive adsorbate. Addition of Cl~
would then have a much smaller effect on the activity, because the reaction order effect from
competitive adsorption is already near saturation. These results show that specific adsorption
by the supporting electrolyte can have a significant effect on the apparent kinetics of the
reaction and should be kept in mind when investigating concentration-dependent quantities.
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5.3.6. Molar selectivities

Lastly, we consider the molar selectivities € of the BER, CER and OER as function of the
various halogen anion concentrations, which can be derived from data in Figure 5.7. Like Eq.
2.3, they can be calculated for a given value of E or [Cl7] via:

JBER /2

- jBER/2 _|_jCER/2 _|_j0ER/4

€BER Eq. 5.3
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Figure 5.8: Molar selectivities of the BER, CER, and OER in 0.5 M HCl0O, + 10 mM HBr. A: Data as function of
potential, at chloride concentrations of o (solid trace), 10 (dashed trace) and 50 mM (dotted trace). Blue, green
and red show selectivities for the BER, CER and OER, respectively. B: Data as function of chloride
concentration at potentials of 1.535 (dashed trace) and 1.55 V vs. RHE (solid trace). These are potentials where
all three reactions are prevalent.

In Eq. 5.3, the BER selectivity is given as example. Figure 5.8 shows some measured
selectivities of the three reactions. At lower potentials, the BER has near 100% selectivity, since
it is the only possible reaction up until ~1.37 V. The CER has a significant overpotential due to
the suppressive effect of Br~, and onsets around the same potential as the OER. The BER is
almost fully mass transport controlled at this point. Addition of CI~ has a two-fold effect on
epgr, which decreases due to CER activity, but also increases due to suppression of the OER
by C1~. This is clearly visible in Figure 5.8B, where Cl~ increases the BER selectivity up until
10 mM Cl~, after which it is decreases again with increasing CER competition. Another
peculiarity of kinetic interplay arises when inspecting the OER and CER selectivities relative
to each other, and the effect of bromide. In Figure A 9.5.16, when the CER and OER are the
only reactions, the OER selectivity always increases with higher potential. In presence of Br~
however, the selectivity decreases. OER selectivity is always quite low (<22%), and sharply
decreases when Cl™ is added. Less than 1% 0, is formed at 100 mM Cl~. The OER is much less
sensitive to mass transport effects in an aqueous electrolyte, and should therefore still become
the dominant reaction at potentials above 1.55 V vs. RHE. However, the overpotential where
this happens will be dependent on Br~ and CI~ in dual fashion. Besides the parallel BER and
CER contributions, which must be outpaced, Br~ and Cl~ additionally impart significant
kinetic suppression on OER itself and make the reaction even more sluggish. It was not
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possible to measure reliable data at potentials higher than 1.55 V vs. RHE, because the
increasing OER rates lead to persistent O, bubbles on the RRDE tip which compromise the
measurements (see Chapter 8). We expect that generally, the OER selectivity versus halogen
oxidation will depend sensitively on the electrode material, mass transport conditions and
electrolyte composition. Small reactant concentrations can already significantly affect the
interplay between kinetics. The possible effects of Br~ in the context of saline water
electrolysis, even when present in small amounts, must thus not be underestimated.

5.4. Conclusions

In this chapter, we studied the simultaneous oxidation of Br~, CI~ and H,0 on GC-supported
IrOy, which served as a representative OER catalyst in practical electrolyzers. Adsorption and
oxidation of Br~ and CI~ proceeded simultaneously and had notable mutual effects on their
respective evolution reactions. Bromine evolution exhibited reaction orders Rg,- that are
significantly higher than 1 at kinetically controlled potentials, but semi-linear Tafel slopes of
90-110 mV/dec. Chloride addition shifted the slopes to slightly higher values and was
associated with mildly inhibiting effects (R¢- & —0.1). Together with the use of test plots, the
Volmer-Heyrovsky mechanism with a Langmuirian isotherm describing competitive
adsorption of the halogen anions seems to describe the BER mechanism on IrO, the most
adequately. The CER displays previously reported linear Tafel slopes of ~40 mV/dec, also in
presence of Br~. Chloride reaction orders had values 0.7 < R¢- < 1, but under the effect of
Br~ they were significantly higher than 2. Together with test plots, the Volmer-Heyrovsky
again is the most suitable description for the experimental results. The lower limit values for
chloride reaction orders which fall outside the predicted range of the V-H mechanism were
ascribed to site-blocking (retardation of the CER by specific adsorption of chloride).

The OER was particularly slowed down by a compounded effect of both Br~ and CI™. Similar
to the effects observed for the CER, the nature of this effect seemed to be a type of ‘simple’
competitive adsorption through site blocking, as the Tafel slopes (and therefore the underlying
mechanism) did not seem to change. The selectivity for the OER was close to 0 at 1.55 V vs.
RHE in conditions of 10 mM HBr and 100 mM HCI, which were the maximum concentrations
tested. Contrary to findings on Pt in Chapter 4, no signs of BrCl formation were observed, even
though Br™ and Cl™ interact strongly during adsorption. Kinetic analysis of the bromide
oxidation region and UV-Vis experiments suggested that the only electrochemically formed
products are Br,, Cl, and O,.
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Introduction

6.1. Introduction

An OER-selective anode would allow the direct splitting of saline water without the costly need
of removing chloride from the system. Unfortunately, anodes that are highly OER selective in
presence of Cl~ are very rare, due to the favorable kinetics of the CER and the scaling between
OER vs. CER activities described previously. A notable exception is manganese oxide (MnOy),
an OER-active material that has received significant interest in recent years.233-236 Initially
reported by Bennet,25 anodes based on MnO, show a strong tendency to selectively evolve
oxygen from acidic saline water. Hashimoto et al. studied a series of Mn-based mixed metal
oxides (MMO) deposited on an IrO,/Ti substrate and showed that such anodes often exhibit
nearly 100% selectivity towards OER, under a variety of experimental conditions, for many
hours of sustained operation.3:237-239 Besides its high reported OER selectivity, MnO, is also
one of the few non-precious metal-based catalysts that has been reported to be moderately
stable in acid under OER conditions.24¢ This stability is in strong contrast with other 3d metal
oxides such as CoOy and Ni/Fe based oxyhydroxides, materials which show very high OER
activity in alkaline pH, but are unstable and inactive in acid.t6:177.241-245

In this chapter, we investigate the origin of the exceptional OER selectivity of the MnO,-based
materials studied by Hashimoto and co-workers. To our knowledge, the mechanism by which
MnOy, ‘breaks the scaling’ between the OER and CER was never thoroughly investigated. In
part, we believe this was due to the difficulty of reliably measuring OER vs. CER activity in
situ, for which no fast, practical method existed. Fortunately, the RRDE method described in
Chapter 2 can be conveniently employed for rapid and precise CER activity measurement in
this particular system. We will use the RRDE method to study the effect of MnO, deposition
onto IrO, with respect to the OER and CER selectivity during cycling voltammetry and
amperometry. Product species are also studied using online electrochemical mass
spectrometry (OLEMS) measurements in combination with isotopic labelling. To gain more
insight in the nature of the MnO, film, ex situ studies of the catalyst were performed using bulk
X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and X-ray photoelectron microscopy (XPS). In this way, we aim to shed
more light on the mechanism by which MnO,-based anodes selectively evolve oxygen, and how
selectivity between the OER and CER may be better controlled.

6.2. Experimental

6.2.1. Chemicals

KHSO,, HC104 (60%), KCl, NaCl, KBr and NaClO0, (EMSURE) were purchased from Merck.
Na,IrClg - 6H,0 (99.9%, trace metals basis) and NaOH (30% solution, TraceSelect) were
purchased from Sigma-Aldrich. MnSO, (99.999%) and Mn(Cl0,), (99.995%) were purchased
from Alfa Aesar. High purity isotopically labeled water (97% 80, >99.99%) was purchased
from Cortecnet. All chemicals were used as received. The water used for all experiments except
those involving isotopic labelling was prepared by a Merck Millipore Milli-Q system (resistivity
18.2 MQcm, TOC < 5 p.p.b.).
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6.2.2. General electrochemical procedures

All experiments were carried out at room temperature (~20 °C). The electrochemical
experiments were done using home-made two-compartment borosilicate glass cells with
solution volumes of 100 mL. IrO, deposition experiments and sample preparation for
structural studies were done in borosilicate glass vials of approximately 10 mL. Before the
first-time use, all glassware was thoroughly cleaned by boiling in a 3:1 mixture of concentrated
H,S0, and HNO3;. When not in use, all glassware was stored in a 0.5 M H,SO, solution
containing 1 g/L. KMnO,. Before each experiment, glassware was thoroughly rinsed with water,
and then submerged in a dilute (~0.01 M) solution of H,S0, and H,0, to remove all traces of
KMnO, and MnO,. The glassware was then rinsed three times with water and boiled in water.
The rinsing-boiling procedure was repeated two more times. An IviumsStat potentiostat (Ivium
Technologies) was used during electrochemistry experiments. All experiments except IrOy
deposition experiments and sample preparations for structural studies were 85% iR-
compensated. The solution resistance was measured with electrochemical impedance
spectroscopy, by observing the absolute impedance in the high frequency domain (100-10 KHz)
corresponding to a zero-degree phase angle. RRDE and OLEMS experiments were performed
in 0.5 M KHSO, solutions with pH values in the range of 0.88 + 0.05, as measured with a Lab
855 meter equipped with a glass electrode (SI Analytics). Working solutions used in RRDE
and OLEMS experiments were saturated with Ar (Linde, purity 6.0) before experiments.
Solutions were bubbled with Ar gas during forced convection experiments, and Ar was used to
blanket the solution in case of OLEMS. The reference electrode for RRDE and OLEMS
experiments was a HydroFlex® reversible hydrogen electrode (Gaskatel), separated from the
main solution using a Luggin capillary, to fix the reference sensing point and to prevent mixed
potentials at the reference due to dissolved Cl, gas. A LowProfile Ag/AgCl electrode (Pine
Research Instrumentation, sat. KCl, E = 0.197 V vs. NHE) was used during IrO, deposition
experiments and sample preparations for structural studies. All potentials in this chapter are
reported using the RHE scale unless specified otherwise. The Ag/AgCl reference was regularly
calibrated versus the RHE to check its equilibrium potential. A Pt mesh was used as counter
electrode during RRDE and OLEMS experiments. During IrO, deposition experiments and
sample preparations for structural studies, the counter electrode was a Pt spiral placed
axisymmetrically below the RRDE tip.

6.2.3. Rotating ring-disk studies (RRDE) of chlorine evolution vs. MnO, deposition

RRDE measurements were done with an MSR rotator and E6 ChangeDisk RRDE tips in a
PEEK shroud (Pine Research). The Luggin tip connected to the reference electrode was aligned
to the center of the RRDE electrode to minimize electrical cross-talk.137:138 The liquid phase
collection factor of the ring-disk system, N; , was determined by studying the
Fe[CN]3~/Fe[CN]¢™ redox couple in a solution of 10 mM K;Fe[CN], and 0.1 M KNO3, using the
Pt ring with both a freshly prepared blank GC electrode and the IrO,/GC electrode. The value
was 0.244 within 5% accuracy. The collection factor for dissolved Cl, was also measured in the
same setup, by evolving chlorine selectively on a Pt disk electrode at 1.6 V vs. RHE, well before

94



Experimental

the kinetic onset of OER. Provided that the solution pH was lower than 1, the collection factor
for dissolved chlorine was found to be 0.240, almost identical to N;.

Ir0,/GC electrodes were prepared via electroflocculation of IrO, nanoparticles, as described
in sections 9.1.1 and 9.1.2. The GC surfaces were polished with diamond paste, followed by
rinsing and sonication in water for 3 minutes. The electroflocculation amperometry step lasted
300s.

Before RRDE experiments, the Pt ring was electropolished by scanning from —0.1 V to 1.7 V at
500 mV s for 40 scans at 1500 RPM, after which the individual scans did not change. This
step was vital to remove traces of IrO, that deposited on the ring during IrO,
electroflocculation under rotation.'39 Hydrodynamic experiments were done at 1500 RPM by
scanning the disk electrode in the range of 1.1 — 1.55 V at 10 mV s The ring was kept at 0.95
V during measurement of CER rates. Presence of Mn2+ is not expected to interfere with the Pt
ring during experiments.'77:246 In between experiments, the IrO,/GC electrode was kept at 1.1
V. Ring currents were corrected for constant background currents and product collection delay.
The latter arises from the time needed for products formed on the disk to reach the ring, and
was approximately 200 ms at 1500 RPM. Before initiating quantitative measurements, the
Ir0,/GC electrode was scanned 40 times in a chloride-free electrolyte between 1.3 — 1.55 V
(into the OER region) at 1500 RPM. This was done to ensure stable IrO, film behavior during
experiments. All currents were reported without normalization to catalyst surface area, since
we were solely interested in selectivity trends (which are ratios of currents) and kinetic
parameters such as Tafel slopes, none of which are affected by normalization.

6.2.4. Online electrochemical mass spectroscopy (OLEMS)

During OLEMS experiments, volatile reaction products were collected in situ using a 0.5 mm
diameter tip with a porous PTFE membrane at a close distance (~10 pum) to the electrode
surface, positioned with a micrometric screw system.247 Mass signals were measured using an
EvoLution mass spectrometer setup (ESS Ltd.) equipped with a Balzers QMS200 quadrupole
(Pfeiffer). Pressure in the mass chamber was maintained lower than 10-6¢ mbar using a rotary
vane pump (Edwards nXDS6i) and a TMH-071P turbo molecular pump (Pfeiffer). Before
experiments, the tip was cleaned by submerging it for 1 hour in a mixture of 0.2 M K.Cr.O,
and 2 M H,S0,, followed by ample rinsing with water. The IrO,/GC disk working electrode
was prepared as described in section 9.1.2, after which the disk was carefully removed from
the RRDE tip and mounted to a stiff Pt wire using Cu tape. The electrode was then mounted
in hanging-meniscus configuration. The Luggin tip connected to the RHE reference was placed
sideways near the working electrode at a distance of approximately 1.5 cm, to accommodate
the OLEMS tip. Isotopic labelling was performed in a 1.5 mL volume of 0.1 M KHSO, in H,80,
using a LowProfile Ag/AgCl reference and a Pt spiral as counter electrode. The reference
electrode was temporarily stored in a 0.1 M KHSO, solution of regular water in-between
experiments, to minimize Cl~ leakage into the isotopic solution. The IrO, electrode surface
was first rinsed with H,60 water and thoroughly dried using filtered compressed air. Ir 180-
exchange was done by performing OER at 1.25 V vs. Ag/AgCl for 300 s, followed by thorough
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rinsing with H,°0 water. The ‘Ir'80,’/GC electrode was submerged in the OLEMS cell strictly
under potential control at 1.30 V, followed by MnO, deposition and scanning experiments.

6.2.5. Sample deposition for structural studies

Ir0,/GC samples were prepared via deposition of IrO, onto a GC disk, as described in section
9.1.2. MnOy, films were grown in solutions of 0.35 M NaClO, + 0.15 M HCIO, (pH = 0.88) in
presence of 0.6 mM Mn(ClO,),. The use of a non-adsorbing ClO; electrolyte allowed MnOy
deposition at lower potentials, in absence of superimposed OER (in case IrOy was the
substrate), leading to more accurate monitoring of film growth. This was necessary as it was
not possible to verify the film thickness post-analysis from reductive dissolution.
MnO,/Ir0,/GC and MnO,/GC samples were prepared by conditioning an Ir0,/GC or blank GC
disk electrode at 1.45 V and 1500 RPM. In case IrO, was the substrate, 20 mM NaCl was added
to the solution and MnOj film formation on IrO, was monitored by keeping the ring electrode
at 0.95 V and measuring the CER rate. For preparation of a MnO, /GC sample, deposition of
the film was stopped near ~1.25 * t 45, tmax being the time corresponding to the peak current
during deposition.248 In all cases, when a satisfactory MnO, coverage was reached, the
experiment was discontinued by raising the working electrode while rotating, breaking
electrical contact and spin-drying the surface. This procedure was employed to minimize
transient MnO, dissolution in the acidic environment. Immediately after spin-drying, the
electrode was rinsed with ample water and dried with compressed filtered air.

6.2.6. Scanning electron microscopy (SEM)

GC disks were carefully removed from the RRDE tip after deposition and glued to a SEM
specimen mount using conductive silver epoxy. Scanning electron micrographs were made
using a FEI Nova NanoSEM 200 equipped with a field emission electron source, operating at
10 kV beam accelerating voltage and 10 pA probe current. Images were recorded in immersion
mode using a through-the-lens detector, at a working distance of ~4.5 mm. EDS
measurements were performed in a JSM 6010LA setup (JEOL). After recording overview
images at 10 kV, the beam accelerating voltage was increased to 15 kV and elemental data were
recorded from a wide variety of locations on the electrode.

6.2.7. Transmission electron microscopy (TEM)

GC disks were carefully removed from the RRDE tip after deposition, and the IrO,/MnO, films
were then carefully scraped off the electrode surface. The films were sonicated for 30 minutes
in absolute ethanol, and the suspension was dropcasted onto a Cu TEM grid. Bright-field
transmission micrographs were recorded using a JEM-1400Plus apparatus (JEOL) equipped
with a LaBs filament and a 2kx2k Orius camera (Gatan), operating at 120 kV accelerating
voltage. For measurements at higher resolution, a model JEM-2010 (JEOL) equipped with a
LaBs filament and an Orius 831 camera (Gatan) was used, operating at 200 kV. Selected-area
diffraction patterns were analyzed using the CrysTBox software suite.249
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6.2.8. X-ray diffraction measurements (XRD)

GC disks were carefully removed from the RRDE tip after deposition and mounted directly in
the diffractometer using a height-adjustable mount to correct for disk protrusion. X-ray
diffraction spectra were recorded using a D8-Advance diffractometer (Bruker) operated in
Bragg-Brentano geometry, equipped with a Co-Ka anode (A = 1.78897 A) and a Lynxeye
position sensitive detector. Diffraction data were collected over angles ranging between 10° -
100° with a step size of 0.02° and scan speed of 0.2° s™.

6.2.9. X-ray photoelectron spectroscopy (XPS)

GC disks were carefully removed from the RRDE tip after deposition and mounted directly in
the spectrometer. X-ray photoelectron spectroscopy measurements were performed in a K-
alpha spectrometer (Thermo Fisher Scientific) using a monochromatic Al-Ko X-ray source.
The measurements were carried out at a chamber pressure of about 108 mbar, a flood gun was
used for charge compensation. The energy analyzer was operated with a pass energy of 200 eV
and 0.25 eV energy spacing for the survey spectrum, and a pass energy of 50 eV and 0.1 eV
energy spacing for the high-resolution spectrum. All binding energies were referenced to the
Ci1s peak (284.8 + 0.025 €V). Each spectrum reported is the statistical average of 10 measured
scans. Spectral peaks were analyzed and processed using Thermo Avantage v5.903 software
(Thermo Fisher Scientific). The Shirley algorithm was used to calculate background
contributions. Relative atomic contributions on the surface were calculated using full width
integration over the core-level signals along with tabulated atomic sensitivity factors (ASF).
For the core-level Ir 4f peak deconvolution, we used a model from existing literature, excluding
contributions from 4f satellite peaks.25°
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6.3. Results and discussion

6.3.1. Effect of MnO, deposition on chlorine evolution

We make use of rotating ring-disk electrode voltammetry to measure and separate individual
OER and CER currents, as described in Chapter 2. During these experiments, the collection
factor for Cl, (N;) was reproducible within 2%, and virtually identical to that of the
Fe[CN]2~/Fe[CN]3™ redox couple (N, = 0.244). Figure 6.1 illustrates a experiment of parallel
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Figure 6.1: Potential scans of mixed OER and CER in 0.5 M KHSO, (pH = 0.88), on a ‘bare’ Ir0,/GC electrode

(no Mn0,). Top panel displays currents measured on the Ir0,/GC disk (ip) in a Cl” -free solution (grey curve),
and in presence of 30 mM KCI (black curve). Rotation rate: 1500 RPM. Lower panel shows corresponding

currents on the Pt ring (i) fixed at Egr = 0.95 V . Calculation of iz and icgp curves was performed using Eq.
2.1and Eq. 2.2.

OER and CER on Ir0,/GC, while scanning the disk potential in the range of 1.1 — 1.55 V in
chloride concentrations of [CI”] = 0 mM and [CI™] = 30 mM (see also Figure 2.1). By observing
the ring current in Figure 6.1, the onset of CER can be located at around 1.42 V, which means
that it proceeds with negligible overpotential at pH = 0.88. Similar to results in Chapter 2, the
OER is not strongly affected by either the presence of CI~ or parallel CER under the used
conditions. Furthermore, selectivity towards CER is approximately 86% near 1.55 V. Although
a chloride concentration of 30 mM is far removed from realistic seawater concentrations,
which typically exceed 0.5 M, the use of such concentrations would compromise the ability to
carry out fundamental CER studies, due to increasing experimental noise levels and
interference of gas bubbles in the RRDE setup. In consideration of results from section 2.3.4,
a concentration of 30 mM chloride should constitute an optimal system for study.

In acidic media, deposition of MnO,, can proceed via the following overall reaction:
2Mn2++2H20—>Mn02+4H++Ze— Eq. 6.1
El\(aanx/Mn“ = (1.23 — 0.059 * pH) V vs.RHE
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Figure 6.2: Top panel shows CVs of an Ir0,,/GC rotating disk electrode (top) in 0.5 M KHSO0,, 30 mM KCI (pH
=0.88), and 0.6 mM MnSO0, (except for the Mn2*-free experiment). Rotation rate: 1500 RPM. Mn0, films were
preconditioned at various times at 1.48 V before initiating the forward scan at 1.48 V. The lower panel shows
the corresponding ip (Er = 0.95V).

To form MnO, films on IrO, and study their effect on CER selectivity, we resorted to growing
MnO,, thin films in situ by ‘spiking’ the working solution with 0.6 mM MnSO,. This small but
significant concentration of Mn?* ions prevents the net dissolution of the acid-unstable MnO,
films during experiments.2425t Despite obvious disadvantages, such as lack of precise control
over film thickness during scanning, this method allows the growth and study of thin MnO,
films of variable thickness in an identical system, without the severe uncertainty of the film’s
integrity (and problems concerning build-up of dissolved Mn?* in the solution, in case of
repeated externally grown MnO, films). It is thus possible to measure how CER kinetics
depend on MnO, film growth. Figure 6.2 shows CVs from 1.1 — 1.55 V of an Ir0,/GC electrode,
in presence of 30 mM KCl and 0.6 mM MnSO,, under 1500 RPM rotation rate. Compared to a
Mn?*-free solution, MnO, deposition manifests itself as a superimposed current with a slow
onset near 1.37 V (see Figure A 9.6.4 for a close-up). To grow MnOy films of variable thickness
and to test their effect on CER activity, the disk electrode was first conditioned at Ej, = 1.48 V,
while rotating at 1500 RPM. The conditioning potential was chosen such that it was more
positive than E ;,‘il 0y /Mn?* (approximately 1.13 V at pH = 0.88), but not too far into the mixed
OER/CER region in order to prevent excessive gas formation during deposition. Immediately
after conditioning, the electrode was scanned up to a positive potential limit of E;, = 1.55 V. At
the same time, the ring was kept at £z = 0.95 V, and still regarded as a selective probe for
chlorine. Formation of Cl, can be seen in both the forward and reverse sweep. During the
reverse scan, complete cathodic dissolution of the MnO, films appears as a reduction wave
from approximately 1.450 to 1.15 V. Dissolution of the film effectively ‘resets’ the working
electrode, and the charge under the reduction peak (described as Quno, ) allows to
approximate the thickness of the film that was originally present in the forward scan. Repeated
scanning without preconditioning led to overlapping CVs, with reproducible peak currents,
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ring currents and cathodic MnOy dissolution peaks, which shows that the original system is
restored every time after traversing the negative potential limit of 1.10 V (see Figure A 9.6.5).
A Mn?* concentration of 0.6 mM was purposefully tested as optimum: lower concentrations
led to impractically long deposition times, and higher [Mn2*] (> 1 mM) often resulted in films
that were too thick to completely dissolve after returning to 1.10 V. This was evident from a
remaining brown-red glow on the electrode surface, and significant but slowly subsiding
negative current when the potential was kept at 1.10 V. Thicker films also occasionally led to
mechanical instability in the form of brown MnO, flakes peeling off the electrode during
rotation. Keeping [Mn?*] as low as possible also reduced the extent of continuous
(uncontrolled) MnO, deposition current during scanning and allowed a more accurate
comparison of iggr and icgg, as will be discussed below.
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Figure 6.3: Disk (blue) and ring currents (green) measured at Ep = 1.55 V as function of Quno,, the reductive
charge measured for the corresponding MnO, film during the backward scan, which is an approximate

measure of its thickness. Inset shows the ratio between i), and iy corrected for Ni (iy’). Values were determined
from CVs such as those in Figure 6.2.

Figure 6.3 displays the measured disk and ring currents for E, = 1.55 V as a function of Q0.
the charge determined from the MnO, dissolution wave in the corresponding reverse sweeps.
The potential of 1.55 V was chosen for quantitative analysis, since this is the point of potential
reversal and as such contains minimal current contributions from (pseudo)capacitive
processes. To be able to compare directly, ring currents iy are corrected for N; to obtain ig'.
The distinction between iy" and -z will be discussed shortly. The deposition of MnO, has a
profound effect on both i;, and iy, but the most interesting aspect is the selectivity: ip' is
impacted very differently than ip. As Quun o, varies within o - 2 mC, a proportional decrease in
both i, and i’ can be seen, leading to an approximately constant ratio ip'/ip (Figure 6.3,
inset). For Quno, > 2 mC, the ratio i'/ip shows a sudden drop. We also observe a change in
shape of the MnOy reduction wave as Qo increases above 2 mC. Below 2 mC, a single, broad
reduction peak is observed, which transforms into two peaks for Qu0, > 2 mC, with peak
potentials shifting continuously more negative as the reduction charge increases (see Figure A
9.6.6). The appearance of separate peaks may be due to proton diffusion becoming the limiting
factor during film reductive dissolution.252253
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Unfortunately, the quantification of ipgg and icgzp in presence of Mn2* is obfuscated by Mn-
related redox processes, in contrast to the measurements on MnO,-free IrO, in Figure 6.1,
where it was assumed that the OER and CER were the sole reactions. There are two reasons
for this. First, ij, after subtraction of i3’ is no longer ‘pure’ OER current, but the sum of OER
and MnO, deposition current. Second, close inspection of the ring currents (Figure A 9.6.4)
suggests reduction of a species that appears at a potential slightly more negative than the onset
potential of CER. We ascribe this additional current to the reduction of solution-phase
Mn3* 254 This species is a generally accepted intermediate during acidic MnO,
deposition.252253.255 Ring currents can thus no longer be ascribed solely to CER (ig’ # icgg). To
take these two sources of error into account, we use the following correction. The diffusion
limited current density of MnOy deposition (i,LV,nOx) is estimated at 140 pA using the Levich
equation (see section 9.6.1). This value serves as an ‘upper limit’ of the MnO, deposition
current during the OER and CER. The maximum ring current originating from Mn3*
reduction can be estimated at 70 pA, representing an upper limit of ring current falsely
attributed to CER. For Qupno, < 2 mC, where i > 1800 A, this error was assumed negligible,
but at Quyno, > 4 mC, the remaining ring current approaches 30 pA. In this regime, the ring
current may not be unambiguously assigned to CER, and the real CER current could be
significantly lower.

To still make an estimation of OER vs. CER selectivity, we assume that i) MnO,, deposits with
diffusion limited current densities at all potentials, allowing the calculation of the minimum
OER current after ring current subtraction, and ii) N;-corrected ring current i’ originates only
from CER, irrespective of stray Mn3* reduction reactions, leading to the maximum possible
CER current. In other words, Eq. 2.1 applies, like the case for the ‘blank’ IrO, catalyst: ip =
icgr- We thus use the following expression for ipgg:

. . . L . Ly
logr = ip = icgr = ifmo, = ip — g’ — 140 pA Eq. 6.2
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Figure 6.4: Top panel: currents for OER (red) and CER (green) at Ep, = 1.55 V (top), calculated from Eq. 2.1
and Eq. 6.2. Lower panel: corresponding selectivities towards OER (red) and CER (green). Data is plotted as
a function of Qumno,, the charge ascribed to the corresponding MnOy layer, which is an approximate indication
of its thickness. Values were determined from CVs such as those in Figure 6.2.
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Figure 6.4 displays the calculated currents and selectivities towards the OER and CER as a
function of Quno, . As already suggested by the ratio ip/ip in Figure 6.3, £opp rises sharply at
the expense of -zz beyond a MnO, reduction charge of 2 mC. We will refer to the reduction
charge of the MnO, film at which there is a strong shift of selectivity from CER towards OER
as the ‘critical MnO, charge’. Figure 6.4 shows that modification of IrO, by growth of a thick
MnOy film makes it >90% OER selective with a moderate (45%) drop in activity.
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Figure 6.5: Tafel slopes for CER on the disk electrode, constructed from ring currents, as a function of Quno,-
Values taken from CVs similar to Figure 6.2. Inset shows corresponding R2 values (correlation coefficients), to
illustrate the degree of linearity as function of Qyno,.-

The dependence of CER kinetics on MnO, deposition can be studied by making Tafel plots
based on measured ring currents (Figure 6.5), especially at high ring currents where the error
from Mn3* reduction is negligible. On ‘bare’ IrOy, as well as during the initial stages of MnO,
film growth (Quno, < 2 mC), CER Tafel slopes range within 40-45 mV/dec, suggesting a rate-
limiting second electron transfer step controlling the CER mechanism, in correspondence with
previous literature.56105 The Tafel curves in this regime show good linearity, as determined
from R2-values in the inset of Figure 6.5. As Quno, increases beyond the critical charge, Tafel
slopes increase to ca. 120 mV/dec. This value agrees remarkably well with a mechanism where
the first electron transfer step becomes rate-determining, suggesting that the apparent
kinetics of the reaction change. However, a pronounced departure from linearity is also
apparent (Figure 6.5, inset), suggesting that the measured Tafel slopes become clouded by

additional effects. Above all, we expect the error from Mn3* reduction to be high here, and the

measured Tafel slope may well be related to the solution phase oxidation of Mn3} to Mn3{ on

the disk (assuming a symmetry factor a of ~ 1/2).

To gain more insight in the sudden change in CER activity, ring-disk amperometry curves
were recorded to study the potential-dependent deposition behavior of MnO, on IrO, (Figure
6.6). The ring currents in the lower panel were normalized versus their initial value (i o), to
compare the relative decrease in CER for different potentials. An increase in E}, has a twofold
effect: i) iy initially increases strongly, which is due to a rise in CER current (top panel), and
ii) CER rates start declining earlier (lower panel). It was previously postulated that MnO,
deposition proceeds through a progressive electrochemical nucleation and growth mechanism,
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Figure 6.6: Top panel: amperometry measurements at increasing potentials of an Ir0,/GC rotating disk
electrode (top) in 0.5 M KHSO,, 20 mM KCI, and 0.6 mM MnSO, (pH = 0.87), rotation rate 1500 RPM. The

lower panel shows the corresponding iy normalized to their initial value ip,i-0 (Eg = 0.95 V).

in which the current contribution from the growth of existing nuclei is larger than current
from the formation of new nuclei.248256257 The data presented here suggest that MnO,
deposition at 1.45 V on amorphous IrO, near pH = 1 is kinetically controlled and proceeds via
a similar mechanism, since the deposition current shows an induction time followed by a peak
(Figure A 9.6.8). The observed drop in CER activity would then coincide with the moment
where the exclusion zones of the individual MnO, nuclei intertwine and the full coverage of the
IrO, surface by MnO, rapidly increases.

To corroborate the RRDE findings, we measured the competition of CER vs. OER on IrO, and
the effect of MnO, deposition using OLEMS (Figure 6.7). Since the use of a stationary electrode
is required in the OLEMS setup, a stirrer bar at ~600 rpm was used to enhance mass transport
of chloride and Mn?*, and reduce the effects of transient broadening of the diffusion layer.
Despite this, mass transport to the surface was significantly lower than in the RRDE setup. To
ensure a strong enough Cl, mass signal in the OLEMS and to reach MnO, film growth
comparable to the RRDE experiments, a relatively high concentration of chloride (80 mM)
and MnSO, (1.2 mM) was used. In Figure 6.7A, cyclic voltammetry was performed on an
Ir0,/GC electrode with a significant amount of MnO, predeposited at 1.460 V, after which
three cycles were carried out in the potential region of mixed CER, OER and MnO, deposition.
The initial forward sweep starting from 1.460 V shows a relatively low maximum current, and
the backward sweep shows a wave where the preformed MnO, layer is reductively removed. In
scan 2 and 3, the IrO, electrode was scanned into the CER/OER region again, such that the
electrode was free of pre-formed MnO,. Mass signals m/z 32 and m/z 70 (corresponding to
0," and Cl,*, ionized molecular oxygen and chlorine, respectively) were collected in the mass
spectrometer during the scans. Both species have peaks in the mixed OER/CER region as
expected, but there are major differences between the three cycles. The rate of Cl, formation
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Figure 6.7: OLEMS measurements of an Ir0,/GC disk electrode in 0.5 M KHSO,, 80 mM KCI, and 1.2 mM
MnSO0, (pH = 0.89). A: CVs of the electrode after preconditioning for 450 s at 1.46 V, followed by three scans.
Scan rate: 5mV s, C: Amperometry at 1.500 V for 600 s. Figures B and D show corresponding OLEMS mass
signals over time. Solution saturated with Ar. A stirrer bar at ~600 rpm was employed to increase mass
transport.

is clearly suppressed during the first cycle, then strongly increases in cycle 2 and 3. The 0,
mass signal in the first scan shows significant trailing and is also higher than in scan 2 and 3.
Comparison of results from scan 1 and scan 2 suggests that the emergence of CER activity is
coupled to a decrease in OER activity. This appears to contradict the previous results from the
RRDE method that the OER and CER are independent. However, we want to note that the
amount of chlorine produced in cycle 2 and 3 was rather high, which was necessary to obtain
a sizeable m/z 70 signal, as the majority of produced Cl, dissociates and recombines in the
ionization chamber to form HCI+, mass signal m/z 36.77 It is thus highly likely that the
collection efficiency of 0, was affected by the vigorous chlorine evolution near the electrode
surface. Nonetheless, we believe the most important result of the OLEMS measurements is
the strong suppression of chlorine evolution in the first cycle, meaning that on an Ir0,/MnOy
electrode, O, is formed highly selectively.

In Figure 6.7C, current vs. time curves were recorded at 1.50 V to investigate the effect of
transient MnO, deposition, along with changes in 0, and Cl, mass signals (Figure 6.7D). In
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the current profile, the semi-steady current declines abruptly after ~100 s, converging to a
current of around 200 pA. The abrupt decline is reminiscent of results in Figure 6.6, and
correlates with a selective decrease in the Cl, signal.

6.3.2. Structure of the MnO,/IrOx film

The results in the previous sections show that during mixed OER and CER on an IrQ, electrode
covered by a MnOy, film, there is a decrease in oxidation current coupled to strongly enhanced
selectivity of OER over CER with an increase of the coverage by the MnOy film, as well as a
change in the apparent CER Tafel slope. Besides the origin of this selectivity shift, a relevant
question concerns the degree to which MnO, is catalytically active under these conditions.
OLEMS measurements on a MnO,/GC sample in an acidic solution, without IrO, present,
showed no detectable activity for OER or CER (Figure A 9.6.11), in accordance with previous
literature. However, it has been reported that the crystal phase and oxide stoichiometry of
MnO, as well as the existence of metal-support interactions, can greatly affect the OER
performance.258-261 Therefore, the structure of the deposited materials was studied.

200 nm

Figure 6.8: SEM micrographs of representative electrodes used in this study. A and B: an Ir 0,,/GC electrode, deposited
according to the procedure described by Nakagawa et al. C and D: a Mn0,/Ir0,/GC electrode, Mn0O, was deposited
onto Ir0,/GC as described in the text.

For structural studies, films were grown hydrodynamically in ClO; solutions in presence of
20 mM (I, allowing use of the ring electrode to monitor the rate of chlorine evolution during
deposition. An amount of MnO, was deposited such that the CER rate was approximately 50%
of the initial value (Figure A 9.6.9). The nature of the MnO, films in the following studies
should therefore be close to films corresponding to the critical MnO, charge of 2 mC discussed
earlier. MnO, films grown in ClO; and HSO; electrolytes showed identical morphologies in
SEM and likewise behavior of ecpr Vs. Quno, , Suggesting that adsorption of HSOj inhibits
MnO, deposition but does not alter its mechanism (Figure A 9.6.10).

Figure 6.8A shows a SEM micrograph of a representative IrO,/GC film, with a morphology
corresponding well to previous reports. 142143262263 The GC surface is covered by a thin layer of
nanoparticulate IrOy, as was revealed by drying-induced cracks of the film (see Figure A
9.6.15B). We also occasionally observed mesoporous clusters of IrO particles with diameters
of 50-150 nm (Figure 6.8B). The clusters generally occupied less than 4% of the GC electrode
surface area, as estimated from SEM images of a large section of the electrode. Figure 6.8C
and D show SEM micrographs of Mn0O,/Ir0O,/GC samples, the films grown in the presence of
20 mM (I~ and representing ‘50% CER activity’ compared to MnO,-free conditions. A porous
structure of thin intertwined sheets is visible on top of the IrOy particles and layer, which is
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composed of MnOy, as verified via EDS analysis. From the SEM micrographs, the MnO,, sheet
thickness is within 8-10 nm (Figure A 9.6.15A). MnO, deposited on GC in absence of IrOy
forms a similar structure (Figure A 9.6.15C). The MnO, morphologies resemble earlier SEM
results of 5-MnO, (Birnessite), a poorly crystalline polymorph of MnOs octahedra arranged as
sheets (see also Figure A 9.6.15D for a micrograph of MnO, formed during extended deposition
times).164.264-266 However, we cannot draw conclusions about the MnOy structure on the basis
of SEM morphology alone.

We attempted to take XRD spectra of IrO, and the combined Mn/Ir oxide, using samples as-
deposited on GC (see Figure A 9.6.14). Besides the GC background, no diffraction peaks were
observed, suggesting that the IrO, and MnO, are amorphous. Previous studies of hydrated
IrO, colloids, as well as MnO, deposited at constant potential, also reported amorphous
structures.248.258,263,267 Tt must be noted that the films may be too thin to lead to sufficient signal
in the diffractometer, although an attempt was made to compare the diffraction patterns to a
small quantity of highly crystalline RuO,. Alternatively, IrO, nanoparticles were precipitated
and isolated from acidified colloid solutions. Even when scanning such bulk samples, we could
not observe XRD peaks.

10 1/nm

Figure 6.9: TEM micrographs of a Mn0,/Ir 0, film that was grown identically to the films used for SEM in Figure 6.8,
then carefully scraped off the GC support for imaging. A: Sheets of amorphous Ir 0, particles, having diameters in the
range of 2-4 nm. B: Larger Ir 0, particles (diameter ~60 nm) within the film. C: SAED pattern of the area shown in B.
Diffuse diffraction rings corresponding to rutile lr0, are visible. The also present MnO, does not generate a clear
contribution to the pattern. D: Intertwined MnO, sheets perpendicular to the beam direction, as also seen in SEM
micrographs.

To obtain more structural information on the MnO, /IrO, samples, TEM measurements were
performed along with EDS and selected-area electron diffraction (SAED). Figure 6.9 shows
bright-field TEM micrographs of a MnO, /IrO, film that was carefully scraped off the GC
electrode. IrO, nanoparticles with a diameter of 2-4 nm as well as occasionally larger particles
were visible (Figure 6.9A and B), similar to results from Zhao et al.262 Like the SEM results, a
veiny MnO, deposit could be seen (verified by EDS), where the ~8 nm thick sheets were visible
in the microscope (Figure 6.9D). Despite the much higher diffraction cross-section in
comparison with XRD, most SAED experiments led to diffuse patterns. It was possible to
sporadically obtain better defined radial profiles, roughly corresponding to rutile-IrO, (Figure
6.9C).268:269 In the microscope, a rare instance of a crystallite that was also properly oriented
showed a d-spacing of 3.18 A, corresponding to the rutile IrO, (110) plane.>> We also
generated SAED patterns at higher beam accelerating voltages of 200 keV (Figure A 9.6.18),
the result of which showed sporadic rutile-related diffractions from IrO, and - MnO, .
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Unfortunately, significant contributions from metallic Ir (and possibly Mn) were also present,
likely due to beam radiation damage."7°
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Figure 6.10: Core-level XPS scans of the Ir 4f (left) and Mn 3s (right) spectral peaks, on an absolute intensity scale.
Both elements were scanned in samples of their M0,/GC single oxides (top panels) and the mixed Mn0,/Ir0,/GC
sample (lower panels). Note the difference in scale in the lower left-hand panel, illustrating the relatively low
intensity of the Ir 4f signal.

To probe the electronic structure and the extent of interaction between the two oxides, we
performed ex situ XPS on a representative MnO, /IrO, /GC film, as well as on single oxide
reference samples termed MnO, /GC and IrO,/GC. Core-level Ir 4f scans were performed, as
this peak is considered a reliable probe for determining the average Ir oxidation state.250.270.271
The magnitude of the Mn 3s peak multiplet splitting serves a similar function in Mn.272273
Additional narrow spectra of the O 1s and Cl 2p peaks are shown in the supporting information
(Figure A 9.6.20 and Figure A 9.6.21). In Figure 6.10, the IrO,/GC sample has a 4f,/. core-level
binding energy of 62.4 eV, with a pronounced asymmetry indicating contributions of multiple
oxidation states. The obtained binding energy is close to values reported for hydrous iridium
oxides lacking long-range order.270274 IrO, /GC has mainly Ir** centers but a significant
contribution of Ir3* is apparent, with an estimated Ir3*: Ir** ratio of 0.27. The MnO, /GC
sample shows a Mn 3s peak splitting of 5.1 €V, corresponding to an average oxidation state in-
between 3+ and 4+. The non-integral average oxidation states of IrO, and MnO, suggest non-
stoichiometric oxides and disordered structures, consistent with the diffraction experiments.
Inthe MnO,/Ir0,/GC sample, Mn peaks dominate the spectral features (Figure A 9.6.19). Most
of the signal originates from the MnO, overlayer, as was also verified from appearance of a
large O 1s contribution at 529.9 eV, and by comparing Mn:Ir ratios determined from XPS and
amperometry deposition data (Table A 9.6.2). It was nonetheless still possible to observe the
Ir 4f peak, with a peak fitting-derived binding energy of approximately 62.5 eV (see Figure
6.10), a shift of +0.1 eV relative to IrO,/GC. The signal intensity was too weak for a more
elaborate peak deconvolution. A relevant question is whether the Ir sites contributing to the
weak Ir 4f peak are covered by MnO,, which was suggested by the SEM measurements. The
reductive charge Quno, of grown MnOj films corresponds to a layer roughly 10 nm thick,
approaching the limit for the detection depth of XPS. The weak Ir 4f peak in the sample shows
strong prevalence of inelastic scattering in the form of tailing at higher binding energies, and
a rise in background scattering that is disproportionately higher than the Ir0,/GC reference
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(Figure A 9.6.22). It can therefore be assumed that the weak XPS Ir 4f peaks originate from
sub-surface Ir, and that this Ir must be in intimate contact with the MnO, layer. The Mn 3s
peak splitting in MnO, /Ir0,/GC is 5.2 €V, a difference of +0.1 eV with respect to the Mn0O, /GC
reference sample. This shift may indicate a lowering of the average oxidation state,27> but the
shift is small and negligible within the margins of experimental error (+ 0.1 eV).

Summarizing our structural studies, we find that the formed MnO, and IrO, are amorphous
and probably form non-stoichiometric oxides. The MnO, catalyst without IrO, showed no
activity in OLEMS, and we could also see no evidence of a strong interaction between Mn and
Ir from the almost identical Ir 4f binding energies and Mn 3s multiplet splitting in XPS. This
makes it doubtful whether the proximity of and interaction with IrO, could somehow activate
MnO,, for the OER.

6.3.3. Isotopically labelled OLEMS measurements and OER studies on an RDE
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Figure 6.11: A and B: OLEMS measurements of an ‘Mn0,,/Ir'80,/GC’ electrode in 0.5 M KHSO,, 30 mM KCI,
and 1.2 mM MnSO, (pH = 0.87). The isotopic labelling procedure is described in the text. The electrode was
scanned three times (A), while monitoring the mass/charge ratio 34/32 (B). Scan rate: 5 mV s™. C: CVs of an
Ir0,/GC rotating disk electrode in 0.5 M Na/HCl0, (pH = 0.85), in a Mn?*-free solution (grey) and in presence
of 0.6 mM Mn(Cl0,), with a preconditioned MnO, film before initiating the forward scan at 1.45 V (purple).
Inset shows calculated Tafel slopes determined from forward-backward averaged disk currents. Scan rate: 10
mV s, rotation rate 1500 RPM. All solutions saturated with Ar.
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Given the lack of electronic interaction between MnO, and IrOy, suggested by the detailed
characterization described in the previous section, isotopically labelled OLEMS
measurements were undertaken to further probe the origin of the OER/CER selectivity of the
MnO,/Ir0O,/GC electrode. We also looked more closely into the OER behavior of the selective
catalyst using RDE experiments.

In Figure 6.11A and B, we performed isotopic labelling experiments on MnO,/IrO,/GC in an
attempt to determine the origin of the oxygen produced by the catalyst. This is made possible
by the tendency of oxygen of the IrO, lattice to participate in the OER mechanism.° First, the
IrO, lattice oxygen was partially exchanged with the 80 isotope by performing OER ina 0.1 M
KHSO, solution of ‘marked water’ (H,'80).991°¢ MnO, was then grown in ‘regular water’ at 1.45
V (a potential just before the OER onset), and OLEMS measurements were performed on this
Mn**0, /Ir80, /GC electrode. By observing changes in the ratio of mass/charge signals 34 and
32,196 we were able to determine whether the oxygen formed originated from MnO, (leading to
160, and no enrichment in the m/z 34 signal), or Ir®0, (partially producing ¥0-0 and
changing the 34/32 ratio). At this point, 0, can also be formed. Unfortunately, the mass
charge ratio of this species (m/z 36) coincides with that of HCl*, a species formed in the
ionization chamber, and as such this signal is ambiguous. As can be seen in Figure 6.11B, the
catalyst shows an enrichment of 80 during OER in the first scan. The produced oxygen thus
at least partially originates from the subsurface IrO, layer. The OLEMS experiments were
conducted in presence of chloride, which allowed the monitoring and comparison of MnOy
film growth, as well as ensuring that the experimental conditions were as close as possible to
previous OLEMS experiments. In scans 2 and 3, a current increase can be seen which is
attributable to increased chlorine evolution after MnO, reductive dissolution, in agreement
with results from Figure 6.7. Figure 6.11C shows OER measurements in a Cl” -free solution of
an Ir0,/GC catalyst with a pre-grown MnOj film, compared to the same catalyst in a Mn?*-free
solution. A non-adsorbing Cl0; solution was chosen over HSO; in this experiment since it led
to higher OER rates and faster MnO, growth. The two curves arguably have almost identical
onset potentials and very similar Tafel slopes (40 vs. 43 mV/dec for IrO, and MnO, /IrOy,
respectively). Both experiments shown in Figure 6.11 give strong evidence for the conclusion
that the MnO, film itself is inactive for OER, and the OER activity stems from the IrOy
underneath the MnOy film.

6.3.4. General discussion on the origin of the OER/CER selectivity

From the above results, we conclude that a MnO, film facilitates the selective formation of O,
over Cl,, in agreement with previous literature.2531 However, contrary to what was previously
assumed (at least implicitly), the results show that MnO, is not actually a catalytically active
phase. This conclusion is in fact in agreement with previous literature as MnO,, is generally not
very active for OER in strongly acidic media (pH < 1), and certainly cannot be expected to show
significant activity within the potential window employed in this work.235:240.245,275.276 From the
OLEMS results, it is clear that MnO,/GC in absence of IrO, is not active for either CER or OER
in pH ~ 0.9, even at high potentials of 1.8 V (Figure A 9.6.11). Combined with the XPS
measurements that indicate very little electronic interaction between MnO, and IrOy, it is
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therefore highly unlikely that MnO, ‘takes over’ OER and CER catalysis from IrO, when it is
deposited. Another feature that strongly disfavors MnO, being the active catalyst is the OER
ability seen in Figure 6.11C. The MnO,/Ir0,/GC electrode displayed an OER current of nearly
5mA * cm (electrode area 0.196 cm?2) at an overpotential of 300 mV, which is at least three
orders of magnitude higher than even the most optimal performing MnO, catalysts in alkaline
media.258 The OER current also has a Tafel slope of ~43 mV/dec, which is very close to 40
mV/dec, the OER Tafel slope of the unmodified IrO, catalyst. We note that a Tafel slope of less
than 60 mV/dec has never been reported for OER on MnO, in any pH. Finally, OLEMS
experiments with isotopically labeled IrOy (Figure 6.11A and B, first scan) show that the IrO,
partakes in OER, despite the existence of a MnOy layer.

Instead of MnO, being an exceptional catalyst that breaks the apparent scaling between the
CER and OER, we suggest that the catalytically inert MnO, functions as a porous overlayer that
disfavors the transport of chloride ions, as was previously proposed by Bennet.25 Previous
literature suggests that MnO, deposited at a constant anodic potential usually forms y-MnO,
(Nsutite) or 6-MnO, (Birnessite) motifs, where formation of §-MnO, seems preferred over y-
MnO, in case the Mn?* concentration is in the mM range.!64265266277-279 The & and y
polymorphs are both nanoporous and readily intercalate water and cations. From Cl 2p XPS
measurements (Figure A 9.6.21), we detected the presence of an alkali-metal chloride in the
Ir0,/GC electrode, which can be ascribed to NaCl trapped within the mesoporous IrOy clusters.
By contrast, MnO,/GC displayed no Cl 2p features (despite being grown in a Cl™-containing
solution), and neither did MnO,/IrO,/GC, which we interpret as chloride being unable to
penetrate the MnO, film. Furthermore, in the OLEMS results in Figure 6.7, the O, signal of
scan 1 shows strong tailing, persisting for nearly 100 s after starting the experiment, which
translates to O, detected down to 1.15 V in the backward scan. This effect is ascribed to 0,
trapped in the MnO,, porous structure, which is liberated upon MnO, dissolution.

cl C|2 HZO 02 o H%O 0

il /N i\ s
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Scheme 6.1:Sketch of the Ir 0,./GC catalyst (A) and the deposition structure of MnO, deposition on MnO0,/Ir0,/GC (B).

The MnO, forms a porous, amorphous network on top of the Ir0, layer, blocking CER by preventing Cl” from
reaching the Ir0, underneath. A side-view (C) shows the isotopic labelling experiment in Figure 6.11A and B.
Participation of sub-surface Ir0, in OER is apparent from detection of the enriched m/z 34 signal.

Scheme 6.1 illustrates the origin of the observed selectivity behavior with MnO, deposition.
Starting from the ‘bare’ IrOy film, initial MnO, deposition (0 < Quno, < 2 mC) is accompanied
by a mild and approximately proportional decrease in OER and CER activity (Figure 6.3 and
Figure 6.4), implicating that at these low coverages, both reactions are hindered. The
corresponding Tafel plots extracted from the rings currents (Figure 6.5 and Figure A 9.6.7)
show that the CER slopes retain a value of ~40 mV/dec, but are shifted gradually upwards to
higher potentials. A similar effect during the study of CER was reported before by Mozota and
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Conway,28¢ and would imply a decrease in the number of active sites with an unchanging
reaction mechanism. From electron microscopy micrographs, the MnO, forms a porous
network of amorphous sheets. The dramatic selectivity shift at @y, > 2 mC then presumably
arises when the growing MnO, sheets start to intertwine and fully cover the IrO, electrode.
MnO, deposition at this stage seems to solely inhibit CER, whereas OER remains relatively
unaffected, suggesting that at this point, the film growth is intrinsically different from its initial
deposition stage. When ‘fully grown’, the amorphous MnO, film still seems to allow transport
of H,0, H* and O, between IrO, and the electrolyte. The decreased selectivity versus CER can
thus be explained on the basis of concentration overpotentials, in line with recent reports on
electrocatalysis at ‘buried interfaces’ by Takanabe et. al.28! and Esposito et al. 282283 The slow
transport of chloride through the MnO, phase means that near the buried IrOy interface, both
the chloride diffusion coefficient and concentration gradient are lowered. This leads to a
significant increase of the diffusion layer thickness and an effective increase in the CER
overpotential. We further verified the anion-deflecting behavior of MnO, by performing OER
using a MnO,/IrO,/GC catalyst in presence of bromide ions (Figure A 9.6.12). The Pt ring was
fixed at Er = 0.90 V, to serve as a probe for bromine reduction. We found that the blocking of
bromine evolution is strongly coupled to the presence of the MnO, film. Lastly, the effect of
MnO, deposition on CER selectivity was verified using a Pt disk electrode as CER catalyst
(Figure A 9.6.13). A MnO, /Pt electrode evolved insignificant amounts of Cl,, whereas the OER
onset could be seen near 1.7V, which is reminiscent of the previously reported OER onset on
bare Pt.284

IrO, was also present in the MnO,-based seawater anodes by Hashimoto et al., for which thick
heterometal-doped MnO, coatings were grown on Ti-supported IrO, (IrO,/Ti). The IrO, was
added with the intention of preventing the formation of insulating TiO, during electrode
operation. We believe the OER selective Mn,M(;_,)04/IrO,/Ti anodes operate in a similar
fashion as our MnO,/IrO,/GC catalyst under study, and that the IrO, layer may have been
crucial for the relatively low polarization resistance during the galvanostatic experiments. The
OER selectivity effect of different dopants may have been due to modified MnO, film stability
or morphology under the strongly oxidizing operating conditions.

Application of selective blockage of chloride in seawater electrolysis was recently
demonstrated by Ravichandran et al.’*s An analogous case of selectivity induced by a
catalytically inert film is likely at hand in the industrial chlorate process, where Cr(OH);-
coated cathodes are used for selective hydrogen evolution.3441.285 The H,-selectivity of the
chromium film has been suggested to stem from the selective blocking of dissolved CIO~
anions and oxygen. Interestingly, MnO, has been recently suggested as a promising alternative
to the use of Cr(VI) for the selective hydrogen evolution.286

6.4. Conclusion

In this chapter, we have investigated the unusual OER over CER selectivity of MnO, based
anodes in the context of hydrogen production from acidic saline water electrolysis. Deposition
of a thin MnOy, film onto glassy carbon-supported IrO, moderately decreases the catalytic
activity and strongly shifts the product selectivity from Cl, towards 0,, once a critical MnOy
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film charge Qumno, of approximately 2 mC (10 mC cm=) is reached. The MnOy deposit is
catalytically inactive, and instead seems to function as a diffusion barrier that prevents Cl™
from reacting on the IrO, catalyst underneath, while still facilitating the transport of water,
protons and O, between IrO, and the electrolyte, necessary for OER activity. The results of this
work fit in an emerging trend of using diffusion barriers to affect selectivity. This may be a
promising approach in practical brine electrolysis, in contrast to finding an OER catalyst that
breaks the intrinsic scaling between selectivity and activity.
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Introduction

7.1. Introduction

In Chapter 6, we observed that an IrOy electrocatalyst coated by electrodeposited manganese
oxide (MnOy) owes its unusually high OER selectivity in acidic chloride electrolytes to the
permselective behavior of the MnO, overlayer, which effectively shielded the catalytically
active IrOy from chloride ions. The results of this study are in-line with a recent review that
suggests to steer the selectivity between competing reactions by applying a porous,
electrochemically inert coating on the catalytic surface.283 Such coatings can selectively impact
the transport between the bulk and the underlying electrochemically active surface. When
chosen properly, only the desired reactant can permeate the overlayer, such that a single
reaction is promoted on an otherwise unselective catalyst. Besides selectivity, the coating may
also improve catalyst stability by providing mechanical support and by shielding the active
catalyst from harmful side-reactions, such as the specific attack by chloride on the noble-metal
component of iridium-based double perovskites seen in Chapter 3. So-called membrane-
coated electrocatalysts (MCEC) therefore hold great potential in solving selectivity problems,
as they circumvent the apparent scaling between OER and CER activity. However, MCECs are
still in a very early stage of development and have been little investigated. To realize a properly
functioning overlayer, the thickness and stability have to be optimal. Ideally, the film is just
thick enough to block the undesired reaction, with minimal negative impact on mass transport
related to the desired reaction. At the same time, the film must be stable and durable so that
its integrity is guaranteed for prolonged times of operation.

Although the MnOy-based overlayer in Chapter 6 was effective at suppressing the CER, it is
not expected to be stable for extended periods in acid.24¢ Other recent work demonstrates that
nanometer-thick silicon oxide (SiOy) overlayers, which can be spin-coated onto planar Pt
surfaces in a well-controlled way, can also form a buried interface.282 The SiO,/Pt surfaces
were active for the evolution of gaseous hydrogen in presence of Cu?*, which normally inhibits
the reaction via under-potential deposition. In contrast to MnO, silicon oxides are expected
to be thermodynamically stable in acid and at high potentials.287 A SiO, overlayer deposited
onto known OER/CER catalysts could thus form a promising system for OER-selective
seawater electrolysis in neutral or acidic media.

In this chapter, we explore the concept of a buried interface for enhancing selectivity towards
the evolution of oxygen instead of chlorine in acidic chloride solutions, by depositing the
previously described SiO, overlayer on Pt, thin-layered amorphous iridium oxide (IrOy), and
Ir0,-based catalysts on a Ti support (termed Ti-based anodes) as model catalyst surfaces. Of
these catalysts, Pt has shown significant capability for CER electrocatalysis, and as it has been
studied repeatedly for SiO, deposition, this system forms a convenient reference
point.282:283288 [rQ, and Ti-based anodes are representative for actual anodic materials used in
acidic and near-neutral water electrolysis.?5217:280 Thin-layered IrO, nanoparticles would be a
relatively well-defined model system for Ir-based electrocatalysts and were included for this
reason. Ti-based anodes were prepared by Magneto Special Anodes (an Evoqua brand)
according to a procedure identical to that for large-scale, commercial anodes.33 Results
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obtained from the study of these materials could in principle be directly translated to
industrial conditions.

7.2. Experimental

7.2.1. Electrochemical procedures

KHSO, and KCl (EMSURE) were purchased from Merck and used as received. The water used
for all experiments was prepared by a Merck Millipore Milli-Q system (resistivity 18.2 MQcm,
TOC < 5 p.p.b.).

All experiments were carried out at room temperature (~20 °C). The electrochemical
experiments were done using home-made two-compartment borosilicate glass cells with
solution volumes of 100 mL. Before first-time use, all glassware was thoroughly cleaned by
boiling in a 3:1 mixture of concentrated H,SO, and HNO;. When not in use, all glassware was
stored in a 0.5 M H,S0, solution containing 1 g/L. KMnO,. Before each experiment, glassware
was thoroughly rinsed with water, and then submerged in a dilute (~0.01 M) solution of H,S0,
and H,O0, to remove all traces of KMnO, and MnO,. The glassware was then rinsed three times
with water and boiled in water. The rinsing-boiling procedure was repeated two more times.

An IviumsStat potentiostat (Ivium Technologies) with the IviumSoft package was used during
electrochemistry experiments. All experiments involving electrocatalytic chlorine and oxygen
evolution were 95% iR-compensated. The solution resistance was measured with
electrochemical impedance spectroscopy, by observing the absolute impedance in the high
frequency domain (100-10 KHz) corresponding to a zero-degree phase angle. Working
solutions of 0.5 M KHSO, were saturated with Ar (Linde, purity 6.0) before experiments.
Solutions were bubbled with Ar gas during forced convection experiments, Ar was used to
blanket the solution in case of stationary conditions. The reference electrode for all RRDE
experiments was a HydroFlex® reversible hydrogen electrode (Gaskatel), separated from the
main solution using a Luggin capillary, to fix the reference sensing point and to prevent mixed
potentials at the reference due to dissolved Cl, gas. All potentials in this chapter are reported
versus the RHE scale. The counter electrode was a Pt mesh, separated from the main solution
by a coarse glass frit.

RRDE measurements were done with a MSR rotator and E6 ChangeDisk RRDE tips in a PEEK
shroud (Pine Research). The Luggin tip connected to the reference electrode was aligned to
the center of the RRDE electrode to minimize electrical cross-talk.:37138 Before chlorine or
oxygen collection experiments, the Pt ring was electropolished by scanning from -0.1 V to 1.7
V at 500 mV s for 40 scans at 1500 RPM. The ring was kept at 0.95 V to selectively probe the
CER in parallel with the OER, and at 0.40 V to probe the evolution of 0, in chloride-free
electrolytes. Ring currents were corrected for constant background currents and product
collection delay. the latter arises from the time needed for products formed on the disk to reach
the ring.29°
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7.2.2. Electrode preparation

7.2.2.1. IrO,/GC

Commercial GC RDE disk inserts of 5 mm diameter were purchased from Pine Research. After
hand-polishing the surface with diamond suspension and sonication in water, a thin IrO, layer
was electroflocculated onto the GC surface from a hydrated IrO, colloid solution at acidic pH.
Full details can be found in section 9.1.

7.2.2.2. Pt/Ti/GC

Commercial GC RDE disk inserts of 5 mm diameter were purchased from Pine Research. A 2
nm layer of Ti (99.99%) and 3 nm layer of Pt (99.99%) were sequentially deposited onto the
GC surface at 0.2 A s by electron-beam evaporation without breaking vacuum and without
substrate heating in a Angstrom EvoVac evaporator system, with a base pressure of 1.0 x 107
Torr. A commercial Pt disk from Pine Research served as SiO,-free reference material.

7.2.2.3. Ti-based anodes

Commercial Ti (grade 2) RDE disk inserts of 5 mm diameter were purchased from Pine
Research. Two types of Ir0O,-based catalysts, a mixture of IrO, and Ta,0s and one of IrO, and
Pt, were prepared on these electrodes by Magneto Special Anodes (an Evoqua brand), using a
thermal decomposition method.

7.2.2.4. SiOx deposition

Trimethylsiloxy-terminated polydimethylsiloxane (PDMS) dissolved in toluene was spin-
coated onto the fixated disk samples with an acceleration to a speed of 2400 rpm over 3
seconds, followed by a ramp to 4000 rpm over 30 seconds and maintained speed at 4000 rpm
for 2 minutes following. The solvent was then evaporated by drying the electrodes in a vacuum
oven at 90 °C for 60 min. To obtain SiOy, the final PDMS coating was chemically oxidized in a
UV-ozone cleansing chamber for 2 h (UVOCS, T10X10/OES). The eventual SiO, film
thicknesses were varied by changing the concentration of PDMS in the toluene solutions, and
repeating the spin-coating and drying procedure as necessary. For the SiO,/Pt/Ti/GC samples
with film thicknesses of 5 nm SiO,, a single spin-coating step using a 5.3 mg/L solution of
PDMS in toluene was chosen. Four SiO,/IrO,/GC samples were made with varied procedures
to fabricate the SiO, overlayer. For sample 1, one drop of 10 mg/mL PDMS in toluene was used.
For samples 2 and 3, two complete fabrication cycles were performed on each sample using
one drop of 10 mg/mL PDMS in toluene for spin-coating, and for sample 4, two complete
fabrication cycles were performed using two drops of 10 mg/mL PDMS in toluene. The
targeted SiOy overlayer thicknesses for these three procedures were 5 nm, 10 nm, and 20 nm,
respectively. For the Ti-based anodes, 3 complete fabrication cycles were performed using 50
mg/L PDMS in toluene for spin-coating. The targeted SiO, thickness on the Ti-based anodes
was 10 nm. We note that the thickness of the overlayer may vary over the relatively rough
surface of the Ir-based electrodes, especially regarding the industrial ones with Ti supports.
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The thickness values for the Ir-based samples are provided as very rough estimates and not
measured values.

7.2.3. Voltammetry procedures during electrocatalysis

All currents were reported as densities per geometrical surface area. Normalization to the ‘real’
catalyst surface area, which is an inherently difficult topic in electrocatalysis research (see
section 3.3.2), was not pursued. In this chapter we were only interested in ratios of currents,
namely selectivity values and comparisons of activity before and after applying a SiOy
overlayer. The electron beam-deposited Pt surfaces have a very low roughness (<1 nm), such
that their active surface area is approximately equal to the geometrical one.282

7.2.3.1. Pt

All Pt electrodes were pre-treated before scanning by conditioning at 0.40 Vand 0.70 V for 10
s and 3 s, respectively (see Figure A 9.7.1), while rotating. This was done to ensure that the
surfaces were oxide-free and reproducible. Linear potential sweeps were performed
immediately after on the Pt-based electrodes between 0.70 — 1.90 V, at 10, 20 and 50 mV s,
under varying rotation rates. In-between experiments, the electrodes were kept at 0.05 V.

7.2.3.2. IrO and Ti-based anodes

Before initiating quantitative measurements, all Ir-based electrodes were scanned 20 times in
a chloride-free electrolyte between 1.3 — 1.55 V (into the OER region) at 1500 RPM. This was
done to ensure stable behavior during experiments by equilibrating the Ir-centers (see below).
Similar to Pt, a two-step potential-holding program preceded every catalytic cycle. The IrOy
surfaces were conditioned for 10 s and 3 s at 0 V and 1.3 V, respectively; for the IrO, + Ta,0q
catalyst, the procedure was 10 s and 5 s at 0 Vand 1.3 V, and for IrO, + Pt, it was 10 s and 6 s
at 0.05V and 1.3 V (see also Figure A 9.7.1). After the pretreatment, all Ir-based catalysts were
probed for OER and CER electrocatalysis between 1.3 — 1.55 V at 10 mV s and 1500 RPM.

7.2.4. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectrosco,

RDE inserts were carefully removed from the RRDE tip after electrochemical experiments and
glued to a SEM specimen mount using conductive silver paint. The silver paint was dried for
3 hours in air under reduced pressure. SEM micrographs were obtained using an Apreo S SEM
setup (Thermo Scientific) equipped with a field emission electron source and EDS detector.
Images were recorded in immersion mode using a through-the-lens detector, at a working
distance of ~4.0 mm, with 10 kV beam acceleration voltage and a beam current of 0.4 pA. EDS
measurements were performed at the same beam voltage and current.

7.3. Results and discussion

In the following, RRDE voltammetry will be used to probe the kinetics and selectivity of the
OER and CER on a variety of SiOy-modified catalysts. Use of an RRDE ensures well-defined
mass transport conditions, which is important concerning accurate statements of selectivity
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where one reaction is fast and strongly dependent on diffusion. The use of interchangeable
electrodes may cause some damage to the SiO, overlayer films, as will be described below.
Nonetheless, the method was chosen as it offers the highly attractive option to separate the
OER and CER current densities as described in Chapter 2. Capacitive scanning contributions
to the disk current were minimized by using relatively slow scan rates, and averaging the
values from forward and backward scans for Ir-related experiments. For the Pt experiments,
a constant value was subtracted from the linear sweep voltammograms based on pseudo-
capacitive charging seen around the onset of platinum oxide formation.

7.3.1. Pt

As described in the introduction, the SiO /Pt electrode is a convenient reference point for
looking closely at parallel OER and CER and the effect of the SiO, overlayer. It must be noted
that pure Pt is not popular for actual electrolyzers, due to its high price and rather poor OER
performance.83 At high potentials the catalytic activity is also impacted by the formation of
platinum oxides (PtO,), which will be discussed below.
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Figure 7.1: Effect of a SiO, overlayer on the electrocatalytic behavior of Pt in acidic chloride-containing media.
A: Current densities of the CER on a Pt disk electrode (black) and two Si0,/Pt/Ti/GC electrodes with a 5 nm
Si0, overlayer (blue), in 0.5 M KHSO, + 0.6 M KCL Note the difference in scale. jcgr was derived from ring
currents as described in Eq. 2.3. Rotation rate 1600 RPM, LSVs recorded at 10 mV s™. B: ‘Pure’ OER activity
on Pt (black) and on the SiO,-coated Pt samples (blue), in in 0.5 M KHSO, (chloride-free conditions). C:
Measured disk current density versus rotation rate on Pt (black) compared to a 5 nm Si0,/Pt/GC electrode
(blue), in 0.6 M chloride, recorded at 20 mV s. Arrows indicate scan direction.

119



7 || Modification of Selectivity Between Chlorine and Oxygen Evolution on Iridium-based Anodes
and Pt Using SiOx-Based Buried Interfaces

Figure 7.1 shows some typical results of parallel OER and CER on Pt surfaces both ‘free’ and
covered by a SiO, overlayer. The CER activity data were measured in presence of 0.6 M KCl,
which corresponds to the average chloride concentration of natural seawater.29* On an
unmodified Pt electrode (black trace in Figure 7.1A), chlorine evolution has a clear onset
around 1.37 V, after which the rate goes through a maximum and declines. The latter can be
ascribed to inhibiting effects from PtO, formation at high potentials.292 It has been previously
reported that PtO already interferes with the CER around its onset.58118:293 The peak CER
current seen in Figure 7.1A is around 16% of the value predicted by the Levich equation,
meaning that the maximum is significantly lower than would be expected from diffusion-
limitations. In presence of a SiO, overlayer (blue traces), the CER activity is strongly inhibited
and decreases roughly 20-fold. The OER activity (measured in absence of chloride) in Figure
7.1B is only moderately impacted by the overlayer. It was verified that the OER still occurs on
the SiOy-encapsulated catalyst by using the RRDE with the Pt ring fixed at 0.4 V in chloride-
free conditions, showing that O, can traverse the overlayer to be detected on the ring (Figure
A 9.7.4). The rotation rate dependence of the disk current density is shown in Figure 7.1C.
Contrary to bare Pt, there is very little dependence of disk current on the chloride mass
transport to the SiO, /Pt surface, suggesting that the observed potential-current response
(which is largely from chlorine evolution) is dominated by chloride transport through the SiO,
overlayer.

It is noted that the CER rates on SiO,/Pt/Ti/GC in Figure 7.1A no longer show a maximum,
which suggests that the overlayer changes how PtO, forms during the scan. The voltammetric
characterizations in Figure A 9.7.2 illustrate that in presence of the SiO, overlayer, the onset
of PtO, formation is shifted to a higher potential, but more oxide appears to be formed relative
to the SiO4-free sample, after normalizing the oxide reduction peaks to the electrochemical
surface area using the hydrogen desorption region (Figure A 9.7.3). SEM micrographs (Figure
A 9.7.15) suggest that the electrode surface is homogeneously covered by SiO,. Neither Si
associated with the SiOy overlayer or Pt and Ti from the electrode and adhesion layer could be
identified in EDS analysis due to the limited interaction between the electron beam and these
ultrathin layers.

Even though the suppressive effect of SiO, on the CER is large, it is not quite as large as
measured during a similar study by us using stationary, ideally flat electrodes, where the
residual CER activity was close to 0.294 The samples used in that study had a much larger
surface area compared to the RDE disk inserts, which means the fluid dynamics during spin-
coating on the disk inserts were non-ideal near the edges. The CER activity in Figure 7.1 may
originate from such imperfections since we could not find widespread defects in the overlayer

while surveying the surfaces with SEM. Additionally, the disk extremities are unavoidably
exposed to force when the disk electrode is inserted into the RRDE assembly. The absence of
rotation rate dependence in Figure 7.1C suggests that chloride diffusion relating to the CER
activity is still somehow hindered.

The variation of the OER and CER activity as function of the chloride concentration on a
SiO,/Pt/Ti/GC sample is shown in Figure 7.2. We found that the CER rate on the bare Pt
surface (Figure A 9.7.11) displays an approximately linear response to the concentration,
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indicating that the chloride reaction order is close to 1, which was found in Chapter 4 as well.
In Figure 7.2 however, the SiO4-treated samples have different, more complex concentration
dependencies. The top panel of Figure 7.2 shows that the OER activity at the buried interface
is slightly suppressed by the addition of chloride, but otherwise not strongly dependent on the
chloride concentration.

On bare Pt, the derivation of OER currents in parallel with the CER was unfortunately not
possible, due to the high rates of chlorine evolution on such surfaces. These high rates led to
macroscopic gas bubbles that lodged at the interspace between the disk and the ring and led
to severe distortion of the ring response (see also Chapter 8). The CER currents on the
SiO,/Pt/Ti/GC electrodes were much lower, so that it was still possible to use the ring-disk
approach in highly concentrated chloride solutions, although the ring response was still
slightly erratic; the apparent value of N¢;, varied somewhat (+10%) depending on the sample.
This is possibly a result of hindered transport of Cl, across the SiO, film, and leads to the
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Figure 7.2: Current densities for the OER (top) and CER (bottom) as function of chloride concentration, on a
Si0,/Pt/Ti/GC electrode, in 0.5 M KHS0,. Rotation rate 1600 RPM, LSVs recorded at 10 mV s™.

somewhat erratic behavior of derived OER currents seen in the top panel of Figure 7.2. To
minimize this source of error, N¢;, was calibrated for each experiment by comparing the disk

current to the ring response while evolving chlorine in the potential region 1.50 — 1.55 V, where
the CER is the sole measurable reaction.
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Regarding the selectivity between the OER and CER, the precise effect of the SiO, overlayer on
Pt is not straightforward to summarize, since multiple effects are involved. On the one hand,
the overlayer strongly inhibits the CER. On the other hand, it also seems to delay PtO,
formation, which can favor it. The SiO, overlayer also leads to some inhibition of the OER
activity when comparing with the free Pt surface (Figure 7.1B), which further increases e¢zg.
Full selectivity data is shown in Figure A 9.7.5. These data, as well as the rest of the selectivity
data in this chapter, were derived using Eq. 2.3. One can observe that the free Pt surface shows
a significant enhancement of the OER selectivity at high potentials, due to the strong
suppression of the CER by oxides. Nonetheless, the most important finding is that the SiOy
overlayer on Pt greatly impairs the CER, while still allowing the OER to occur.

7.3-2. IrOx

SiOy was deposited onto IrO, and it was tested whether the CER could be selectively
suppressed. The targeted SiO, thickness was 5-20 nm, generally higher than that used for the
Pt samples, as even though the IrO, layer can be made reasonably flat, we previously found
(Chapter 6 and Figure A 9.7.18) that it still has roughness features in the order of 10-100 nm.
Four Si0,/IrO, samples were investigated, together with a SiO4-free sample for comparison.
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Figure 7.3: Tafel plots for parallel OER and CER on Si0,/Ir0, samples of varying SiO, overlayer thicknesses,
before and after Si0, deposition, in 0.5 M KHSO, + 30 mM KCl. Rotation rate 1500 RPM.
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Figure 7.3 shows a comparison of Tafel curves of the OER and CER, derived using Eq. 2.3, in
a chloride concentration of 30 mM as test case for comparing the sample activities before and
after SiO, deposition. The first trace of evolved oxygen appeared between 1.45-1.46 V on these
samples, regardless of whether SiO, was present (Figure A 9.7.7). In the presence of a spin-
coated SiO, layer, the electrocatalytic activity of the IrO, samples moderately decreases. The
Tafel lines of the OER and CER were both shifted to higher potentials. This lowering of activity
is usually more severe for the CER, but all IrO, samples still showed considerable CER activity
after the SiOy coating. This is contrary to the results for Pt described in section 7.3.1, where the
SiOy overlayer on Pt decreased the CER activity to less than a few % relative to the uncoated
Pt reference sample. This means that either the IrO, is incompletely covered by the films, or
that the films are somehow not as effective with IrO, as the underlayer, in the sense that they
could still be permeable to chloride.
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Figure 7.4: Molar selectivity towards the CER as function of chloride concentration for several Si0,/Ir0,/GC
samples. Values of ecgg calculated according to Eq. 2.3. Rotation rate 1500 RPM.

The CER selectivity (ecgr) of the SiO,/IrO,/GC electrodes was measured as a function of
chloride concentration, where the upper limit of 200 mM KCl is reasonably close to the actual
chloride concentration in seawater (Figure 7.4). Although the samples all show some reduction
in CER selectivity compared to the SiO-free reference sample, there is no clear correlation
between the selectivity and the formal SiOy thickness.

In order to look more closely into the effect of the SiO, overlayer, we focused on the kinetics of
both reactions, particularly by looking at experimental Tafel slopes and chloride reaction
orders R¢- (Figure A 9.7.12 and Figure A 9.7.14). Although caution is advised when trying to
directly interpret either of these quantities in relation to the ‘true’ underlying reaction
mechanism, it is expected that they change significantly when the SiO, overlayer exerts an
influence, especially so for the CER. If mass transport is the limiting step, values of R~ for
the CER should be 1 and the Tafel slope should approach infinity. These values should be
attained as the potential-dependent CER rate exceeds the rate of mass transport. When
comparing R - on the bare Ir0,/GC sample and SiO,/Ir0,/GC (section 2 of the supporting

123



7 || Modification of Selectivity Between Chlorine and Oxygen Evolution on Iridium-based Anodes
and Pt Using SiOx-Based Buried Interfaces

information), there is no obvious change in the values as function of potential. It needs to be
noted that CER Tafel curves on all SiO,-coated samples have slightly higher slopes around the
high potential limit of 1.54 V. They are 65-70 mV/dec, compared to ~55 mV/dec in the
reference. This could suggest that the chloride mass transport is decreased by the overlayer,
but only to a minor extent. As the OER activity is also slightly suppressed, an additional
investigation was performed on the voltammetric characterizations of the samples before and
after SiO, deposition (Figure A 9.7.6). The presence of SiO, seems to suppress the semi-
reversible peak observed around 0.94 V, which is ascribed to a redox transition between Ir3+
and Ir**.168.250,295 Suppression of the peak shows that the overlayer affects the redox states in
the IrO, film, and that the overall reaction kinetics could change because the catalytic behavior

of Ir0,, intimately depends on the redox state of the Ir centres.54296297 However, we found

(section 2 of the supporting information) that linear Tafel slopes of the OER in all samples
ranged between 40-50 mV/dec, and that likewise, the OER activity was little affected by
chloride (Figure A 9.7.13), irrespective of the presence of the SiO, overlayer. Both observations
indicate that the OER mechanism remains the same after applying the SiO, coating. Therefore,
the SiOy likely does not affect the reactivity of the IrO, underlayer. Additionally, the significant
CER electrocatalysis that occurs on the SiO,/IrO, samples behaves kinetically the same as on
the IrOy reference. It is thus probable that the SiO, overlayer is incomplete, or locally
delaminates during gas evolution.

The surfaces of the samples were explored using SEM, coupled to EDS analysis; Figure A 9.7.16
shows a typical EDS spectrum. Besides Si, Ir and O, large amounts of C were consistently
detected due to the bulk GC electrode support. Cl was usually seen as well in low amounts,
along with K and S, which correspond to traces of trapped electrolyte. Part of the Cl fraction is
likely bound to Ir as a result of incomplete hydrolysis of the chloroiridate precursor (see
Chapter 6).

An example micrograph of a SiO,/IrO,/GC surface is shown in Figure 7.5, together with
corresponding elemental maps of Si and Ir (see section 3 of the supporting information for
additional micrographs). In Figure 7.5, the SiOy-encapsulated IrO, is visible as a relatively flat
layer with fluffy morphology. EDS analysis shows that the SiO, overlayer is present across the
entire image. Dark grey areas and Si EDS mapping in Figure 7.5 suggest that the overlayer is
not evenly distributed over the surface. Multiple SiO, layers are visible that appear folded onto
themselves. Si was found globally across the electrode surface, including areas where the IrO,
layer was interrupted or where local clusters of IrO, nanoparticles were formed (Figure A
9.7.20 and Figure A 9.7.21). Zoomed-in micrographs in Figure A 9.7.18 illustrate the
morphology of these clusters. Rugged surface structures are difficult to cover properly via spin
coating, so that the SiOy layer around these clusters could be defective on the nano-scale. It is
not possible to register such imperfections with EDS, which is inherently limited to resolutions
of around a micrometer. Nonetheless, no indications were found that large areas of the
electrode were completely uncovered by SiO,. The previously discussed CER activity then
probably originates from a select few areas where the electrocatalytic activity is high and the
Si overlayer is imperfect, or damaged by local instances of vigorous gas evolution at the buried
interface (see Figure A 9.7.22 and Figure A 9.7.23). These results suggest that the adhesion of
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25 um 25 um

Figure 7.5: SEM micrograph and EDS analysis of a SiOx/IrOx/GC electrode surface, after extensive OER + CER
electrocatalysis under forced convection conditions. In the electron image (greyscale), folded sheets of SiOx are
visible on top of the IrOx layer. Color images show corresponding elemental mapping of Si and Ir. Scale bars
show the amounts of the elements, as atomic percentage of total (which included O and C from the GC
substrate, see Figure A 9.7.17).

a desired overlayer may differ substantially, depending on the underlayer, and that care must
be taken when translating a functional overlayer design to a different catalyst.

7.3.3. Ti-based anodes

The Ti-based anodes are thick layers of metal oxides deposited on Ti disks, with the same
method used for large surface area industrial anodes that are sold commercially by Magneto
Special Anodes (an Evoqua brand). We tested a sample consisting of a Ti substrate coated by
a mixture of IrO, and Ta,05 (termed IrTa/Ti), as well as two samples of an IrO, anode
containing Pt (termed IrPt/Ti). The samples were probed for OER and CER activity before and
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after SiOy deposition. As this type of electrode commonly has micrometer-sized
roughnesses,87,298:299 a large amount of SiO, precursor was used during deposition to achieve

an extra thick overlayer, so that the electrodes were properly encapsulated.
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Figure 7.6: Tafel plots for parallel OER and CER on Ti-based anodes, before and after SiO, deposition, in 0.5
M KHSO, + 30 mM KCI. Rotation rate 1600 RPM.

Like Figure 7.3, Figure 7.6 shows Tafel curves of the Ti-based anode samples in 30 mM KCl,
before and after depositing SiOy. In these results, there is a significant reduction in overall
activity. This activity is roughly an order of magnitude, much more so than for IrO,. This is
most likely caused by the relatively thick overlayer, which may quickly stifle mass transport as
its thickness increases.28 Evidence for this is visible in the voltammetric characterizations of
the samples, which show less features after the coating (Figure A 9.7.8). Besides lower activity,
there is also significant suppression of the CER in favor of the OER, which is a favorable
finding. The effect is much stronger than seen on IrQ, in section 7.3.2. In addition to the
thicker SiO, overlayer, a difference in catalyst morphology may explain the apparently more
pronounced selectivity shift on these electrodes, in the sense that the adhesion of the overlayer
to the catalyst could become more favorable.
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Figure 7.7: SEM micrograph and EDS mapping of an IrPt/Ti electrode surface, after extensive OER + CER
experiments under rotation. The electron image is shown in grayscale, colored images show elemental
mapping of Si, Ir and Pt. Scale bars show the relative amounts of the elements, as atomic percentage of total
(which included Ti, data shown in Figure A 9.7.24).

SEM/EDS analysis of a IrPt sample in Figure 7.7 shows that Si has accumulated in the
micrometer-sized cracks of the mixed metal oxides. This accumulation must have occurred
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Figure 7.8: Molar selectivity towards the CER as function of chloride concentration for an IrPt/Ti sample, as
in Figure 7.4. Values obtained on the original anode (solid, brown lines) are compared to those in presence of
the SiO,, overlayer (beige, dotted lines). Rotation rate 1500 RPM.
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during the spin-coating phase, where the PDMS solution infiltrated the catalyst cracks. As the
distribution of Si around the cracks is not strongly coupled to carbon (see Figure A 9.7.24), it
is probably present as the oxide and not its PDMS precursor. It suggests that despite being
isolated within the cracks, the excess PDMS was still successfully oxidized during the plasma
treatment, or oxidized later during polarization experiments.

We measured values of .z as function of chloride concentration for the mixed metal oxides,
as was done for the IrO, samples. The effect of the SiO, overlayer on the CER selectivity, as
shown in Figure 7.8, is obvious. The OER is significantly more favored, especially at low (<30
mM) KCI concentrations. A similar trend was seen on the other Ti-based anode samples,
although the effect is not perfectly reproducible among samples (see Figure A 9.7.9 and Figure
A 9.7.10). This is likely due to the inhomogeneity of the surfaces.
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Figure 7.9: Accelerated lifetime test of IrPt/Ti sample 1 by repeatedly scanning between 1.3 — 1.55 V, in 0.5 M
KHSO0, + 200 mM KCI. Rotation rate 1500 RPM, OER and CER currents gathered at a potential of 1.55 V.

Finally, we also probed the SiO, overlayer for stability over extended time duration, as this
property is of vital importance when the electrodes are implemented for industrial purposes.
The Ti-based anodes were developed for large-scale electrolysis, and they are designed for at
least several years of stable continuous operation. As an accelerated stability test, a IrPt/Ti
electrode was scanned repeatedly in and out of the mixed OER + CER region under rotation
in 200 mM KCIl. Catalyst stability in oxygen and chlorine electrocatalysis is usually the lowest
under potentiodynamic conditions.82300.301 A total of one hundred cycles were applied over
three intervals, amounting to roughly 75 minutes. The catalytic activity and CER selectivity
were monitored over time (top and lower panel of Figure 7.9). Both the OER and CER activity
increased slightly as the number of scans increased, but the CER selectivity stayed very close
to a constant value of ~80%, suggesting that the overlayer integrity is well preserved. Transient
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increases in activity (top panel of Figure 7.9) are perhaps due to changes in the interface
between the overlayer and the catalyst. As mentioned in the discussion of Figure 7.7, the Si
accumulated in the catalyst cracks could still be present in the form of its PDMS precursor,
since it is not expected that the UV-ozone treatment is able to fully penetrate the cracks.
During electrochemical measurements the precursor may yet still be converted into the oxide,
altering the catalytic activity of the catalyst which is in close contact. It is possible that the
cracked morphology in the catalyst surfaces is beneficial for the mechanical stability of the
overlayer by providing ‘anchoring points’. All in all, the results in this section show that a SiO,
overlayer is capable of significantly increasing OER selectivity of an industrial-type catalyst.
However, more research is needed to further improve this selectivity and reduce the negative
impact on catalyst activity.

7.4. Concluding remarks

The work described in this chapter shows that the concept of a SiO4-based buried interface,
which has been previously successful in preventing catalyst poisoning during hydrogen
evolution on Pt, may also be a promising approach to enforcing selective oxygen evolution in
acidic, chloride-containing electrolytes. Results of a SiO, overlayer on Pt showed that this type
of barrier is in principle capable of preventing chloride from reacting at the buried interface,
while still allowing oxygen evolution to take place. The application of the same overlayer to Ir-
based catalysts, which are much more representative of actual anodic materials in
electrolyzers, led to varying success. On nanoparticulate, amorphous IrOy, the SiO, overlayers
were not effective enough to lower the CER selectivity to satisfactory values. It is most likely
that the SiOy film integrity on this type of substrate was compromised, as the residual CER
activity behaved kinetically very similar to that observed on unmodified IrO, surfaces. The
overlayer failure could be due to activity hotspots on the surface leading to intense gas
evolution and delamination at the buried interface, or generally insufficient interaction of the
overlayer with the catalyst. Application of an extra thick SiO, overlayer to industrial-type
mixed metal oxides led to a significant increase of OER selectivity, but also a notable activity
drop. Some variation in the selectivity improvement was observed among different samples.
This is likely due to the inhomogeneity of the different catalyst surfaces.

It must be stressed that the results presented here are preliminary, and that the SiO, method
can and should be further adjusted to be better suited to these specific surfaces. Mainly, the
procedure for synthesizing the SiO, overlayer, which in this chapter involved spin-coating, has
not been optimized for samples with higher surface roughness. It must also be stressed that
other oxide materials besides SiOy could be employed as perm-selective overlayer, such as
MoOy, VOy, or (at high anodic polarization) Ce0,.281:302:303 Alternatively, polymer modification
or thin-membrane approaches might be used.%5 In any case, this study suggests that the
morphology of the underlayer and its interaction with the overlayer are highly important in
making the buried interface stable and effective. Further research into membrane-coated
electrocatalysts may be a very promising pathway towards the realization of selective seawater
electrolysis.
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Introduction

8.1. Introduction

The work in this thesis has made ample use of the rotating ring-disk electrode (RRDE), as it is
a tool that greatly increases the amount of information that can be obtained from an
electrochemical experiment when compared to a stationary electrode. Its key feature, the
secondary ring electrode, can be used for collection experiments, where the extent of a reaction
on the main electrode can be quantified by selectively reacting the corresponding product. This
method offers a rapid and flexible means to determine selectivity in systems where parallel
reaction pathways can occur and multiple products form simultaneously. An important
quantity is the collection efficiency N, which is the (molar) fraction of products formed on the
disk that are collected on the ring. It is defined as:

npig

Trip Eq. 8.1

where i and iy are the ring and disk current belonging to the reaction occurring on the disk
and the reaction occurring on the ring, respectively, and n, and ny are the numbers of
electrons in these reactions. Often, the disk and ring reaction are simply the reverse of each
other, which means that n;, and ny are the same. Importantly, N is a constant that should only
depend on the ring-disk geometry.8

In many important processes, such as the evolution of H, and 0, in water electrolysis, Cl, in
the chlor-alkali and chlorate process, and CO, in direct alcohol fuel cellss4, the relevant
reactions are gas-evolving reactions. Although the RRDE was not principally designed for
reactions involving gas formation,3°5 it has been used quite extensively and successfully for
this purpose. There is however also a significant body of literature which shows that RRDE
experiments involving gas formation on the disk are hindered by unreliability, or may even
lead to strong ring collection failure in the sense that Equation 1 does not give a reliable and
stable value for N.66:306315-323,307-314 Qur own findings throughout this thesis confirm this
tendency. The problem can be traced to gas supersaturation near the electrode surface, leading
to the formation of bubbles.!44:324.325 Especially when the solubility of the product gas is low
and there is heterogeneous distribution of current across the surface, as is often the case,
supersaturation can easily occur. We believe this problem, in part, underlies the relative
scarcity of studies attempting to use the RRDE to measure the faradaic efficiency of the OER
or hydrogen evolution reaction (HER), despite the commercial availability of RRDE systems
and their widespread use in the study of the closely-related oxygen reduction reaction, which
does not involve gas evolution.326-328

During gas evolution, both nano and macro sized bubbles may form. Nanoscale bubbles
nucleate directly on the electroactive surface, and can transiently isolate active surface sites or
block transport through pores in case of a porous electrode, leading to irregularities in the
current-potential response. This problem has been well-described in earlier
publications.tot102.104.200 Here, the focus lies exclusively on adhering macroscopic bubbles,
which are large enough to be seen with the naked eye, and their disrupting effect on the

133



8 || Examination and Prevention of Ring Collection Failure During Gas-Evolving Reactions on a
Rotating Ring-Disk Electrode

hydrodynamic flow between disk and ring on an RRDE. From previous reports and our own
experience, these types of bubbles adhere strongly to the spacer between the disk and the ring,
especially when the spacer is made out of highly hydrophobic materials, such as PTFE.*44 This
accumulation of bubbles at the spacer strongly affects the collection factor N by forming a
physical barrier that can decrease N in an erratic way. Furthermore, the gas in the bubbles,
which is part of the product that originates from disk, is not properly detected by the ring,
making accurate quantification impossible. In previous experiments involving the collection
of H,, N was prone to erratic behavior and strongly decreased when the HER current density
exceeded a certain threshold; it also typically had a value persistently lower than the
theoretical N before reaching that threshold.306:308.310.329 Similar results were reported
concerning O, collection during OER.66:311.:320,321.330,312-319 Many authors have resorted to an
empirical correction, based on measurements of N in comparable experiments where its value
should be ideal.307:311,314,317,318,320,321,323,330

Several solutions to lessen bubble adhesion have been suggested. Kadija et al. proposed the
use of a rotating ring electrode (RRE),3°5 optionally equipped with a secondary ring, leading
to the rotating ring-ring electrode (RRRE).144.331332 The RRRE offers the advantage of
increased liquid momentum at the electroactive areas to aid bubble detachment, which can be
tuned using the ring diameter. A rotating ring cone electrode (RRCE) was suggested as well,
which has a vertically angled electroactive surface, and uses gas bubble buoyancy to promote
detachment.46:333334 In another case, a liquid jet was used to intermittently remove
accumulated gas bubbles from the electrode surface.335 Despite the obvious advantages of the
RRRE and RRCE and the significant research efforts that have gone into their development,
currently the RRDE is still the most widely used rotating electrode geometry, even for gas-
evolving reactions. It is more easily fabricated and prepared for analytic electrochemical
studies, which often require very high purity conditions and the possibility for fast throughput.

As described above, we have made extensive use of the RRDE for quantification of gaseous
products, but constant vigilance was needed during the experiments to ensure reproducible
ring-disk collection properties. In this chapter our attempts to improve the gas collection
behavior of a typical RRDE setup are described. As test system, we studied the evolution of Cl,,
0, and H,, gases that have great electrocatalytic significance, as described above. We will
report results from two approaches: i) carefully placing a thin Ti wire very close to the interface
of the disk and the Teflon spacer, to physically dislodge bubbles stuck at this interface, and ii)
coating the RRDE tip assembly with the hydrophilic polymer poly-dopamine (p-DA), in an
attempt to decrease the tendency of hydrophobic bubble formation on the surface.

8.2. Experimental

8.2.1. Chemicals

HClIO, (70%, Suprapur/Trace analysis grade), KCl (EMSURE/Analysis grade), KOH solution
(32%, EMSURE/Analysis grade), HCl (30%, Ultrapur/Trace analysis grade) and KHSO,
(EMSURE/Analysis grade) were purchased from Merck. All purchased chemicals were used
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as received. The water used for all experiments was prepared by a Merck Millipore Milli-Q
system (resistivity 18.2 MQcm, TOC < 5 p.p.b.).

8.2.2. Cleaning procedures

All experiments were carried out at room temperature (~20 °C).

Electrochemical experiments except those involving a Ti wire near the tip were done using
home-made two-compartment borosilicate glass cells with solution volumes of 100 mL.
Experiments with the Ti wire were done in a single compartment vial of approximately 16 mL
volume. Before first-time use, all glassware was thoroughly cleaned by boiling in a 3:1 mixture
of concentrated H,SO, and HNO5;. When not in use, all glassware was stored ina 0.5 M H,S0,
solution containing 1 g/L KMnO,. Before each experiment, glassware was thoroughly rinsed
with water, and then submerged in a dilute (~0.01 M) solution of H,SO, and H,0, to remove
all traces of KMnO, and MnO,. The glassware was then rinsed three times with water and
boiled in water. The rinsing-boiling procedure was repeated two more times.

8.2.3. Cell preparation

All experiments were done with an MSR rotator and E6 ChangeDisk RRDE tips in a PEEK
shroud (Pine Research). An IviumStat potentiostat (Ivium Technologies) was used for
potential control during electrochemistry experiments. All experiments were 95% iR-
compensated in-situ. The solution resistance was measured with electrochemical impedance
spectroscopy at 1.30 V vs. RHE (Ir0,/GC disk working electrode) or 0.05 V vs. RHE (Pt disk
working electrode), by observing the absolute impedance in the high frequency domain (100-
50 KHz) corresponding to a zero-degree phase angle. All used solutions were saturated with
Ar (Linde, purity 6.0) before experiments. During forced convection experiments, solutions
were continuously bubbled with Ar gas, in stationary conditions, Ar was used to blanket the
solution. In experiments involving the placing of a Ti wire close to the RRDE tip, the reference
electrode was a LowProfile Ag/AgCl electrode (Pine Research, E = 198 mV vs. NHE). In all
other experiments, the reference electrode was a HydroFlex® reversible hydrogen electrode
(Gaskatel), separated from the main solution using a Luggin capillary. All potentials in this
chapter are reported on the RHE scale. A Pt mesh was used as counter electrode, separated
from the main solution with a coarse sintered glass frit.

8.2.4. Electrode preparation

Ir0,/GC electrodes were prepared via electroflocculation of IrO, nanoparticles, as described
in sections 9.1.1 and 9.1.2. The GC surfaces were polished with diamond paste, followed by
rinsing and sonication in water for 3 minutes. The electroflocculation amperometry step lasted
300 s. In experiments involving a Pt disk working electrode, the assembled tip was treated for
3 minutes with a solution of 0.5 M H, S0, containing 0.5 g/L KMnO,, followed by rinsing with
water, treatment with a dilute (~0.01 M) solution of H,SO, and H,0, to remove any traces of
KMnO, and MnO,, and further extensive rinsing with water. During RRDE experiments, any
Pt electrode (the Pt ring or, if used, the Pt disk) was electropolished by scanning from -0.1 V

135



8 || Examination and Prevention of Ring Collection Failure During Gas-Evolving Reactions on a
Rotating Ring-Disk Electrode

to 1.7 V at 500 mV s for 20 scans at 1500 RPM. In-between experiments, the disk electrode
was kept either at 1.3 Vvs. RHE (Ir0,/GC working electrode) or 0.05 V (Pt working electrode).
Ring currents were corrected for constant background currents and product collection delay.
The latter arises from the time needed for products formed on the disk to reach the ring, and
was approximately 200 ms at 1500 RPM. Poly-dopamine (p-DA) deposition was done by
submerging the Pt-Pt RRDE in a 20 mM sodium phosphate solution of pH = 7, containing 2
g/L dopamine (DA). The tip was kept in the solution for one hour under gentle rotation (300
RPM), after which it was thoroughly rinsed with water.

8.3. Results and discussion

8.3.1. Examples of ring failure during gas collection experiments

We will first present some extreme examples of ring collection failure, measured during the
study of parallel oxygen evolution and chlorine evolution, as well as only chlorine evolution.
In this section and in section 8.3.2, the discussion will be particularly focused on the collection
of Cl,, which often forms in combination with O,. To prevent confusion, the various collection
factors will be labelled according to the species that are measured. Disk and ring currents were
both normalized versus the disk geometrical surface area (the ring surface area is irrelevant
since it is always used as a detector, such that all ring reactions are diffusion limited).
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Figure 8.1: Illustration of RRDE ring failure during gas evolution. Panel A: Parallel evolution of oxygen and
chlorine on a Ir0,/GC disk, with the Pt ring fixed at 0.95 V vs. RHE to selectively probe Cl,. Solution: 0.5 M
KHSO, + 100 mM KClI saturated with Ar, rotation rate 1500 RPM. B: Evolution of (mainly) Cl, on a Pt disk,
while again keeping the ring fixed at 0.95 V, with varying scan rate. Solution: 1 M HCI saturated with Ar,
rotation rate 1500 RPM. Arrows indicate scan directions.

In chapter 2, we showed that operating a RRDE with a Pt ring at 0.95 V allows selective
probing of Cl, evolved on the disk, provided that the solution is strongly acidic (pH < 1).
Compared to 0,, the aqueous solubility of Cl, is rather high, even at this low pH,48 such that
it was possible to use this method up until relatively large CER current densities without the
formation of Cl, bubbles. However, the formation of poorly soluble 0, in parallel with CI,
strongly increases the probability of bubble formation, and limits the maximum potential at
which the method is still reliable. On highly OER-active GC-supported IrOy, this limit was
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determined by roughly 10 mA cm-=, usually reached close to 1.55 V vs. RHE. Figure 8.1A
illustrates the difficulties that arise when attempting measurements at higher potential.

In Figure 8.1A, parallel evolution of oxygen and chlorine on the disk leads to a continuously
increasing current with more positive potential. The ring current density, which selectively
probes CER, is expected to rise initially, concomitantly with the disk current, and then to level
off to a limiting value as the CER on the disk becomes fully mass-transfer controlled. Instead,
we observe a sharp and consistent decrease in the ring current density as the potential
increases above 1.56 V (n¢ggr = 170 mV), as well as increasing noise in the signal. As mentioned,
it is likely that under these conditions, the formation of O, bubbles disrupts the transport of
Cl, from the disk to the ring. In our experience, once gas bubbles are formed of a poorly soluble
species, such as 0,, they do so irreversibly: they stick to the electrode tip persistently,
regardless of ring or disk potential, or solution flow. This is illustrated in the backward scan in
Figure 8.1A, where the ring does not recover its collection efficiency, even at potentials for
which the disk current has decreased to lower values than in the forward scan where the
collection efficiency was still well-behaved. We also found that even under high rotation rates
(>2500 RPM), the time for any formed bubbles to completely dissolve can be very long. During
this period the ring collection factor is distorted and cannot be trusted. The transient nature
of gas collection failure is further illustrated in Figure 8.1B. In this experiment, evolution and
collection of Cl, was performed on a Pt-Pt RRDE in a concentrated chloride solution (1 M HCl),
with varying scan rates. CER currents on the disk measure (industrially relevants+) densities
in the range of 1 kA m~2. Initially the ring current density follows, but at the slowest scan rate
of 10 mV s, N, starts decreasing at approximately 1.4 V vs. RHE (7¢gg = 145 mV),
corresponding to 100 mA cm™2p;g . At around 1.49 V (ncgr = 235mV ), the ring fails
catastrophically; this is presumably due to extensive formation of Cl, bubbles. The ‘potential
of failure’ shifts to higher values for higher scan rates, suggesting that it is strongly dependent
on the local build-up of gas.

In general, we find that presence of gas bubbles may not be noticeable from the ring response
at first glance, as long as the bubbles are small and not too numerous. In this case, the only
clear indication of transport distortion on the tip is usually an unexpectedly but reproducibly
low collection factor, and perhaps a subtle periodic noise in the signal that can be rotation rate
dependent. Before and in-between repeated gas evolution experiments, we recommend
thorough visual inspection of the electrode tip; it is strongly advised to do this while rotation
is switched off. Once it has been verified that the working electrode tip is completely free of
bubbles, one can check for gas bubble interference over the course of an experiment by
scanning the relevant potential window repeatedly, or by changing the scan rate. If the
collection factor is reproducible during this straight-forward control experiment, no gas
bubbles should have formed. A practical solution for removing persistent bubbles was to lift
the electrode tip just above the working solution within the cell, rotate it momentarily to spin
away liquid and bubbles, and then re-immerse it.
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8.3.2. RRDE voltammetry experiments using a blocking wire

During the experiments, we saw that gas bubbles usually appear on the disk-ring interspace,
which in the case of these experiments is made of Teflon. Bubbles were especially prone to
adhere near the disk boundary (Figure 8.2A). Once formed, they may grow by absorbing highly
concentrated gas in the nearby solution, which aggravates the problem and may explain why
the ring function is usually irrecoverable after failure.

Figure 8.2: Photographs of a rotating electrode equipped with an Ir0,/GC disk (black) and Pt ring (grey). A:
Tip after an experiment involving vigorous gas evolution, during which the collection factor became severely
distorted. B: Tip during attempts to dislodge gas bubbles using a Ti wire. The Ti wire is mounted under the tip,
with its point aimed at the disk-Teflon spacer boundary. Accumulating bubbles collided with the wire and were
‘pushed off during rotation.

Our initial, rather simple-minded attempt at preventing bubble interference was to prevent
bubbles from accumulating, by specifically targeting the disk-Thesis v2019-11-
18A4p127Teflon boundary. To do so, we carefully installed an acid etched and flame-annealed
Ti wire very close to the surface of the tip (Figure 8.2B). The wire was made long and as thin
as possible, to minimize effects that it might have on the fluid dynamics near the rotating tip.

Figure 8.3A shows results of RDDE experiments with a Ti wire, and its effect on the ring
current density and N¢;, during intense evolution of 0, and Cl, gas. During large currents, we
observed continuous formation of bubbles over the disk electrode surface during rotation. The
Ti wire quite effectively dislodged these bubbles, after which they scurried across the rotating
electrode tip causing occasional current spikes (Figure 8.3A, top and middle panel). Despite
this, subsequent ring scans now show rather reproducible behavior in the presence of the wire.
Catastrophic collection failure, such as in Figure 8.1, is avoided, even under intense gas-
evolving conditions. In the potential region 1.46 — 1.53 V, where virtually all disk current is
due to the CER, the collection factor has a value of about N¢;, = 0.12. This value is roughly 50%
lower than the value of about 0.24 that we previously measured for chlorine collection under
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Figure 8.3: RRDE gas evolution experiments with the end of a Ti wire mounted close to the disk-spacer
boundary (See Figure 8.2B). A: Repeated scans into the mixed OER + CER potential region, where vigorous
gas evolution occurs. As in Figure 8.14, the catalyst is Ir 0,,/GC, and a Pt ring at 0.95 V was used to selectively
detect Cl,. Shown are disk (top panel) and ring current density (middle panel), as well as the collection
efficiency N¢,, (bottom panel). Scan rate: 10 mV s. Solution: 0.5 M KHS0, + 50 mM KCl saturated with Ar,
rotation rate 1500 RPM. B: ‘Apparent’ CER current jcgg', extracted from the average of the three ring scans in
A. Also shown is a sigmoidal fit based on the generalized j-E curve including mass transfer effects (top panel).
Middle panel shows the averaged forward and backward disk current from A, along with calculated partial
CER and OER currents, assuming that N¢;, ~ 0.12. Bottom panel shows ecgg, the molar selectivity towards
CER. Current spikes were excluded from the calculation of both jcgg' and N, .

these conditions (see chapters 2 and 6). Considering that the value of 0.12 is reached in the
forward scan of the first cycle, where the tip is completely free of bubbles, it is possible to
conclude that the wire causes this deviation in N¢;,. Additionally, it implies that N¢;, stays
quite constant as a function of time, because approximately the same value is reached
irrespective of the cycle number or scan direction. After 1.55V, N¢;, apparently decreases due
to an increasing OER contribution to the current on the disk.

The absolute values of the ring current densities from the three scans were averaged and
smoothed, and termed ‘apparent CER current’, jcgz'. They are shown in the top panel of Figure
8.3B. In this calculation, potential regions containing current spikes, such as near 1.65 V in
scan 2, were excluded (see Figure A 9.8.1 for details). The resulting data is reminiscent of a
typical sigmoid-shaped j-E curve, where initially the current is activation controlled and rises
exponentially, but then crosses over into a constant diffusion limited value. To investigate the
ring behavior, j.zr' was fitted using the ‘anodic branch’:
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In Eq. 8.2, j" is the anodic diffusion-limiting current, and f = F /( RT): The model fits jogr’

rather well (Figure 8.3B, top), suggesting that the ring current, despite the intensive evolution
of gas on the tip and presence of the wire, is quite well-behaved. The used value of a was 1.1,
which slightly underestimated the exponential rise at the foot of the wave, but gave the best fit
in the diffusion limited region. This allowed us to calculate a value of 6.74 mA cm™2 ;g for ji*
measured on the ring. Furthermore, the CER diffusion-limitation on the disk that would be
expected on the basis of the Levich equation is 61.16 mA cm™2 ;.. From these values, the ring

chlorine collection factor becomes N¢;, = 57 ~ 0.11 near 1.65 V. This value matches well

61.16

with that measured in regimes of low current density (0.12), and implies that the Ti wire keeps
N¢i, constant, irrespective of high or low gas evolution intensities. Taking N¢;, = 0.12, and
under the reasonable assumption that no other processes besides the OER and CER are
occurring on the disk, we then calculated jzr and jyggr, the partial CER and OER current
densities, by using:

Jogr = Jp = Jjcer = Jp — (]CER /Naz) Eq. 8.3

where j;, are the averaged forward and backward disk current densities of the three scans. The
results (Figure 8.3B, middle) suggest that whereas CER becomes diffusion limited, OER
activity rises continuously, as transport phenomena play a much smaller role for this reaction.
This is reflected in the molar selectivity towards CER (bottom), which decreases sharply with
increasing potential. From these results, one can assume that OER always becomes the
dominant reaction if the potential is high enough, regardless of the chloride concentration,
which has important implications for the selectivity between the two.

In experiments with an even further extended scan window, we noticed an apparent decrease
of CER rates at potentials above 1.65 V vs. RHE (see Figure A 9.8.2 and Figure A 9.8.3). At the
high potential limit, it is likely that the formation hypochlorous acid starts competing with
CER. Hypochlorous acid cannot be detected by the ring under these conditions (see Chapter
2). The occurrence of this reaction has been hypothesized and evidenced previously,?28.29.77:336
though indirectly and via off-line methods. We believe this is the most direct result thus-far
that suggests the CER crosses over into hypochlorous acid evolution at very high
overpotentials. An appreciable decrease in disk activity is also apparent during these
experiments, which is most likely due to mechanical shear from intense oxygen evolution and
oxidative degradation of the GC support.33” These observations demonstrate that the
possibility of extending RRDE methods into wider potential windows could lead to interesting
new insights. The wire affects N quite differently depending on whether gaseous Cl, or
dissolved [Fe(CN)4]™* is collected (see Figure A 9.8.4). The value for Cl, collection in 1 M HCI
was N, = 0.13, similar to results in Figure 8.3, though it dropped to slightly lower values
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during very vigorous gas evolution (j, > 0.5 A cm™2). Subsequent measurements in 0.1 M
KOH + 1 M KCl + 10 mM K;[Fe(CN)¢], while ensuring that the wire stayed in the exact same
position, yielded N = 0.197 for [Fe(CN)4]~*. The latter value increased to 0.212 when the wire
was moved slightly further away, and became 0.252 when the wire was completely removed,
which is close to the ideal theoretical value of 0.258. During the ferri/ferrocyanide
experiments, the wire likely lowers N by distorting the fluid dynamics near the surface. During
gas evolution, this effect is compounded by gas bubbles that are forced off the electrode surface
near the point of the wire. These gas bubbles probably increase the flow distortion, and are
themselves not quantified by the ring, both of which lead to a lowering of the collection
efficiency. One can expect that the actual value of N when placing a wire is not universal, but
depends on factors such as the wire length and thickness, and the geometry of the electrode
tip.

In conclusion, it can be stated that the mounted wire aids in bubble removal, which keeps N¢;,
more constant and prevents ring collection failure during vigorous gas evolution, but it also
causes the value of N¢;, to deviate strongly from theoretical values, meaning that an empirical
correction would be needed. There are also practical disadvantages to the wire approach: the
mounting of the wire and keeping it at the required position proved to be quite precarious. An
incorrectly placed wire may easily scratch and damage the tip surface.

8.3.3. RRDE voltammetry experiments and the effect of a poly-dopamine coating

The observation in section 8.3.2 that macroscopic gas bubbles universally appear at the disk-
Teflon boundary, suggests that gas bubbles that form on the disk surface ‘become stuck’ on the
Teflon surface as they are swept outward. However, it is likely that bubbles nucleate not so
much on the hydrophilic electrode itself, but on the Teflon spacer in-between the disk and the
ring,44 caused by a sudden gas concentration increase in the solution that flows past the
spacer.338 The problem of bubble nucleation may be aggravated when using rotating electrode
tips with interchangeable disk electrodes. While offering significant experimental flexibility,
the surface of such tips will always have at least micrometer-sized imperfections at the
boundaries between the disk, spacer and ring, irregularities which favor bubble nucleation and
growth.

A promising method of disfavoring bubble nucleation would be to decrease the hydrophobicity
of the electrode tip material. We attempted this by coating the pre-assembled electrode tip
with poly-dopamine (p-DA), a hydrophilic polymer that preferentially deposits on
hydrophobic, organic surfaces.339:34¢ Successful p-DA deposition on both the Teflon spacer and
PEEK outer shroud was evidenced by a large increase of tip wettability after treatment.
Alternatively, we also tried coating the ejected Teflon spacers with a water insoluble but
hydrophilic polymer, such as poly(4-vinylpyridine). However, an even coating could not easily
be achieved, and the layer was readily damaged upon reinsertion of the spacer into the RRDE
tip, which requires pressing.

After the p-DA deposition procedure, some degree of DA or p-DA adsorption on the Pt surfaces
was suggested by a large drop in the open-circuit potential, which was monitored during the
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coating (Figure A 9.8.5). However, after the coating treatment we were able to recover the Pt
surface readily via electropolishing (Figure A 9.8.6), suggesting that this adsorption is minor
and not problematic. Subsequently, the effect of the coating on the collection of 0, and H, was
measured. Two different gases were tested, since electrochemical bubble nucleation and
growth behavior can depend heavily on the type of gas evolved;341-343 it was therefore of
interest to see whether the coating would have the same effect on each gas.
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Figure 8.4: H, collection experiments on a Pt-Pt RRDE tip, and the effect of a p-DA coating on the collection
efficiency. Displayed across the graphs are disk (top panels) and ring current densities (middle panels), bottom
panels show the collection factor Ny,. A: Cyclic voltammograms, scan rate 10 mV s. Arrows indicate scan
direction. B: Amperometry using 45 s steps at stepwise more negative potentials, chosen to gradually increase
HER rates. C: Amperometry using 22.5 s steps and smaller potential steps, resulting currents targeted around
the region where Ny, starts to fail in B. The Pt ring was fixed at 0.4 V to detect H,. Solution: 0.1 M HCIO,
saturated with Ar, rotation rate 1500 RPM. The first 0.5 s of each amperometry step is not shown for N,
because of charging effects distorting its value.

Cyclic voltammograms in Figure 8.4A show hydrogen collection experiments on a Pt-Pt RRDE,
at 10 mV s™. In absence of the p-DA coating, the electrode initially has a collection efficiency
that approaches 0.251, which is very close to the ideal theoretical value of 0.258. At potentials
lower than -18 mV, the value of Ny, drops sharply and does not recover for the remainder of
the scan, similar to the data of Figure 8.1. Around this potential, the HER disk current density
is —2 mA cm ™2, a value quite similar to that found by Frazer et al. for ring failure for HER
collection in a ix vs. ij, plot at approximately —1.5 mA cm™~2, under 1200 RPM.344 The effect of
the p-DA coating is a mild but consistent increase in Ny, during the negative scan.
Unfortunately, the coating does not influence the potential where the ring collection starts to
fail, nor is it able to help recovery of the ring as the potential is swept back to where the
electrode is less active. During amperometry experiments in Figure 8.4B and Figure 8.4C,
where H, is continuously generated and collected at gradually increasing current density steps,
the main effect of the p-DA coating is again a small but visible increase in Ny, , its value
increasing from 0.249 to 0.256 in presence of the coating. In Figure 8.4B, the value stays quite
constant up until 195 s, irrespective of the coating, but Ny, drops dramatically as the disk
current is increased to —4.6 mA cm~2. The failure of Ny, is evident here from a dramatic
decrease in both the ring current density and disk current density. After the potential step at
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240 s, the experiment is completely dominated by the erratic effects of bubbles accumulating
on the tip. Figure 8.4C shows a series of shorter amperometry steps, with smaller current
increases that are specifically targeted at the region of 140 — 195 s in Figure 8.4B, where
collection failure starts to appear on the uncoated tip. One can observe that the p-DA coating
helps maintain Ny, for a longer time in this experiment. Comparing the disk currents where
Ny, starts to deviate, it can be said that the p-DA enables reliable collection measurements

under currents that are roughly 50% higher than the uncoated tip.
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Figure 8.5: 0, collection experiments on a Pt-Pt RRDE tip, and the effect of a p-DA coating on the collection
efficiency. Displayed across the graphs are disk (top panels) and ring current densities (middle panels), bottom
panels show the collection factor No,. A: Cyclic voltammograms, scan rate 10 mV s*%. B: Amperometry using
45 s steps at stepwise larger positive potentials, chosen to gradually increase OER rates. The Pt ring was fixed
at 0.4 Vto detect 0,. Solution: 0.1 M HCl0, saturated with Ar, rotation rate 1500 RPM. The first 0.5 s of each
amperometry step is not shown for N, because of charging effects distorting its value.

Figure 8.5 shows the collection factor for OER on Pt, as well as the effect of a p-DA coating,
using a similar procedure as in the H, experiments. Pt was used for O, generation instead of
IrOy, since the intention was to compare the collection behavior of ‘pure OER’ on a non-porous
catalyst, free from possible extra collection complications caused by gas bubbles in pores (see
also section 8.1). It must be noted that Pt experiences a strong growth of multilayer oxides
under OER potentials. As much as 20-30%345 of disk current can be consumed in the formation
of the oxide layer, meaning that the OER faradaic efficiency and the expected value for Ny, are
lower than 100%. We will thus discuss results from relative collection efficiencies, under the
assumption that the OER faradaic efficiency has a constant value. To minimize variation in
PtO, formation, a moderately thick oxide layer was grown prior to each experiment. The OER
cyclic sweep was started at 1.30 V, well before the onset of OER on Pt, and in the amperometry,
a pre-step of 1.45 V vs. RHE was applied for 15 s.
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In the forward sweep in Figure 8.5A, the ring current density increases significantly when a p-
DA coating is applied. Ny, correspondingly changes from 0.14 to 0.20 in the initial stages of
the forward scan, which is a much larger collection increase (roughly 40%) compared to the
H, collection experiments in Figure 8.4A, where Ny, is initially close to the ideal value. The
transport of O, gas from the disk to the ring is thus somehow impaired in comparison with
that of H,. This is likely caused by the same underlying principles that lead to divergent
behavior in electrochemical growth of 0, and H, bubbles, as previously reported.341-343 The
low 0, collection efficiency is considerably improved by the p-DA coating. On the other hand,
Ny, fails irreversibly once the disk current density increases past a certain threshold,
regardless of the coating, similar to the H, experiments. Amperometry experiments involving
stepwise increases in disk current density (Figure 8.5B) show that Ny, again always has higher
values. However, in both cases it starts decreasing significantly after 145 s, meaning that the
current density where transport to the ring starts to be negatively affected is virtually
unchanged. Summing up the findings from the effect of a p-DA coating on the RRDE tip: it
has a favorable effect on the collection efficiency of both H, and 0,, but the improvement of
0, collection appears more significant, and the mechanism of improvement seems inherently
different between the two gases. For H, collection, the current density threshold for
irreversible collection failure is only mildly improved. On the other hand, in case of 0,, the
collection behavior before the onset of ring failure is greatly improved.

Evidently, while the p-DA coating has a favorable effect on the general collection behavior of
the tip, and allows a mild extension of disk current densities that can reliably be measured,
irreversible ring failure still sets in rapidly once a certain threshold activity is exceeded. It is
certainly possible to further improve the RRDE collection behavior using the avenue of tip
coating. The p-DA coating procedure could be further optimized.34¢ It should also be possible
to utilize coating layers that are even more hydrophilic than p-DA, to further lower the
nucleation probability of gas bubbles during measurement.

8.4. Conclusions

In this chapter, we investigated the vulnerability of disk-to-ring transport during gas-
collection experiments on a rotating ring-disk electrode, as well as two methods for improving
this gas collection behavior. The use of a thin wire to selectively dislodge bubbles at the disk-
spacer boundary prevented ring failure due to gas bubbles, and made the collection factor
more reproducible as a function of time. The wire allowed chlorine collection experiments
under intense gas-evolving conditions, although it caused the measured values to become
lower than theoretical predictions, and was challenging to implement in practice. It is
recommended to construct a dedicated mechanical setup coupled to a micrometer system, to
aid in properly mounting the wire and keeping it in position. Application of a hydrophilic poly-
dopamine coating on the electrode tip led to moderate improvements in the collection of
oxygen and hydrogen. Whereas for hydrogen collection, the current density threshold before
ring failure was increased by roughly 50%, for oxygen instead the overall collection efficiency
increased.
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General experimental information

9.1. General experimental information

9.1.1. Synthesis of hydrated IrO, nanoparticles

Hydrated IrO, nanoparticles were prepared and used as a meta-stable IrO, colloid suspension
obtained from alkaline hydrolysis of Ir[Cl]3™.142143.262:347 Briefly, Na,IrClq - 6H,0 was dissolved
in 0.1 M NaOH to reach a nominal Ir concentration of 2 mM. Dissolution of the complex was
followed by aqueous reduction of Ir[Cl]2~ to Ir[Cl]3~, coupled to momentary O, gas formation
on the solid.348 The light yellow solution was then heated in a water bath to either 70 °C or
95 °C and kept there for 20 minutes, under continuous stirring. The solution turned very light
blue during this period. It was subsequently transferred to an ice bath and 60% HCIO, was
added under stirring, until the solution pH was approximately 1. The solution colour turned
dark violet after acid addition. It was stirred in the ice bath for 1 h, allowing condensation of
hydrated IrOy colloids. The solution could then be used immediately for experiments. For long
term storage, the solution was made alkaline (pH = 13) by addition of 10.1 M NaOH, causing
a subtle colour shift from violet to dark purple. It could be stored for up to 3 months at 4 °C.

9.1.2. Preparation of GC-supported hydrated IrO, films (IrO,/GC)

GC disks (Pine Research Instrumentation, surface area 0.196 cm?) were prepared to a mirror
finish by hand polishing with either Al, 05 or diamond pastes down to 0.05 pum particle size,
followed by rinsing and sonication of the electrode in water for 3 minutes.

To prepare the Ir0,/GC electrode, the IrOy particles were electroflocculated on the GC surface
under rotation. A 4 mL aliquot of the bulk alkaline solution was re-acidified with 60% HC10,
down to pH ~ 1.5. The removal of OH™ induced the deprotection of the IrO, colloids, which
manifested as a solution color change from purple to greyish violet. Care must be taken not to
make the IrOy solution too acidic, since competing CER at low pH may interfere with the
reproducibility of the deposition. CER originates from the CI~ which is present as byproduct
from the Ir[CI]3~ hydrolysis. Deposition was then performed at a rotation rate of 600 RPM on
a freshly prepared GC surface. The disk electrode was first scanned between 5-10 cycles at 250
mV sin range of 0.16 - 1.36 V vs. Ag/AgCl, to observe the initial IrO, deposition and the onset
of the mixed OER and CER. Their activities increased with each scan as progressively more
IrO, deposited. The scans were followed by amperometry for 300 - 600 s (depending on the
desired thickness) at a potential roughly 10-20 mV positive of the onset of the mixed OER and
CER. Currents rising over time indicated further IrO, deposition. After deposition, a reflective
blue film was visible on the GC surface.
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9.2. Supporting information for Chapter 2

9.2.1. Supplementary figures
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Figure A 9.2.1: Characterization CV of the electroflocculated IrOy catalyst, in 0.5 M KHSO,. Scan
rate: 50 mV s-1.
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Figure A 9.2.2: Behavior of iy vs. ip at various ring potentials, data taken from Figure 2.
Example plot for [CI7] = 100 mM used to find potential dependent slopes, which are
equivalent to N, .
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Figure A 9.2.3: Linear sweep voltammograms (10 mV/s) of the disk electrode in a Pt-Pt
RRDE setup, in 0.5 M KHSO, solutions of pH = 0.90 (blue) and pH = 2.91 (orange). [CI"] =
20 mM, rotation rate = 1500 RPM. Ring currents were collected at 0.95 V vs. RHE. Dotted
symbols show corresponding values of the apparent chlorine collection factor N, ,
equivalent to |iz/ip|. Since OER onsets around 1.65 V on Pt in acidic conditions, N¢;, should
approach the liquid phase collection factor close before this onset, where approximately all
current can be ascribed to CER.

Formation of PtO, has a strong inhibitory effect on CER kinetics, as was previously reported
by Conway and Novak (see ref. 19). The CER current rises but then decreases with increasing
potentials despite hydrodynamic conditions. N¢;, reaches an approximately constant value
as function of increasing Ep in both experiments. It decreases above E;, ~ 1.65 V, which can
be ascribed to the onset of parallel OER.
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Figure A 9.2.4: LSV of the Pt ring electrode while keeping the IrO,/GC disk electrode fixed
at 1.475V, in 0.5 M KHSO,. [CI™] (in the form of KCl) increasing from 1 (red) to 100 mM
(green). Dotted curves with positive values correspond to disk currents, remaining curves
correspond to ring currents. Inset shows enlarged CRR region at low [Cl~]. The ring LSV
sweeps were taken in the anodic direction. Scan rate 5 mV s, rotation rate 1500 RPM, pH
= 0.88, solution saturated with 0,.
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Figure A 9.2.5: gcgg vs. [CI7] curve at Ep = 1.530 V vs. RHE for dropcasted RuO, (Sigma-
Aldrich) versus the electroflocculated IrOy catalyst, in 0.5 M KHSO, and increasing amounts
of KCl, at 1500 RPM. The RuO, was dropcasted on the GC support from a 1 mg/mL
suspension in EtOH, and air dried while rotating at 200 RPM. Final catalyst loading ~ 100
ug * cm=2.
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Figure A 9.2.6: ¢y vs. [C17] on electroflocculated IrOy, in a 0.5 M NaHSO, solution of pH
0.804 (purple curve) and a 0.5 M NaClO, + HCIO, solution of pH 0.776 (green curve). Disk
potential: ED = 1.530 V, 1500 RPM.

9.3. Supporting information for Chapter 3

9.3.1. Estimation of error due to Ir dissolution and redeposition during RRDE experiments

In the following, we will describe the estimation of error in the ring response caused by Ir-
related dissolution during RRDE experiments. It is assumed that there are two sources of error:

- Stray ring currents due to the reduction of higher-oxidized, transiently dissolved Ir**
species;

- Errors in Cl, detection due to a slowing-down of the chlorine reduction reaction (CRR)
after the deposition of IrO, on the ring.

It must be noted that the latter error may in fact be vanishingly small, since prior experiments
(not shown) indicated that the CRR also progresses rapidly on IrO,. The reaction, like its CER
counterpart, seems kinetically quite facile on metal oxides.'35349 Nonetheless, the possible
error will be considered for the sake of completeness.

From ICP-MS data, we assume that during vigorous OER and/or CER, Ir dissolves at an
average rate of 1 ng cm~2 s~ (see Figure 3.1 in the main text). For stray reduction currents on
the ring, we assume that Ir in the form of the unknown Ir** species has a valency of +6, such
as in the case of gaseous IrO; or soluble Ir0%~,16t and that its primary reduction reaction at
0.95 V vs. RHE is 2-electron in nature. The stray reduction current density on the ring can

then be estimated as:
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2F
j=10"3puglrcm 2571 T N =~ 0.25 pA cm™~? Eq.A9.3.1

Ir

where M;, = 192.22 pg Ir/pmol Ir is the molar mass of Ir, N = 0.25 is the collection factor, and
F = 96485 uC/umol Ir . This current density is orders of magnitude lower than typical
experimental results and can thus be safely neglected.

Concerning IrO, deposition on the ring, we assume that Ir** species deposit as crystalline,
rutile-type IrO,, and determine the minimum time required to form a perfect monolayer of
Ir0, on an ideal, ring-sized flat surface. This minimum time is:

‘= 14z Prroym* diro, . 106 pg
NAp, 103pglrem=2s7t 1g

* M, = 670 s Eq.A9.3.2

This equation represents the amount of mol Ir0, in a perfect monolayer on the ring surface
divided by the molar rate of Ir deposition per surface area, which is the Ir dissolution on the

2
disk corrected by N. A =7 [(0'75 Cm) - (0'65 =

2
) ] ~ 0.11 cm? is the ring geometric surface

Prro, _ 11.66gcm™3
Miro, 224.22 gmol~1

density of rutile Ir0,, and d;,.o, = 3 * 107® cm is the estimated thickness of a monolayer rutile
Ir0,, which was arbitrarily chosen as the c-direction (in the a-direction, d;,.o, ~ 5 * 1078 cm,

2

area, Ap = 0.196 cm? is the disk surface area, pjo,m = is the molar

which would lead to even longer deposition times). This deposition time represents the
absolute worst-case scenario for IrOy, and is by itself at least an order of magnitude higher
than the typical duration of a session of experiments. This suggests that interference with the
CRR on the ring by stray IrO, deposition is not an issue.
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Figure A 9.3.1: ICP-MS measurements shown in Figure 3.1, including the initial contact

peak.

Table A 9.3.1: Catalyst spot sizes (in cm2) and loadings during ICP measurements.

0.1 M HCIO, 0.1 M HCIO, + 50 mM NaCl
0.009 0.011
Ba, PrirO
4271 e (9.00 pg/cm?) (7.36 pg/cm?)
. . 0.015 0.010
Ba,PrirO th Nafj
TR RO (5.4 ug/em?) (8.1 ug/cm?)
0.012 0.013
Sr,YIrO
r2 e (6.75 ug/cm?) (6.23 pg/cm?)
Ba,YIrO, 0.010 0.013
(8.1 ug/cm?) (6.23 ug/cm?)
Ba,CelrO, 0.010 0.014

(8.1 ng/cm?)

(8.79 ug/cm?)
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Table A 9.3.2: Total dissolved amounts (TDA) of all elements after the ICP-MS experiments
(in ng cm).

Perovskite | Electrolyte Contact Cycling LSV S-
(A;BIrog) dissolution dissolution dissolution | Number
A B Ir A |B |Ir A |B |Ir Ngas/Nie
o.1MHClO, |1681 | 1134 |1612 |0 |0 |43 2 o |8 2285
Ba,PrlrO
421 0.1MHCIO,+ | 1284 [ 965 | 2036 |0 |1 |196 |0 |0 |16 | 1196
50 mM NaCl
Ba,PrlrO, o1MHClo, |272 |361 |1263 |0 |1 |17.6 |O |0 |15 | 4067
ithout
(w1'ou 0.1 M HCIO, + | 719 662 2215 |0 |0 [23.4 |0 |0 |36 |2142.5
Nafion)
50 mM NaCl
0.1MHclo, |1102 [950 |1577 |3 |0 |28 o |0 |6 3782
Sr,YlrOg
0.1 M HCIO, + | 896 673 1189 |1 0 | 102 o |0 |9 1610
50 mM NaCl
0.1M HClo, | 454 473 1478 |0 |0 |247 |0 |0 |29 | 3528
Ba,YlrOg
0.1 M HCIO, + | 641 623 2252 |0 |0 [49.7 |0 |0 |5 1883
50 mM NaCl
0.1MHclo, |645 [385 1840 |0 |0 |oO o |0 |0 n.a.
Ba,CelrOgq
0.1 M HCIO,+ | 1580 | 1408 | 4409 |0 |0 | 21.6 o |0 |4 2115
50 mM NaCl
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[1dt

T on(r) ~ n(r)

m(Ir)
M(Ir)

Eq.A9.3.3

Eq. A 9.3.3 was used for calculating the S-number. Here the moles of evolved gas, n(Gas), is
comprised of [ I dt as the charge passed during the LSV, F as Faraday’s constant, ¥, and
Yc1, as the fractional yields of the OER and CER respectively, taken from RRDE experiments
in presence of 50 mM NaCl. The dissolved moles of iridium, n(Ir), is calculated from the

mass dissolved, m(Ir), and its molar weight M(Ir).

9.3.3. Supplementary XRD and RRDE data

1 v 1 v 1 v 1 1 v 1 v 1 v
(110)1 200)  (211) 220 —— Ba,PrirOq
R i/
Ba,NdIrOq
l l A A A
| Ba,LalrOq4
L }( o An P
— J‘_-A Ba,SnIrOg
=) .
(6 ‘A-N
%’ l Sr,YIrOg
* *
5 A J A A A J
= Ba,YIrO,
J Ba,TblrO,
l l A A -
L Ba,CelrO;
| A A A Al
IrO,
1 M 1 M Il M 1 1 M 1 M 1 M
20 30 40 &0 60 70 80 90
26 (°)

Figure A 9.3.2: X-ray powder diffraction patterns of the iridium-based double perovskites
used in this study, together with the commercial IrO, reference. Strong lines are
characteristic of the primitive perovskite and the indexing of some of these reflections is
given. Some visible superlattice reflections are marked by *. Note that in Ba,SnlrOg, a small
contamination from BalrOj is also visible (marked by 4).
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Figure A 9.3.3: The effect of Nafion binder on apparent CER selectivity. Shown is the CER
selectivity eczr as a function of [ClI7] in a solution of 0.1 M HCIO,, for Ba,PrlrO¢ dropcasted
from an EtOH suspension (black) and Ba,PrlrO¢ dropcasted from an EtOH suspension
containing 0.23 mg Nafion copolymer per mg Ba,PrirOq. Prior to mixing, the Nafion
sulfonate groups were partially Na-exchanged by mixing commercial 5%wt stock solution
(purchased from Sigma-Aldrich) with 0.1 M NaOH in a ratio of 2:1. Selectivity values shown
at 1.50 V, obtained with the RRDE method as described in the main text.

10000 . . . .
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1-0.5
- - - -Ba,PrirQq
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Figure A 9.3.4: The RRDE ring response at 0.95 V during OER in chloride-free conditions.
Comparison of disk and ring current densities measured on IrO, (solid traces) and
Ba,PrirOg¢ (dotted traces) in 0.1 M HClO,, with the ring fixed at 0.95 V.
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Figure A 9.3.5: The effect of repeated scanning on voltammetric characterizations. Shown
are comparisons of blank voltammograms of the GC-supported materials in 0.1 M HCIO,.
Black curves: ‘pristine’ state (after contact with the solution at 0.05 V for approximately 30
seconds). Red curves: surfaces after extensive scanning (at least 20 cycles) in the range of
1.30 — 1.55 V at 1500 RPM. Scan rate: 50 mV s.
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Figure A 9.3.6: Example curve of a RRDE experiment to illustrate the deconvolution of
parallel evolution of oxygen and chlorine. Top panel displays disk currents (ip) measured
on a GC-supported Ba,NdlrOg thin film, in a NaCl-free solution of 0.1 M HCIO, (grey curve)
and in a solution composed of 0.1 M HCIO, and 20 mM NacCl (black curve). Rotation rate:
1500 RPM. Lower panel shows corresponding currents measured on the Pt ring (ig) fixed at
apotential of 0.95 V in presence of 20 mM NaCl. The calculation of ipgr and icgg curves was
performed using the ring currents and N¢;, = 0.215, see also Eq. 2.1 and Eq. 2.2.
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Figure A 9.3.7: Measured currents at 0.1V as a function of scan rate in the potential region
0.05 — 0.15 V, for all performed RRDE activity experiments. Lines correspond to individual
experiments for each material. Note the difference in scale for the IrO, experiments.

50

[ Ba,PrirO,
I B2,NdIrO,
w0l _| (MM Ba,LalrO4
I Ba,SnIrO,
Il Sr,YIrO
—~ 30 [1Ba,YIrO;
o 5 i
= I B2, TbiIrO,
Q [ Ba,CelrO
(% 20}k | (Il -0,
10} E
0

Figure A 9.3.8: Measured values of (Cq1)¢ 4 v for performed RRDE activity experiments on
the basis of Figure A 9.3.7. Bars correspond to individual experiments.
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Figure A 9.3.9: Standard deviations in RRDE activity experiments. Shown are OER (A) and
CER (B) Tafel curves as in Figure 3.3, including standard deviations around the average

values.

Table A 9.3.3: Measured average linear Tafel slopes for OER (in Cl™-free electrolyte and in
presence of 20 mM Cl~) and CER, in potential ranges 1.45 — 1.50 V and 1.50 — 1.55 V.
Standard errors of at least three independent measurements (using freshly prepared
catalyst films) are indicated. Color scale (bottom) indicates the correlation coefficient,
expressing the degree of linearity of each segment; green corresponds to R2 = 1.000, red
corresponds to R2 = 0.980.

160

OER, [CI"] = 0 mM OER, [CI7] = 20 mM
CER (mV/dec) (mV/ (gec)] (mV/ (gec)]
1.45-1.50 V |1.50-1.55V |1.45-1.50 V |1.50-1.55V |1.45-1.50 V |1.50-1.55V
Ba,PrirO¢ |45+ 0.8 90 + 10 43 + 0.7 67 +1.7 46 £ 2.1 55+14
Ba,NdIrOg |46 £+ 2.8 69 + 2.1 42 + 0.4 60 + 2.1 53 + 2.0 49 + 1.2
Ba,LalrOg |49 £ 3.0 82 +1.3 42 + 0.4 64 £ 0.5 47 £ 1.4 53+ 0.3
Sr,YIrOg 52+ 2.5 80 + 3.6 42 + 2.4 59 1.9 50 £17 51+ 2.7
Ba,SnlrOg |47 £ 1.2 67 £ 0.4 44 + 0.4 60 + 0.4 65 £ 1.0 54 + 0.3
Ba,YdIrOg |59 £ 9.0 66 + 3.8 46 £ 2.0 56 + 2.4 80 + 25 53+ 2.9
Ba,TblrOg |60 + 14 77 £ 1.0 45 + 1.9 63 £+ 1.0 46 + 6.3 55+ 1.9
Ba,CedlrOg |70 + 10 67 £5.4 60 + 5.7 59 +1.7 230 + 22 89+5.4
IrO, 49 £ 1.0 68 £+ 0.4 46 +£ 0.8 52+ 0.5 60 £ 2.0 53 £ 1.0
R2
0.980 0.985 0.990 0.995 1.000
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Figure A 9.3.10: Correlations between OER and CER activities, similar to Figure 3.4, but
now comparing OER activity in the presence of 20 mM NaCl, at 1.50 V (A) and 1.55 V (B).
Data derived from Figure 3.3B and Figure 3.6A, error bar show the standard deviation from
at least three independent measurements.
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Figure A 9.3.11: Comparison of linear Tafel slope values for the OER, before and after NaCl

addition (data from Table A 9.3.3).
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Figure A 9.3.12: Absolute OER currents (A and B) and CER currents (C and D) for all
measured materials as function of increasing chloride concentration, at 1.50 V (A and C)
and 1.55 V (B and D).
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Figure A 9.3.13: Conway-Novak test plots (black) and Ferro-de Battisti test plots (red) for
Ba,PrlrO4 and Ir0,. Conway and Novak proposed8 that a straight line in a plot of i~z vs. eI
is evidence of a Tafel-limited recombination mechanism with a Volmer pre-equilibrium.
Extending this, Ferro et al."3 proposed plotting i "1e®" vs. e/, where a straight line would
instead suggest a Heyrovsky (or Krishtalik) controlled mechanism. As in the main text,n = E —
E, is the overpotential for CER, and f = F /( RT): In the method by Ferro et al. a is not known

beforehand. It can be estimated by observing the unique value of o (besides possibly a = 1)
which results in a straight line, if any. E, was estimated by observing the onset of linearity in £
vs. log|ig| plots. In the case of IrO,, a was chosen such that the resulting theoretical Tafel slope
was 47 mV/dec, in accordance with data from Table A 9.3.3.
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Figure A 9.3.14: Extracted values of the slope (A) and intercept (B) in the linear region as
function of [CI~], using data from Ferro-de Battisti plots as shown in Figure A 9.3.13, for 1rO,.

Red trace in B shows the value of the intercept multiplied by the chloride concentration.
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The appearance of a straight line in a Ferro-de Battisti plot does not discern between the V-
H and the V-K mechanism. However, the method does lead to alternating predictions of the
slope and intercept dependence. For the V-H pathway, these are given by (2FkJ Ky, [C17]%)!
and (2Fk3[CI7])7!, respectively; In case the V-K mechanism dominates, it predicts
(2Fk2K,[CI7])~* and (2Fk2)~1. One can observe that the intercept in B shows a marked
dependence on [CI7]~1, which fits better with the V-H mechanism.

We further have to note that the chloride dependence of the slope remains quite constant
versus [C17]. Although this contradicts both the V-H and V-K predictions at first glance, it
must be noted that the slope value is affected as well by the pseudo-equilibrium constant

Ky, the value of which depends strongly on [Cl7].28 Interpretation of the slopes is thus not
straightforward.
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Figure A 9.3.15: Log-log plots of Figure A 9.3.12B (A) Figure A 9.3.12C (B).
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Figure A 9.3.16: Zoom of data in the 0-50 mM concentration range shown in Figure 3.7.
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9.4. Supporting information for Chapter 4

9.4.1. Thermodynamic data of (inter)halogen species

Table A 9.4.1: Reactions of interhalogen compounds involving Cl and Br between formal oxidation
states -1 and 0, in aqueous acidic conditions (pH < 1). Values as reported by Wang et al.2> Additionally
shown are standard redox potentials of equivalent electrochemical reactions. Participation of the
species Cl3, whose concentration is generally small, is ignored. Also included are standard literature
values for the BER, CER, and OER. Note that the OER is pH-dependent on the NHE scale.

2 The value of K; was determined from literature values and standard redox potentials.

Reaction Equilibrium Electrochemical reaction Standard potential
constant
2 BrCl = Cl; + Br, K, =5%1073 BrCl+2e™ = Br™ + CI7 ES.c = 1.19 Vvs. NHE

Cl; + Br~ = BrCl;

K, = 4.6%10°M1a

BrCl + CI™ = BrCl;

K, =6.0M™!

BrCl; +2e” = Br~ +2Cl”

Egrci; = 1.16 Vvs. NHE

BrCl + Br™ = Br,Cl™

Ky =18%10*M™!

Brz +Cl~ = BI‘ZCl_

K,=13M!

Br,CI" +2e” = 2Br~ +CI™

ERr,a- = 1.08 Vvs. NHE

Br, + Br™ = Brs

Kgr =161 M1

Bry +2e” = 3Br~

ERrs /g~ = 1.04 V vs. NHE

9.4.2. Theoretical Tafel slopes and reaction orders for elementary kinetic mechanisms

involving competitive adsorption

We will first regard the BER as the main reaction, with Cl~ as a competitive inhibitor for Br~
adsorption. As also shown in the main text, the fractional coverage of bromide 65, can be
written using the mean-field Langmuir isotherm according to:

Kg,[Br~]e/"

6 =
BT 7 K [Br-le/m + K [Cl-Jefm + 1

Eq.A9.4.1

The theoretical BER j-n relationships for the Volmer-Tafel and Volmer-Heyrovsky
mechanisms can be written as:

Jvr = ZFkT(eBr)Z = 2FkT(

KBT [Br_]efn

2

Kgr[Br~1efm + Kq[Cl-]efm + 1

> Eq.A9.4.2
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KBT[Br—]Ze(D!H+1)f71
[Br-]efm + K [Cl-]efn + 1

Jjvn = Fkye®/M[Br~160p, = Fky Eq.A9.4.3
KBr

The Br™~ reaction order Rp,- of the overall reaction always contains a contribution from the
surface-bound intermediate;2 in case of the Langmuir isotherm, this ‘surface reaction order’
can be written as:

:RS _ = M =1—- 9 E A
Br™ = 3 In[Br] Br q- £9-4-4

This relationship is valid regardless of whether competitive adsorption of CI~ takes place. The
effect of inhibition is implicitly included in 65, (see Eq. A 9.4.1). In case of a Volmer-Tafel
mechanism, Rg,.- is then always positive and dependent on the surface coverage 6, It can be
written as:12

dlnj d1n6g,

Rpr- = 6] dmBr] 2(1 - 6py) Eq.A9.4.5

Since it is assumed that the CI~ competitor does not react further after adsorbing, it affects the
overall reaction order only through the surface reaction order. Its reaction order R¢;- can
therefore be written as:

Re- = % = -0 Eq. A 6
Cl aln[Cl_] cl q. A 9.4.

The values are always negative, as can be expected for a competitively adsorbing species. The
BER dependence on Br~ and Cl~ predicted by the V-T, V-H and V-K mechanisms can then be
expressed as shown below in Table A 9.4.2, along with some general limiting cases (Table A
9.4.3). In general, competitive adsorption does not change the possible limiting values of Rg,-,
but it may change the ‘width’ of the Br~ isotherm. It affects the range of values of [Br~] or n
within which b and Rg,- can vary. Whereas reaction orders should always approach their
lower limit at high overpotentials (0, 1 and o for the V-T, V-H and V-K mechanisms,
respectively), competitive adsorption may lead to other limiting values for high 1, depending
on the values of K, [Br~] and K [Cl™] (see Table A 9.4.3).
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Table A 9.4.2: Theoretical Tafel slopes and reaction orders for CI~ and Br™ in case of two step
Volmer-Tafel or Volmer-Heyrovsky BER reaction mechanisms, where Cl~ is a competitive
electrochemical adsorbate. Relations for competition-free cases are obtained by setting [CI™] = 0.

Volmer-Heyrovsky Volmer-Krishtalik
Tafel sl
alel siope In(10) [ Ky [Br-]e/™ + K[Cl Je/™ + 1 ,
. (6 logj)_1 7 \an Koy [Br1e/ + KalC-]e/ + D + 1 Same as Volmer-Heyrovsky
an
Br~ reaction order 2= 0p 1= 6pr
L g [Brle + 2K [l + 2 ~ Kg[Clm]e/ + 1
9 In[Br~] " Kg [Br-le/" + Ky [Cl]e/m + 1 " Kg.[Br-]e/m + K [Cl-]efm + 1
=0

Cl~ reaction order

Ra- = _6 Inj — K [CI7Je/
dIn[Cl7] ~ \Kg [Br-]e/" + Ky [Cl-]e/m + 1

Same as Volmer-Heyrovsky

Volmer-Tafel

In(10) 1
Tafel slope T —
_ (Qlogi\™! In(10)
b7 ( an ) = T(KBT[Br‘]ef" + Kg[Cl7 e/ + 1)

Br~ reaction order 2(1 = Opr)

__Olnj B KqlCl e +1
0 In[Br-] ~ “\Kp [Br-le/m + K [Cl-]e/ + 1

:RBr_

Cl~ reaction order ~26a

Re- = ) _ KalCI7le’
dIn[Cl7] = 7\K, [Brole/ + Kg[Cl1e/m + 1
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Table A 9.4.3: Cases of limiting behavior for two-step reaction BER mechanisms involving C1~ as
competitively adsorbing (but otherwise unreactive) species. Values are shown for the overpotential
n and ‘adsorption strength’ K;[i ~] of the various species. It was assumed that ay = 0.5.

Limiting case Volmer-Heyrovsky Volmer-Krishtalik

b ~ 40 mV dec™t if K, [Br~] = K;[CI7] = 0

Tafel slope | 17— 0 b — 120 mV dec™! for either Kg,.[Br~] — o or i
Same as Volmer-Heyrovsky

b K [ClI7] > o
n— oo b — 120 mV dec™?!
Br- Rp— =~ 2if K5, [Br7] = 0 R~ =~ 1if K, [CI7] = 0
n-0
reaction 1< Ry~ <2if Ky[Cl7] = 0 0 < Rg- <1lifKy[Cl"] =0
order
Kp,[Br7] + 2K [C17] K [Cl7]
— 00 Y b—1 . 1y -1
Rg- | Ky [Br =] + K [CI7] K, [Br~] + Kai[CI7]

Rg- ~ 0if K [C17] = 0
Cl™ reaction | 5 -0

-1< - <01 1=
order 1= Ra- < 0if K [Br7] ~ 0 Same as Volmer-Heyrovsky
R _ Kq[C]
“ noe Kgr [Br=] + Kei[CL]
Limiting case Volmer-Tafel

b ~ 30 mV dec™! if K, [Br~] = K;[Cl7] = 0

Tafel sl n=0
atel slope b — oo for either K, [Br~] = o or K [Cl"] = «
b
n— b -
Br- Rp- = 2if Kg, [Br] = 0
n-20
reaction 0 < Rp,- < 2if Ky[Cl7] = 0
order _
2 Kq[Cl7]
R n=e Ky, [Br=] + Ko [C17]

Reo- = 0if Ky [Cl7] = 0
Cl~ reaction | 70

—2 < Rg- <0if Ky, [Br] = 0
order Cl 1 Br[r]

K [Cl7]
Rar n= e - (Kgr [Br-] + Kg [c1-]>

Besides exerting a simple blocking effect, chloride could also become involved in follow-up
reactions when Br is co-adsorbed on the surface, such as BrCl formation. The corresponding
reaction pathway would be similar to Volmer-Tafel, reminiscent of a Langmuir-Hinshelwood
mechanism in heterogeneous gas-phase catalysis:
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Br™+ * 2Br*+e” Eq.A9.4.7
CImr+*x2C"+e” Eq.A9.4.8
Br* + CI* 2 BrCl + 2 * Eq.A9.4.9

We apply the same assumptions regarding the Cl and Br adsorption isotherms as discussed
previously. Neglecting the backward reaction, the current-potential relation then becomes:

2
(K Koy [Br[CIm])2e /7

iy = 2Fk30p,00 = 2Fk
I3 3VBroc 3\ Kz [Br1e/m + Kg[Cl e/ + 1

Eq. A9.4.10

where k5 is the chemical forward rate constant for recombination in Eq. A 9.4.9. Eq. A 9.4.10
predicts Tafel slopes identical to the V-T mechanism of either the BER or CER, under the effect
of competitive adsorption between Br~ and CI~ (see Table A 9.4.2).

Although less likely on Pt, one can also consider a Volmer-Heyrovsky mechanism for BrCl
formation, via two analogous pathways:

Br~+ % 2Br*+e” Eq. A9.4.11
Br*+ Cl” 2BrCl+e™ + * Eq. A9.4.12
CIm+ «2C" +e” Eq. A9.4.13
Cl*+Br~ 2 BrCl + e~ Eq.A9.4.14

On the potential scale of the second step, which concerns electrochemical desorption with two
different atom types, both mechanisms have a forward reaction that (under the assumption
that ay is identical for both) is proportional to:

[Br-][Cl~]e@n+Dsn
K [Cl7]e/M + Kg,.[Br—]efm + 1

j o Eq. A9.4.15
The Tafel slopes predicted by Eq. A 9.4.15 are the same as predicted by the V-H mechanism
for the BER or CER under the effect of Br~ and ClI~ competitive adsorption (Table A 9.4.2).

Finally, BrCl formation mechanisms can be written for a pathway analogous to the Volmer-
Krishtalik mechanism. In the V-K pathway, the order of adsorption does matter. The reactant
that adsorbs first (which is likely Br~, due to its higher adsorption strength2:8) has a reaction
order according to R = 1 — 6, whereas the second reactant (which is not involved in the rate-
determining step or preceding steps) behaves purely competitive, such that R = —0, even
though it is necessary for the reaction to occur.
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The theoretical Tafel slopes for the formation of BrCl from a V-T, V-H or V-K type mechanism
are the same as shown in Table A 9.4.2. The reaction orders are shown in Table A 9.4.4 below.
For the V-T mechanism, R¢;- and Rg.- can now vary between -1 and 1.

Table A 9.4.4: Theoretical reaction orders for CI~ and Br~ in case of BrCl reaction

mechanisms.
Volmer-Tafel Volmer-Heyrovsky
1—26,, 1— 0y
Br~ reaction order
R _ka [Cl7]ef™ — Kp, [Br-]e/™ + 1 _ Kj[Cl7lefm +1
Kg, [Br]efm + K [Cl-]efm1 4+ 1 K(,[Cl=]efm2 4+ K} [Br=]efm2 + 1
1— 26 1-6g
Cl~ reaction order
Re- _ K. [Br=le/™ — Ky [Cl7]e/M™ + 1 _ Kg.[Br=le/m + 1
Kp, [Br=]efm + K [Cl-]efM 4+ 1 K/, [Cl-]efm2 + K} [Br=]efm2 + 1

Volmer-Krishtalik
1= 8g if Ry =~y

Br~ reaction order

Ror- —Op if Rg- =1 -6

Cl~ reaction order 1= 0 if R~ = ~0pr

Rar- ~6, if Rgy- = 1— O,

9.4.3. Reaction orders measured versus constant overpotential

Instead of referencing the applied potential to a fixed point according ton = E — E°, it can be
convenient to experimentally measure reaction orders versus constant overpotential, n* = E —
E.q, where E,q is the equilibrium potential of the reaction of interest under the corresponding
experimental conditions.”8:35° Taking the CER as example, n and n* are related through the

Nernst equation:

efn = efn” Eq. A9.4.16

When re-writing the Volmer pre-equilibrium (Eq. 1.12 in Chapter 0) according to n*:

1 *
« K]_ [Clz]iefn
0(m) =—""—F— Eq. A9.4.17

1
1+ K]_ [Clz]iefn*

From Eq. A 9.4.17, is it clear that 6., (n*) is no longer dependent on [Cl~]. The surface reaction
order of chloride is therefore always zero versus constant overpotential:
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010 (n") _

R-(1") = e

Eq. A9.4.18

Eq. A 9.4.18 implies that for the V-T mechanism, the overall chloride reaction order measured
versus constant overpotential R¢;-(n*) is always zero. In case of the V-H and V-K mechanism,
it can be shown that R¢-(n*) corresponds to 1 — ay and —ay, respectively; the expected
reaction orders are non-zero (and negative in the case of V-K), but independent of [C1™] or n*.

9.4.4. Various supplementary RRDE data

0.6 0.8 1.0 1.2 14 1.6
2000 i T T T T T T T T T T ]
[ E— ]
1500 | |- ---ip i
= 1000 1600 RPM )
£ . 10 mV s’ ]
= 500l [HBF=10mM )
Ep = 1.40 V vs. RHE ]
0 i
-500 | — -
2200 F e mm o ]
< I ]
£ 2000 -
[a] r 4
"~ 1800 | -
1600 -

1 " 1 " 1 " 1 " 1 "
0.6 0.8 1.0 1.2 14 1.6
E (V vs. RHE)

Figure A 9.4.1: Test of the bromine reduction reaction (BRR) diffusion limitation. Figure
shows an LSV of a Pt-Pt RRDE electrode in a 0.1 M HCIO, solution containing 10 mM HBr.
The ring electrode was scanned (top) while keeping the disk at a fixed potential of 1.45 V vs.
RHE (bottom), to provide a significant concentration of Br,/Br; near the ring electrode
surface. Diffusion limitation of the BRR sets in at roughly 1.05 V vs. RHE ( = 150 mV).
Arrow indicates scan direction.
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E (V vs. RHE)

06

04r

\

50 mV/s
100 mV/s| ]
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20 30
t(s)

40 50

60

Figure A 9.4.2: Illustration of potential versus time program used during RRDE
experiments, showing the preconditioning and equilibration steps during pre-treatment.
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Figure A 9.4.3: Absolute values of ring/disk current ratios from Figure 4.1A. Arrows indicate

scan direction.
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Figure A 9.4.4: Absolute values of ring/disk current ratios from Figure 4.1C. Arrows indicate

scan direction.
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Figure A 9.4.5: Comparison of ring currents measured during an RRDE experiment. Data
shown is a cyclic voltammogram of the Pt-Pt RRDE in a solution of 0.1 M HCIO4 + 10 mM
HBr + 20 mM HCI, recorded at 20 mV s at a fixed rotation rate of 1600 RPM. Black traces
show disk (top panel) and ring (lower panel) currents. Red dashed trace shows the absolute
value for the ring currents corrected for the RRDE collection factor, corresponding to
currents from ‘halogen oxidation reactions’, ixog. Arrows indicate scan direction.
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Figure A 9.4.6: Absolute values of ring/disk current ratios from Figure 4.2A (A) and Figure
4.2B (B). Arrows indicate scan direction.
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9.4.5. Supplementary bromide oxidation data
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0.0} E— ]
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Figure A 9.4.7: Zoom of Figure 4.2A, centered around the onset of bromide oxidation as
recorded on the RHE potential scale.
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Figure A 9.4.8: Data from Figure A 9.4.7 converted to the NHE potential scale (A). B shows
corresponding semilogarithmic plots of log(i,) versus E.
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Figure A 9.4.9: Currents at constant potential values as function of HCI concentration (A),
using data shown in Figure A 9.4.9. B: Corresponding log-log plots.
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Figure A 9.4.10: Cyclic voltammograms of a Pt-Pt RRDE in a solution of 0.1 M HCIO, + 10
mM HBr. A shows the effect of changing rotation rate, recorded at a scan rate of 10 mV s
B shows the same experiment in the additional presence of 50 mM HCI. Arrows indicate
scan direction. In C, typical examples of Koutecky-Levich plots are shown obtained from the
forward scans of CVs such as shown in A and B.

175



9 || Supporting Information

1.10 1.15 1.20 1.25

——[HCIl=0mM
0.60 | ——[HCll=1mM |-
——[HCIl =2 mM
——[HCI] =5 mM
——[HCI] = 10 mM
045} [ .
- ——[HCI] =20 mM
< [HCI] = 50 mM
£ [HCI] = 100 mM
- 030 10 mV's™ i
015 F
0.00 | - =
1.00
& 098 .
0.96 |- .
0.94 - .

110 115 1.0 1.25
E (V vs. NHE)

Figure A 9.4.11: Values of the y-intercept in Koutecky-Levich plots (see Figure A 9.4.10)
across the bromide oxidation wave, as function of potential and chloride concentration.
Lower panel shows the associated error in linearity of the underlying KL-plots.
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Figure A 9.4.12: Cyclic voltammogram of a Pt-Pt RRDE in a solution of 0.1 M HCIO, + 10
mM HBr at a scan rate of 10 mV s and rotation rate of 1600 RPM, showing the effect of the
upper potential limit. Shown are potential cycles up to 1.65 V (black trace) and 1.45 V (red
trace). Formation of PtO, is apparent from increased hysteresis in the scan up to 1.65 V.
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Figure A 9.4.13: Bromide oxidation currents measured under varying [HBr], in the presence
of 0.1 M HCIO, and 1 M HCI, measured at a fixed scan rate of 10 mV s and rotation rate of
2500 RPM. Only forward scans are shown. Dashed lines correspond to BER data measured
in absence of HCI under otherwise identical conditions.
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Figure A 9.4.14: Tafel slope values in activation-controlled bromide oxidation region of
curves shown in Figure A 9.4.13. Only forward scans are shown. A: bromide oxidation for
various [HBr] in presence of 1 M HCI (data from Figure A 9.4.13, solid lines). B: bromide
oxidation for various [HBr] in absence of HCI (data from Figure A 9.4.13, dashed lines).
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Figure A 9.4.15: Bromide reaction order R,- in the bromide oxidation potential region, in
presence (A) and absence (B) of 1 M HCI, based on data shown in Figure A 9.4.13. Values
shown versus potential.
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Figure A 9.4.16: Rotation rate dependence of the residual chloride oxidation currents after
BER, such as in Figure 4.4, at a higher chloride concentration of 100 mM.
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Figure A 9.4.17: PtO, reduction peaks in the backward scans of RRDE experiments, as
function of chloride concentration. Data with a relatively high scan rate (200 mV s) were
chosen where the reduction peaks are clearly visible. Shown are the reduction peaks in
presence (A) and absence (B) of Br~.
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Figure A 9.4.18: Charges of the PtOy reduction peak (Qp¢0,) as a function of scan rate, for
varying [Cl~] concentrations. Data is shown in presence (red) and absence (black) of 10 mM
HBr. Top figure has data in absence of chloride ([HCI] = 0 mM). Data were determined from
backward CV scans such as those in Figure A 9.4.17, by measuring the peak charge up until
the potential of peak current and multiplying by two. This was made possible by the
generally symmetric shape of reduction peaks.
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Figure A 9.4.19: CER currents obtained at 1600 RPM at 1.49 V vs. NHE, versus charges of

the PtO, reduction peak (Qp;o, ), for varying [CI~]/[Br~] ratios (see also Figure A 9.4.18).

icer@1.49V (MA)

icer@1.49V (MA)

1.0 = 10 mM (No HBr)| = 20 mM (No HBr)
e 10mM 1.50 s 20mM 1
0.8 N ] o
N < 125 . g
. < o o
0.6 e . 1> 100 e = 1
. s C ' P
0.4 | .. { G075 o .
° v N N
[ v
0.2 . | £ 050 | ]
‘\ .\‘
% 0.25 ‘e g
0.0 ' 1 )
A ool
0 10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
tho, (nC) Qmox (nC)
40 —— T 8 ——— T
: = 50 mM (No HBr) 7 = 100 mM (No HBr)| ]
35 ° 50mM 1 ° 100 mM
6 -
3.0 o . 1 z .. .
‘e . £ 5 e = -
25 o a 1 E ‘e am
. LN - g 4 0\' ‘m
e . ~ -
2.0 2 =] 3 o " u
15 o { ®©3 ~® ]
&
1.0 ¢ 1 =2 .
0.5 . 1 g
00 M S 0 N S

L
10 20 30 40 50 60 70 80 90

tho, (uC)

L
10 20 30 40 50 60 70 80 90
Qmo,(uc)

Figure A 9.4.20: Similar to Figure A 9.4.19, but showing CER currents obtained at 1.57V vs.

NHE.
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Figure A 9.4.21: Currents recorded at 1.57 V (Figure A 9.4.20) extrapolated to Qp,o, = 0 (a
‘Pt0O,-free’ surface), along with diffusion-limited currents predicted by the Levich equation
(blue). All values are shown normalized to the chloride concentration.

9.4.7. Supplementary pre-peak data
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Figure A 9.4.22: Dependency of the pre-peak peak potential on the scan rate for the CER
pre-peak, in linear (A), log-log (B), and semi-log plots (C). Figures B and C have nearly
identical y-axes due to their y-values all being very close to 1.

182



Supporting information for Chapter 4

6 T T T T T T T T T
iD
—— Generalized logistic
Exponential
4 + [HCI] = 50 mM E
— 1600 RPM
E 50 mVs™
e
2 - .
0k 4

0.6 0.8 1.0 1.2 1.4 16
E (V vs. NHE)

Figure A 9.4.23: Illustration of the fitting procedure to deconvolute BER currents and to
isolate the chloride oxidation pre-peak.

The used generalized logistic function (blue curve) and exponential fitting functions (red
curve) are given by:

jmax - _ l-min
.min L,BOR L,BOR

iD =1 X +
LBOR - (E)_h s Eq. A9.4.19
Xo

Eq.A9.4.20

L (E - Ep)

ip = i['5or + A1€Xp <—
0

In these equations, i3, and i["¢%, are the fitted limiting currents for the bromide

oxidation wave in the low and high potential limit, respectively (where iJ4% ~ 0). E,, X0, h,

s, A; and t, were parameters to be optimized.

183



9 || Supporting Information

0.8 1.0 1.2 14 1.6
[HCI] = 50 mM
1600 RPM
50 mV s™

N
T

0.00 | — ' ' o]
025}
0.50 |
075}

/]

ir (MA)

1 " 1 1 " "
0.8 1.0 1.2 14 1.6
E (V vs. NHE)

Figure A 9.4.24: CVs comparable to those measured in the main text in a solution of 0.1 M
HCl0, + 10 mM HBr + 50 mM HCI, but with varying upper potential windows.
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Figure A 9.4.25: CV comparable to those measured in the main text in a solution of 0.1 M
HCIO, + 10 mM HBr + 50 mM HCI, but with the start and end potentials reversed. The
forward sweep was started at 1.51 V, and reversed at 0.7 V.
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9.4.8. Supplementary UV-Vis data
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Figure A 9.4.26: E vs. t program used during the UV-Vis experiments in 1 M HCI (A). Panel
B shows full data of the currents recorded during UV-Vis experiments in Figure 4.9.
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Figure A 9.4.27: Comparison of currents recorded during the BER wave belonging to data
in Figure 4.10, and relative peak heights in the UV-Vis data, which can be ascribed to the
extent of Br,Cl~ formation. UV-Vis peak data were determined by calculating the difference
between the local minimum and local maximum within 340 — 380 nm in Figure 4.10.

185



9 || Supporting Information

105 T——

5100

95

ATransmission (%)

1.360 V vs. NHE

1.185-1.310 V vs. NHE

1.335V vs. NHE

1.060 V vs. NHE

%07 \ HCIO, 100 mM
1.385 V vs. NHE HCI1 M
HBr 0 mM
85 T T T T T T T T
350 400 450 500 550 600

A (nm)

Figure A 9.4.28: UV-Vis data belonging to the experiment in Figure A 9.4.26 where [HBr] =
0 mM, such that all changes in transmission can be ascribed to the appearance of Cl,.
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Figure A 9.4.29: Complete set of UV-Vis experiments for parallel bromide and chloride
oxidation in 1 M HCl and 100 mM HBr, similar to Figure 4.10.
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Figure A 9.4.30: Recorded currents during UV-Vis measurements such as in Figure 4.9,
involving a stationary Pt/FTO electrode in a solution of 0.1 M HCIO, + 0.1 M HCI, in
presence of various [HBr].
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Figure A 9.4.31: Complete set of UV-Vis experiments for parallel bromide and chloride
oxidation such as in Figure 4.10 and Figure A 9.4.29, corresponding to one of the
experiments in Figure A 9.4.30 ([HBr] = 50 mM). The potential where the local maximum
at 350 nm starts decreasing can be estimated at 1.375 V.
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9.5. Supporting information for Chapter 5

9.5.1. Supplementary RRDE data

300 E

200 | E

100 B

j (uAcm?)

-100 F .

-200 - E

0 12 14

00 02 04 06 08 1
E (V vs. RHE)

Figure A 9.5.1: Voltammetric characterization of the Ir0,/GC catalyst, in 0.1 M HCl0,. Scan
rate: 50 mV s.
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Figure A 9.5.2: Potential versus time program used during RRDE experiments, illustrating
the preconditioning and equilibration steps preceding every experiment.
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Figure A 9.5.3: Illustration of the method for separating BER, CER and OER currents. A:
Comparison of experimental disk current densities (j,, black solid trace) with halogen
evolution currents (jygg, orange dashed trace) which were derived as described in the main
text. B: Fits of bromide oxidation in the foot and top of jxzr (red and blue dashed traces).

The generalized logistic function was used for both fits, as given by:

smax  _ :min
lL,BOR — lL,BOR

[1 N (x%)‘h]s Eq.A9.5.1

: _ smin
Ip =1lpor +

See Figure A 9.4.23 for more information.
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Figure A 9.5.4: Individual BER, CER and OER current densities derived from Figure A 9.5.3.
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Figure A 9.5.5: Rotation rate dependence of the bromide oxidation region, in 0.5 M HC1O, +
10 mM HBr + (A) o mM HCI, (B) 10 mM HCI, (C) 50 mM HCI.
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Figure A 9.5.6: Typical examples of Koutecky-Levich plots on the basis of data in Figure A
9.5.5. Shown are data from 1.35 V vs. NHE.
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Figure A 9.5.7: Bromine evolution measured under varying [HBr], in 0.5 M HCIO,, at 10 mV
st and 1600 RPM. Only forward scans are shown.
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Figure A 9.5.8: Determination of Tafel slopes for bromine evolution. A: Semi-logarithmic
plot of Figure A 9.5.7. B: Tafel slopes derived from A, as a function of potential.
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Figure A 9.5.9: Current densities at constant potential values as function of HBr
concentration (A), using data shown in Figure A 9.5.7, and corresponding log-log plots (B).
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Figure A 9.5.10: Test plots using the methods proposed by Conway and Novak'8 (A) and
Ferro et al.'3 (B), for the BER. As described in the main text,n = E — E, is the potential
relative to a convenient reference, and f = F /(RT)' In the Ferro-de Battisti plots, a was
estimated by observing the unique, non-unitary which results in the most straight line, if
any. E, was estimated by observing the onset of linearity in E vs. log|i| plots. C shows the R2
values obtained from these plots to discern the highest linearity. Values for the three highest
[HBr] plots in panel B (dotted traces) are drawn on the right-side y-axis.

193



9 || Supporting Information

&

S
<
E

Figure A 9.5.12: Current densities of bromide oxidation at constant potential values as
function of HCl concentration (A), using data shown in Figure 5.1, top panel. B:
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Figure A 9.5.11: Semi-logarithmic plot of Figure 5.1, top panel.
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Figure A 9.5.13: Conway-Novak (A, C) and Ferro-de Battisti (B, D) test plots for the CER, as
in Figure A 9.5.10. A and B show data for the CER, C and D show data of the CER in presence
of 10 mM HBr.

195



9 || Supporting Information

140 [ T T T T i
——[HCI] =0 mM
120 [——HCI =2 mM i
——[HCI] =5 mM
S 400l ——HCI=10mM ]
S —— [HCI] = 20 mM
S
E 80 .
T
S 60 .
(@]
Rs}
2 R
O 40 B
Q
20 -
0L 4 1 1 1 1
1.450 1.475 1.500 1.525 1.550
E (V vs. RHE)

Figure A 9.5.14: OER Tafel slopes measured as function of HCI concentration, in presence
of 10 mM HBr (solid traces), and in bromide-free conditions (dotted traces). Data for
chloride concentrations higher than 20 mM had insufficient signal to noise ratio and were
omitted Green traces show data measured in absence of CI~ (solid) and in absence of both
Cl~ and Br~ (dashed).
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Figure A 9.5.15: Log-Log plots of CER (A) and OER (B) activities measured as function of
HCI concentration in 0.5 M HCIO,, in presence of 10 mM HBr (solid traces), and in bromide-
free conditions (dotted traces). Yellow, dashed trace shows data measured on IrOy in
absence of HBr, in a 0.5 M KHSO, electrolyte, where [Cl~] was increased by adding KCI.
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Figure A 9.5.16: Molar selectivities of the OER relative to the CER as function of chloride
concentration, in presence (dashed traces) and absence (solid traces) of 10 mM HBr.

9.5.2. Supplementary UV-Vis data
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Figure A 9.5.17: Evs. t program used during the UV-Vis experiments (A). Panel B shows full

data of Figure 5.4A.
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Figure A 9.5.18: Currents measured during UV-Vis experiments in a solution of 0.1 M HCIO,,
+ 0.1 M HCl with [HBr] ranging between o and 50 mM. The final 10 s of each potential step
are shown.
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Figure A 9.5.19: Full UV-Vis transmission data similar to Figure 5.4A. Here, [HBr] = 50 mM
(corresponding to the purple trace in Figure A 9.5.18).
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9.6. Supporting information for Chapter 6

9.6.1. Estimation of the diffusion limiting current of MnO, deposition

The diffusion limited current of MnO, deposition at 1500 RPM was determined by means of
the equation for the diffusion-limited current:

DMTL2+

iimo, = NFA Crn2+ Eq.A9.6.1
Mn2+

where n = 2 is the number of electrons transferred in the reaction, F is Faraday’s constant

(96485 C/mol), D2+ is the diffusion constant of Mn?* in water (7.12 - 1070 m2 s™1.), Cpjp2+

is the species concentration ([Mn?*] = 0.6 mol m~3), and §,,,,2+ is the diffusion layer thickness,

which is dependent on the rotation rate w (157.08 rad/s). The latter can be determined via the

Levich equation:

Symz+ = 1L61v/6 D)%, 971/2 Eq.A9.6.2

The value of v, the kinematic viscosity of the solution, can be estimated at 1.0 - 107° m? s~ for
dilute (€ < 1 M) aqueous salt solutions, yielding ik,nox ~ 140 pA.

9.6.2. Supplementary electrochemical data
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Figure A 9.6.1: Representative CVs of the trends seen during Ir0O, electroflocculation, using
a Ir0, colloid solution of pH ~ 1 with nominal [Ir] = 2 mM, containing approximately 0.4 M
ClO;, 0.3 M Na*, and 0.012 M Cl™. The bare GC was initially scanned ten times at 250 mV
s, during which gradual IrO, deposition can be observed in the form of increasing
CER/OER activity and appearance of IrO,-related pseudo-capacitance. Amperometry was
then performed for 300 s (see inset) at a potential targeted 10 mV more positive than the
potential of mixed OER + CER onset (1.255 V vs. Ag/AgCl).
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Figure A 9.6.2: Voltammetric characterization of the electroflocculated hydrous IrO,
catalyst (IrO,/GC), in 0.5 M KHSO,. Electrode is shown in the initial state (solid trace) and
after experiments involving mixed OER, CER and MnO, deposition (dotted trace). Grey
trace shows the blank GC support before IrO, electroflocculation. Scan rate: 50 mV s,
solution saturated with Ar.
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Figure A 9.6.3: Voltammetric characterization of the Pt ring used for chlorine detection, in
0.5 M KHSO,. Scan rate: 50 mV s, solution saturated with Ar.
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Figure A 9.6.4: Zoom of an Ir0O,/GC rotating disk electrode (top) in 0.5 M KHSO,, 30 mM
KClI (pH = 0.88), and 0.6 mM MnSO,, showing the electrode behavior (grey dashed trace)
compared to a Mn2*-free solution (black trace). The lower figure shows corresponding i
(Eg = 0.95 V). The slow onset of MnO, deposition is visible near 1.37 V, and is coupled to
the onset of superimposed reduction current on the ring, at a potential lower than the onset
of chlorine reduction. Rotation rate 1500 RPM, solution saturated with Ar, i, was corrected
for collection delay.
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Figure A 9.6.5: CVs of an Ir0, /GC rotating disk electrode (top) in 0.5 M KHSO,, 30 mM KCl
(pH = 0.89), and 0.6 mM MnSO,. The electrode was cycled multiple times between 1.1 V
and 1.55 V, two successive scans are shown (black and grey dashed thick traces). Strong
overlapping of the scans show reproducibility of MnO, deposition-dissolution behavior
during scans. Minor MnO, reduction current can be seen as a broad peak near 1.42 Vin the
backward scans. The thin black trace shows the Ir0,/GC electrode in a Mn2*-free solution.
The lower figure shows corresponding iz (E; = 0.95 V). Rotation rate 1500 RPM, solution
saturated with Ar, ip was corrected for collection delay.
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Figure A 9.6.6: (A) CVs of an IrO,/GC rotating disk electrode (top) in 0.5 M KHSO,, 30 mM
KClI (pH = 0.91), and 0.6 mM MnSO,. MnO, films were preconditioned for 300 s at 1.49 V
before initiating the forward scan at 1.49 V, with variable scan rate. Charges obtained during
preconditioning (and hence the corresponding Qo ) showed a maximum variance of
approximately 10%. The lower figure shows corresponding i, (E; = 0.95 V). Rotation rate
1500 RPM, solution saturated with Ar, ir was corrected for collection delay. (B) Scan rate
vs. peak reduction potentials of peak 1 and peak 2, in the MnO, films of panel A.

151 F 1 y e
o 151 B
T
[i4
@
>
P
w
149 B
Increasing
QMnOx
1.48 L L L
1 10 100 1000

iRing (uA)

Figure A 9.6.7: Full Tafel plots for CER on the disk electrode, constructed from ring currents.
No correction for N; was applied as in Figure 6.3 in the main text. Data were measured on
the Pt ring (E; = 0.95 V) in combination with an Ir0O,/GC rotating disk electrode in 0.5 M
KHSO,, 30 mM KCI (pH = 0.88), and 0.6 mM MnSO, (except for the Mn2+-free experiment).
MnO, films were preconditioned at various times at 1.48 V before initiating the forward scan
at 1.48 V. Plots are drawn in three color regimes, with increasing MnO, reductive charge
within each regime: 0 mC < Qupno, <2mC (red), : 2mC < Qupnp, <4 mC (blue) and
Qmno, > 4 mC (green). Disk scan rate: 10 mV s, rotation rate 1500 RPM, solution saturated
with Ar, ip was corrected for collection delay.
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Figure A 9.6.8: Representative deposition curve of MnO, in an acidic Cl0j; solution. Data
shown of amperometry of an IrO,/GC electrode at 1.45 V, in a solution containing 0.5 M
Na/HCIO, (pH = 0.85) and 0.6 mM Mn(ClO,).. Rotation rate 1500 RPM, solution saturated
with Ar. The curve shows behavior strongly reminiscent of a progressive nucleation and
growth mechanism. A non-adsorbing ClO; solution was used instead of HSOZ, as this
allowed observation of MnO, deposition at intermediate rates at lower potentials, without
the complication of superimposed OER.
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Figure A 9.6.9: Amperometry of an IrO,/GC electrode (top) at 1.21 V vs. Ag/AgCl, in 0.1 M
HCIO0, (pH = 0.85) and 0.6 mM Mn(ClO,)., representative of sample preparation for
structural studies. The lower figure shows corresponding i; (Ez = 0.71 V vs. Ag/AgCl). The
deposition cut-off point can be seen at t =73 s, where the electrode contact with the solution
was interrupted. At that point, CER rates (as determined from i) were approximately 50%
of their original value, and approaching the dramatic activity drop. Rotation rate 1500 RPM,
solution saturated with Ar.
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Figure A 9.6.10: Plot of disk currents (blue), ring currents (green), and ratio between iy’ and
ip (inset) measured at Ep, = 1.55 V as function of Quno,, the reductive charge measured for
the corresponding MnOy, film during the backward scan. Values determined in a 0.15 M
HCIO, + 0.35 M NaClO, solution (pH = 0.88).

A ~ T T T T T T T T T T T T T T T T T -

- Scan 3 e

| Scan 2 i

100 1A] [ Scan 1 e i

- ﬂq‘_“""‘-u-"/
1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1
1.0 1.1 1.2 1.3 14 1.5 1.6 1.7 1.8
B E (Vvs. RHE)
2 T T T T T T T T T T T . .
~ 8.0x107° F —41.65x10"%
lae} 1 o
N ~
€ 11.10x10"¥
= 6.0x10° | _ £
S Scan 1 Scan 2 Scan 3 G
< A oy P P ] -15.50x10 5
3 4.0 10-9 L B | UM N POTIN 1 %
g HX ’ ' 4000 ®
o ] \ ] \ ] \ ] A ] A ] ’ g
0 100 200 300 400 500 -
Time (s)

Figure A 9.6.11: OLEMS measurements of a Mn0,/GC electrode in 0.5 M KHSO,, 20 mM
KCl, and 1.2 mM MnSO, (pH = 0.84). A: CVs of the electrode after preconditioning for goo
s at 1.50 V, followed by three scans. Scan rate: 5 mV s*. C shows corresponding OLEMS
mass signals over time. Solution saturated with Ar.
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Figure A 9.6.12: CVs of an Ir0,/GC rotating disk electrode (top) in 0.5 M KHSO,, 3 mM KBr
(pH = 1.15), and 0.6 mM MnSO,. The lower figure shows corresponding i, (E = 0.90 V).
Fixing the ring potential at 0.90 V allowed measurement of BER rates via selective reduction
of Br, and Br3 back to Br~. A MnO, film was grown for 420 s at 1.45 V (see inset for current
profile) before initiating the forward scan (black trace) at 1.45 V. Scan rate 10 mV s, rotation
rate 1500 RPM.

Several MnOy-related shifts in behavior are visible, marked A, B and C. At the beginning of
the first scan at 1.45 V (A, black) a MnO, film is present, resulting in mainly OER-related
current on the disk (onset near 1.45 V) and almost no ring current related to bromine
reduction. In the backward scan, the MnO, film starts dissolving near 1.45 V (B, black),
coinciding with a rise in ring current as BER rates increase. Due to the backward scanning
potential, BER rates on the ring decrease quickly after their rise. Resuming the forward
direction after crossing the 1.10 V lower potential limit, the IrO,/GC electrode is MnO,-free,
which is apparent from a rise in current near 1.20 V (C, black), corresponding to onset of
BER. As the potential is scanned higher than 1.45 V, crossing into the second scan (A, blue),
the disk current is composed of bromine evolution and the onset of OER. The ring shows
significant bromine reduction current, approaching near diffusion limited BER rates on the
disk. There is also minor hysteresis in the ring current during scan reversal, currents
decrease over time due to transient MnO,, growth. In absence of an integral MnOy, film, the
remainder of the second scan (B and C, blue) shows simply the decrease in OER and BER.
Scan 3 (orange trace) overlapped strongly with scan 2.

A more elaborate study of the effect of MnO, on BER selectivity was not pursued, since it is
outside the scope of this thesis. The nature of bromine evolution is substantially different
from CER,'96 and a more detailed study would require a different experimental approach.
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Figure A 9.6.13: CVs of a Pt rotating disk electrode (top) in 0.5 M KHSO,, 100 mM KCI (pH
= 1.37), and 0.6 mM MnSO,. A MnOy film was preconditioned for 300 s at 1.45 V before
initiating the forward scan at 1.45 V (purple trace). Grey dashed trace shows Pt in Mn2+-free

conditions for comparison. The lower figure shows corresponding i (Eg = 0.95 V). Scan
rate: 10 mV s, Rotation rate 1500 RPM.

9.6.3. XRD data
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Figure A 9.6.14: XRD data of Ir0,/GC and MnO,/Ir0O,/GC samples. Data of highly crystalline
commercial rutile-Ru0, was added for comparison, using a small mass loading of similar
magnitude as the metal oxides on the GC disk samples (rutile-Ru0, has lattice parameters
almost identical to rutile-IrO,). The broad amorphous peaks near 20 =~ 30, 50 and 94 may
originate from the GC substrate.
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9.6.4. Supplementary microscopy data

Ir0,/GC. B: Ir0,/GC sample showing the ‘smooth’ IrO, layer with nanosized IrOy colloid
clusters on top, and bare GC (right). C: Structure of MnOy deposited on bare GC (no IrOy
present). D: MnOy deposited onto IrOy for extended deposition times (a ‘thick’ film). An IrOy
cluster is shown. Some IrO, nanoparticles are still visible, covered by a thin layer of MnOy
sheets as described previously. Larger MnO, formations with thicker sheets can also be seen,
often completely obscuring the IrO, underneath.
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Figure A 9.6.16: MnO,/Ir0, film used for EDS analysis.

Table A 9.6.1: EDS data from points in Figure A 9.6.16.

Point A Point B Point C

Element mass% Atom% mass% Atom% mass% Atom%

C 74.46 0.03 93.89 0.04 95.85 0.04
(0] 21.36 0.09 5.73 0.08 4.15 0.07
Mn 3.98 0.12 0.38 0.06 - -
Ir 0.2 0.08 - - - -
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Figure A 9.6.17: SAED pattern and corresponding linear diffractogram of a MnO,/IrO,/GC
sample (accelerating voltage of 120 kV). Predicted rutile-IrO, and (-MnO, (pyrolusite)
patterns shown as reference.
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Figure A 9.6.18: SAED pattern and corresponding linear diffractogram of a MnO, /Ir0,/GC
sample at higher accelerating voltage (200 kV). Predicted rutile- Ir0O, and B- MnO,
(pyrolusite) patterns shown as reference.
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9.6.5. Supplementary XPS data
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Figure A 9.6.19: Survey spectra of the of Mn and Ir MO, /GC single oxides (top and bottom)
and the mixed MnO,/IrO,/GC sample (middle).

5.80x10*
2.90x10*

0.00

6.60x10*
» 4

&-40x10
©2.20x10*
0.00

6.60x10* | -
4.40x10* | o, -
2.20x10* | -

0.00

536 534 532 530 528 526
BE (eV)

Figure A 9.6.20: Core-level XPS scans of the O 1s spectral peaks on an absolute intensity
scale. Scans were made of Mn and Ir MO, /GC single oxides (top and bottom) and the mixed
MnO,/Ir0,/GC sample (middle).

211



9 || Supporting Information

6.0x10°
4.0x10°
2.0x10°

0.0

cl 2p MnO,

o 6:0x10°
%4_0)(103 L MnO,/IrO,

2.0x10°
0.0F

5.40x10°

3.60x10°
1.80x10°
0.00

204 202 200 198 196 194
BE (eV)

Figure A 9.6.21: Core-level XPS scans of the CI 2p spectral peaks on an absolute intensity
scale. Scans were made of Mn and Ir MO, /GC single oxides (top and bottom) and the mixed
MnO,/IrO,/GC sample (middle). The IrO,/GC sample shows Cl contributions related to Ir-
Cl (binding energy 199.1 eV) and alkali-metal chloride (binding energy 198.0 €V).

Table A 9.6.2: Mn:Ir atom ratios in the XPS MnO,/Ir0,/GC sample, determined from XPS
and from charge integration from the corresponding amperometry during sample
preparation.

XPS Amperometry
Mn 43 2
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Figure A 9.6.22: Ir 4f core-level spectra without background correction, comparing Ir0O,/GC
and MnO,/Ir0,/GC samples. The ratio (peak height) : (difference of background intensity)
is ~0.16 and ~0.37 for Ir0,/GC and MnO, /IrO, /GC, respectively.
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9.7. Supporting information for Chapter 77

9.7.1. Supplementary voltammetry data
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Figure A 9.7.1: E vs. t programs used during the various experiments involving parallel
oxygen and chlorine evolution.
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Figure A 9.7.2: Voltammetric characterizations of SiO, /Pt and Pt electrodes, in 0.5 M

KHSO,, recorded at 50 mV s. Charge regions used for comparing hydrogen desorption and

PtO, reduction are illustrated in red and blue, respectively.
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SiO, /Pt (Sample 1)  SiO /Pt (Sample 2) Pt

Figure A 9.7.3: Comparison of Qy and Qpyo,, the charges corresponding to hydrogen
desorption and PtO, reduction, respectively. Green bars (values on right axis) show the
charge ratios. Data derived from highlighted areas in Figure A 9.7.2.
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Figure A 9.7.4: Linear RRDE scan on a SiO,/Pt/Ti/GC electrode (Sample 1), recorded at 10
mV s*in 0.5 M KHSO,. The ring potential was fixed at 0.4 V, so that 0, is detected.
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Figure A 9.7.5: Molar CER selectivities versus potential for two SiO,/Pt/Ti/GC electrodes
(dotted lines in A and B). Data is shown for three different chloride concentrations, and
compared with the bare Pt surface (solid lines). Data for the bare Pt surface were estimated
from OER data in absence of chloride.
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Figure A 9.7.6: Voltammetric characterization of Ir0,/GC samples, before and after the SiO,
coating.

216



Supporting information for Chapter 7

125 [0, -40.025
- - - - SiO,/IrO, (Sample 1) ]
1
1.00 b 0.000
1 —
— , %
N ! [a]
! 4-0.025 «
€ 075 E
< <
15. 0.50 --0.050 %
0.25 -4-0.075
0.00 ’ -4-0.100

1.36 1.38 1.40 1.42 1.44 1.46 1.48 150 1.52
E (V vs. RHE)

Figure A 9.7.7: Collection experiment of O, on an IrO,/GC and an SiO,/IrO,/GC samples, as
in Figure A 9.7.4.
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Figure A 9.7.8: Voltammetric characterization of Ti-based anodes, before and after the SiOy
coating.
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Figure A 9.7.9: Molar selectivity towards the CER as function of chloride concentration for
an IrTa/Ti sample, similar to Figure 7.8 in the main text.
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Figure A 9.7.10: Molar selectivity towards the CER as function of chloride concentration for
an IrPt/Ti sample, similar to Figure 7.8 in the main text.
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9.7.2. Kinetic OER and CER data

Fe—E=155V (PY)

- e -E=165V (Pt)

e E=1.85V (Pt)
100 F e 1 |-=—E =155V (SiO/Pt, Sample 1)
o . - - -E = 1.65V (SiO,/Pt, Sample 1)
e E = 1.85 V (SiO/Pt, Sample 1)

______________ —e— E = 1.55V (SiO,/Pt, Sample 2)
1 | * -E=1.65V(SiO/Pt, Sample 2)

E =1.85V (SiO,/Pt, Sample 2)
-------- Unit slope

jcer (MA cm?)
)

[CIT (M)

Figure A 9.7.11: Log-log plot of derived CER current densities on various Pt samples, as
function of chloride concentration. Data is displayed for three different potentials. Red
dotted line shows a reaction order of one (unit slope).
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Figure A 9.7.12: Derived Tafel slopes of CER and OER current densities versus potential, on
an Ir0,/GC sample and an SiO,/Ir0,/GC sample (A and B respectively). Values are shown
for KClI concentrations ranging between 0 — 200 mM.
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Figure A 9.7.13: Log-log plot of derived OER current densities on an IrO,/GC sample and a
Si0,/Ir0,/GC sample (A and B respectively). Data is displayed for a series of different
potentials.
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Figure A 9.7.14: CER chloride reaction orders (slopes of log-log plot) versus concentration,
derived from an IrO,/GC sample and a SiO,/Ir0,/GC sample (A and B respectively). Data is
displayed for a series of different potentials.
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9.7.3. Supplementary SEM/EDS data

Figure A 9.7.15: SEM micrographs of a SiO,/Pt/Ti/GC electrode surface (including some
minor surface impurities in A).
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Figure A 9.7.16: EDS spectrum of a SiO,/IrO,/GC electrode surface, showing the peaks of
commonly detected elements.
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Figure A 9.7.17: Additional EDS elemental maps of O and C, corresponding to the

micrograph in Figure 7.5 in the main text. The C signal is present in large amounts and
originates from the bulk GC electrode.

300

Y 4 ')\’: ﬂ‘g
Figure A 9.7.18: Additional SEM electron images of an IrO, /GC surface, after
electrochemical experiments (no SiO, overlayer present). A: Local edge of the ‘smooth’ IrO,
layer in light grey color, bottom left. The dark-colored bare GC substrate is visible in the top
right. B: Close-up of an IrO, nanoparticle cluster.
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Figure A 9.7.19: Additional SEM electron images of a SiO, /IrO, /GC electrode, after
electrochemical experiments.

500 nm

Figure A 9.7.20: SEM/EDS line scan analysis of a SiO, / IrO, /GC surface, after
electrochemical experiments. Yellow arrows show scan trajectory with corresponding
relative counts of Si (cyan) and Ir (purple). Along the scan, one can observe an
inhomogeneous Ir distribution (purple) with an even distribution of Si (cyan) on top.
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Figure A 9.7.21: Micrograph and EDS elemental mapping of an IrO, cluster on a
Si04/Ir0,/GC electrode, after electrochemical experiments.
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Figure A 9.7.22: Micrograph and EDS elemental mapping of a defect in the SiO, overlayer
on a Si0,/Ir0,/GC electrode, after electrochemical experiments.
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Figure A 9.7.23: SEM/EDS line scan analysis of a Si0,/Ir0O,/GC surface, similar to Figure A
9.7.20. Relative amounts of Si and Ir are show in cyan and purple, respectively. In line scan
A, alocation is investigated where the combined SiO,/IrO, film was damaged. Material has
accumulated around the upper area of the scan trajectory, exposing the bare GC underneath.
In B, only the SiO, overlayer was damaged, as suggested by the even Ir distribution.
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Figure A 9.7.24: Additional EDS elemental maps of Ti, C and O of the micrograph in Figure
7.7 in the main text.

9.8. Supporting information for Chapter 8

9.8.1. Supplementary data and figures
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Figure A 9.8.1: Data points from three consecutive scans (red/blue/yellow) omitted from
the ring current (black lines) and CER analysis in Figure 8.3.
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Figure A 9.8.2: RRDE gas evolution experiments under identical conditions as those in
Figure 8.3A, but using a potential window extended to 1.70 V vs. RHE.

i Avg.
Jcer'

N w » (¢, (o2} ~
T

jCER’ (mA Cm-zDisk)

1.3 1.4 1.5 1.6 1.7
E (V vs. RHE)

Figure A 9.8.3: Averaged, current spike-corrected forward and backward ring currents from
Figure A 9.8.2, representing the CER rates during scanning, such as in the top panel of
Figure 8.3.
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Figure A 9.8.4: Collection experiments on a Pt-Pt RRDE, comparing the collection of
gaseous Cl, and dissolved [Fe(CN)4]~* with a Ti wire mounted close to the tip surface. A:
Averaged data from five repeated scans in 1 M HCI, such that vigorous Cl, evolution occurs
on the Pt disk. The Pt ring at 0.95 V was used to detect Cl,. Top panel shows disk (black
trace) and ring current densities (red trace). Bottom panel shows the associated collection
efficiency Ng,,. Scan rate: 10 mV s, rotation rate 1500 RPM. B: Experiments involving the
collection of [Fe(CN)4]™*. After completion of the CER experiments in A and thoroughly
purging the solution to remove all traces of Cl,, the exact same setup was made alkaline by
(carefully) adding the equivalent of 1.1 M KOH. This prevented potentially dangerous
situations from exposing K;[Fe(CN)¢] to strong acid, and served to suppress the HER on Pt
while measuring the redox couple. Then, 10 mM K;[Fe(CN)4] was added to the + 1 M KCI +
0.1 M KOH solution. This way, the effect of the Ti wire in a specific position could be
compared for two different reactions. In the top panel of B, solid trace shows data recorded
with the wire positioned in the same way as during experiments in A. Dashed trace shows
results after moving the wire slightly further away (several 100 um) from the tip surface.
Dotted trace shows data with the wire removed. Red traces in the upper panel show the
corresponding ring current density, black traces in the lower panel show N. Scan rate: 10
mV s, rotation rate 1500 RPM.
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Figure A 9.8.5: Open-circuit potential (Ey.) of a Pt disk in a 10 mM NaH,P0O, + 10 mM
Na,HPO, solution during p-DA deposition, at a rotation rate of 300 RPM. An amount of 2
¢/L DA was added to the phosphate buffer around t = 5 min. Solution exposed to air.
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Figure A 9.8.6: Pt disk electropolishing after p-DA deposition on the RRDE tip at 1500 RPM,
in a solution of 0.1 M HCIO,. Scan rate: 500 mV s.
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Summary and Outlook

Summary

The work presented in this thesis concerns the electrochemical, anodic evolution of oxygen
gas and chlorine gas in an aqueous environment. These two reactions can occur
simultaneously in a chloride-containing electrolyte, and they play central roles in several
electrochemical processes that are very energy intensive. Their kinetics, and the selectivity
between them are therefore of central importance. Only one of the two reactions is usually
desired, such as the Chlorine Evolution Reaction (CER) in the chlor-alkali process. On the
other hand, only the Oxygen Evolution Reaction (OER) is wanted at the anode during water
electrolysis for renewable energy conversion, where ideally seawater is used as a substrate. In
either case, any occurrence of the other reaction strongly undermines the feasibility of the
overall process. ‘Separating’ the two reactions is an imposing task, because their activities are
highly correlated; most catalysts capable of the OER will also oxidize chloride if it is present
in the electrolyte. Especially the development of highly desired OER-selective anodes is
difficult, because the simpler nature of the CER reaction mechanism implies that it has a
kinetic advantage over the OER. This thesis is therefore dedicated to how the OER and CER
compete and interact on a very fundamental level, a subject of which surprisingly little
research exists, especially regarding dilute chloride solutions.

As selectivity underlines most of this work, in Chapter 2 we first explored a new method for
determining chlorine vs. oxygen selectivity using a rotating ring-disk electrode assembly,
which is a widespread tool within the electrochemistry research field. A Pt ring fixed at 0.95 V
vs. RHE in a solution of pH 0.88 was used to selectively reduce the Cl, formed on the disk.
Contrary to most established methods for measuring chlorine evolved, this method has short
response times and can be used within almost any potential vs. time program. It is accurate
enough to deduce fundamental kinetic parameters of the CER proceeding alongside the OER,
although it is limited to acidic solutions (pH =~ 1) and moderate current densities. As proof of
concept, we used it to show that on a glassy carbon-supported (GC) IrO, catalyst, the
selectivity towards chlorine evolution rapidly approached 100% as the chloride concentration
[CI7] increased from 0 to 100 mM. Our results furthermore suggest that on IrOy, the OER is
not suppressed or influenced by the presence of CI~ or by the CER taking place simultaneously
on the surface.

In Chapter 3, we looked deeper into the apparent fundamental link between the OER and CER,
by studying the reactions on a series of closely-related iridium-based double perovskites. As
has been implied by previous research, we found a strong linear correlation between OER and
CER activity on these materials, providing further evidence for the scaling relationship that
exists between the OER and CER. We furthermore performed online inductively coupled
plasma mass spectrometry (ICP-MS) measurements on these materials, as material stability
is also an important issue in the context of OER electrocatalysis. We found indications that
catalyst dissolution pathways are very different between the OER and CER. In particular,
chloride selectively enhanced the dissolution of the noble metal component. A chloride
reaction order analysis was carried out to look at the effect of surface area changes due to
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adventitious leaching, and the observed suppressing effect of chloride on the OER. The
analysis suggested that the CER mechanism on the double perovskites was notably different
from that on IrO, and semi-crystalline IrO,, which were used as reference materials.

Moving on from the study of selectivity and scaling between the OER and CER, we dedicated
Chapters 4 and 5 to a deeper investigation of the reaction mechanism of the CER on Pt and
IrO, surfaces. We looked specifically into the effect of bromide, which is a small but important
component of seawater, and how the oxidation mechanisms of Br~ and Cl~ may affect each
other and the OER. In Chapter 4 the focus was on the parallel Bromine Evolution Reaction
(BER) and the CER, using Pt as an electrochemical model system. We found that that the
oxidation of bromide is hindered by competing chloride adsorption on Pt, in a way that can be
quite satisfactorily modelled by a simple Langmuir isotherm describing the competing
adsorption and reactivity of all species. The oxidation of chloride was however not properly
captured by this same model, and may follow a substantially different mechanism.
Furthermore, from voltammetry, in-situ UV-Vis experiments and considerations of solution
chemistry and oxidation products that may be expected in a mixed acidic bromide/chloride
electrolyte, we found that Pt seems to catalyze the formation of the interhalogen compound
BrCl in-between the oxidation of bromide and chloride. Chapter 5 extends the approach
introduced in Chapter 4 to GC-supported IrOy, this time focussing on how the OER is affected
by the presence of chloride and bromide, keeping in mind that Ir-based electrocatalysts are
more applicable to seawater electrolyzers than Pt. Chloride and bromide also adsorb
competitively on IrOy, but contrary to Pt, we found no evidence of interhalogen BrCl formation.
We also found that even a relatively small amount of bromide strongly slows down both the
CER and OER, where especially the OER and its selectivity is highly affected. This knowledge
can lead to a deeper understanding of the challenges to be faced when developing an OER-
selective anode for seawater electrolysis.

In Chapters 6 and 7, we look more deeply into OER-selective anodes, so that electrolysis of
readily available seawater may be achieved without the formation of (mainly) chlorine as toxic
by-product. In Chapter 6, we first investigated the OER vs. CER selectivity of anodes based on
manganese oxide (MnO,), one of the few types of materials with unusually high OER selectivity.
To model this class of catalysts, thin films (~5-20 nm) of MnO,, were electrodeposited on GC-
supported IrOy in aqueous chloride solutions of pH ~ 0.9. Using rotating ring-disk electrode
voltammetry and online electrochemical mass spectrometry, it was found that deposition of
MnO, onto IrOy decreases the CER selectivity of the system in presence of 30 mM Cl~ from 86%
to less than 7%, verifying the high OER-selectivity of MnO,-based catalysts. Interestingly,
detailed studies of the CER mechanism and ex-situ structure studies using SEM, TEM and
XPS suggest that the MnO, film is in fact not a catalytically active phase, but functions as a
permeable overlayer that disfavors the transport of chloride ions. This approach to enhancing
the OER selectivity by selectively preventing chloride from reacting at the anode is explored
further in Chapter 7, where we investigated the effect of thin (10-20 nm) overlayer films
composed of amorphous silicon oxide (SiO,), which is an electrochemically inert material
resistant to acid. The SiO, was spin-coated onto Pt and GC-supported IrO,, as well as on two
types of Ti-based anodes using Ir, the latter of which were identical to Ir-based anodes used
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on an industrial scale. From the SiO, /Pt electrode, which served as a proof of concept, it was
clear that the silicon-based overlayer can be a very effective barrier against the CER on flat,
relatively well-defined surfaces, while still allowing OER activity to occur on the buried
platinum at higher potentials. Experiments on SiO,/IrO, /GC electrodes, which are more
closely related to Ir-based catalysts used in electrolyzers, yielded mixed results. CER activity
was again impacted, but so was the OER. More importantly, the CER was not completely
suppressed regardless of the thickness of the SiO, overlayer. SEM/EDS measurements and
kinetic analysis suggested that the still significant CER-activity originated from defects in the
film. It is likely that the spin-coating procedure used to produce the SiOy films is not very
compatible with rough surfaces when very thin (<20 nm) films are applied. On the other hand,
the Ti-based Ir anodes, to which significantly thicker SiO, films were applied, showed much
better CER suppression, with a CER selectivity of roughly 16% in 30 mM KCl. This value is the
same order of magnitude as the thickest Mn0O,/IrO,/GC electrodes measured in Chapter 6. The
extra thick SiOy overlayer was applied because the MMOs have micrometer-scale roughness.
Besides good OER selectivity, this layer also resulted in rather low electrocatalytic activity.
Although these initial results leave room for improvement, it is clear that the concept of buried
interfaces may be a promising approach to reach OER-selective water splitting in saltwater
electrolyzers. There are still abundant parameters that can be optimized regarding the SiO,
overlayer.

In Chapter 8, we explored methods of reducing ring-disk collection errors during RRDE
voltammetry. These errors are caused by formation of gas bubbles during vigorous evolution
of gas on the disk electrode, and were pervasive throughout the experiments performed in this
thesis. We tried to improve the reliability of the RRDE collection factor by mounting a thin
wire close to the surface, to dislodge bubbles that formed specifically on the interface between
the disk and the disk-ring spacer. This approach was tested for the detection of chlorine during
parallel chlorine and oxygen evolution, and resulted in a notable alteration of the collection
efficiency. Its value became lower than theoretical expectations and also quite stable, even
under higher current densities. Additionally, the RRDE tip was coated in a hydrophilic
polymer, to reduce the tendency of bubble formation. This was tested for the collection of
hydrogen and oxygen gas, and led to a mild increase in overall performance. The coating
allowed for approximately 50% higher hydrogen evolution current density without ring failure,
and for oxygen collection led to an overall improvement in behavior.

Outlook

From this thesis, several perspectives arise on the chlorine vs. oxygen selectivity problem.
Primarily, the strong scaling between OER and CER activity would prohibit optimizing the
selectivity purely on the basis of kinetic considerations. Apart from specific adsorption effects
by chloride ions, the OER and CER seem not very strongly affected by each other, so that their
selectivity can be seen as a steady ratio between their intrinsic activities. The CER then
kinetically always has the upper hand, while the OER activity is small but non-zero. To
improve the selectivity towards a single reaction, this work suggests that chloride mass
transport is the most important factor, once effects from specific chloride adsorption are
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accounted for. The CER selectivity has been optimized this way with great success in the chlor-
alkali industry over the last few decades, by using highly concentrated chloride solutions.
Enhancing instead the OER selectivity is certainly more challenging, and also highly desirable
as it could enable chlorine-free water splitting in saltwater electrolyzers. The most effective
way of achieving this would be to negatively affect chloride diffusion to the surface, compared
to that of water. The concept of ‘buried interfaces’ relating to Chapters 6 and 7 is therefore very
promising. Possibly, every highly OER-selective anode previously reported is reliant on this
principle. It allows for versatility in the design of electrolyzers, since it effectively decouples
the selectivity issue from the OER activity issue. When using buried interfaces to enforce
selectivity, there would be no need to find wholly different catalysts for freshwater and
saltwater splitting. The overlayer may also increase the mechanical stability of the catalyst,
which is an attractive prospect for water electrolysis, where catalyst durability is a major issue.
An extra advantage of the permselective overlayer is that it will likely also prevent the
adsorption and oxidation of bromide, which may pose a serious problem (see Chapter 5).

Tailoring effective overlayers against the CER is as of yet unchartered territory, with huge
potential but with many hurdles and uncertainties to be overcome as well. The material to be
used, besides being permselective against chloride, should be chemically and
electrochemically inert, and resistant to the harsh conditions of OER electrocatalysis. Judging
from Pourbaix diagrams and previous literature, possible candidates in neutral and acidic
media at high potentials could be oxides, such as those of Ti, Si, Ce, Sn, W, Mo, or Sb.
Alternatively, surface modification with polymers or thin membrane-based approaches could
be promising. The layer should be just thick enough to completely block chloride transport
over extended times, while also as thin as possible to minimize the impact on the transport of
OER-related species to the buried catalyst. Getting the material in position, homogeneously
distributed across all active catalytic sites, is one of the main challenges. Ideally,
electrodeposition or a deposition method indirectly dependent on current (such as
electroflocculation) should be used, as this leads to the most active catalyst sites being
specifically targeted. As shown in Chapter 6, another approach could be to have the overlayer
precursor present in the bulk solution in dilute quantities, leading to a dynamic
deposition/dissolution equilibrium and a guarantee of the overlayer integrity over extended
operating times. The bulk precursor concentration, which would determine the driving force
for deposition and the equilibrium thickness of the deposited overlayer, should however be
chosen carefully to prevent layers of excessive thickness to form and interfere with the
electrolysis process.

Although the work presented in this thesis is highly fundamental, it will hopefully offer some
guidelines when searching for practical solutions to more efficient separation of the evolution
of chlorine and oxygen, especially so for saltwater electrolysis. The notion that mass transport
of chloride is the most important (and perhaps only) factor affecting CER selectivity could
steer saltwater electrolysis in new research directions. A breakthrough there may give the
general research field of hydrogen as energy carrier a welcome push of attention. It may
galvanize public and corporate interest into making an energy infrastructure based on
electrolysis and fuel cells a reality.

254



Samenvatting en Toekomstperspectieven

Samenvatting

Het werk in dit proefschrift omvat de elektrochemische vorming van zuurstofgas en chloorgas
in een waterige omgeving. Deze twee kunnen gelijktijdig optreden in een chloride-bevattende
elektrolyt, en spelen een centrale rol in een aantal zeer energie-intensieve elektrochemische
processen. Inzicht in de kinetiek en selectiviteit van de twee processen is daarom van groot
belang. Doorgaans is slechts één reactie gewenst, zoals de chloorevolutiereactie (CER) in het
chlooralkali proces. Daarentegen is alleen de zuurstofevolutiereactie (OER) gewenst bij de
anode tijdens waterelektrolyse voor conversie van hernieuwbare energie, waar men idealiter
zeewater als substraat gebruikt. In beide situaties vormt elk optreden van de andere reactie
een ernstige ondergraving van de uitvoerbaarheid van het totale proces. Het 'scheiden' van de
twee reacties is een lastige opgave, omdat ze doorgaans simultaan optreden; de meeste
katalysatoren die in staat zijn de OER te katalyseren zullen ook chloride oxideren als het in de
elektrolyt aanwezig is. Het CER-reactiemechanisme heeft voorts een eenvoudiger karakter dan
dat van de OER, wat impliceert dat de vorming van zuurstof een intrinsiek kinetisch nadeel
heeft ten opzichte van chloorevolutie. Hierdoor is vooral de ontwikkeling van OER-selectieve
anodes, die zeewaterelektrolyse zonder chloorvorming mogelijk zouden kunnen maken, een
grote uitdaging. Dit proefschrift is derhalve gewijd aan hoe de OER en CER op een zeer
fundamenteel niveau concurreren. Naar dit onderwerp is verrassend weinig onderzoek gedaan,
in het bijzonder naar hoe de reacties zich gedragen in verdunde chlorideoplossingen.

Omdat selectiviteit in het grootste deel van dit werk de hoofdrol speelt, hebben we in hoofdstuk
2 eerst een nieuwe methode bestudeerd voor het bepalen van chloor versus
zuurstofselectiviteit. Dit bleek mogelijk met behulp van een roterende ring-schijf elektrode,
een veelgebruikt systeem binnen de elektrochemie. Een Pt ring ingesteld op 0,95 V versus
RHE in een oplossing van pH 0,88 werd gebruikt om de Cl, gevormd op de schijf selectief te
reduceren. Deze methode heeft veel kortere reactietijden dan andere gangbare methoden voor
chloordetectie, en kan gebruikt worden in vrijwel elk schema van potentiaal versus tijd. De
methode is nauwkeurig genoeg om fundamentele kinetische parameters af te leiden van de
CER, terwijl deze tegelijktijdig met de OER optreed. De methode is wel beperkt tot zure
oplossingen (pH =~ 1) en gematigde stroomdichtheden. Ter demonstratie hebben we ermee
aangetoond dat amorf IrO, op glasachtig koolstof (GC) hoge selectiviteit jegens chloorevolutie
vertoont, waarbij de waarde snel de 100% naderde naarmate de chlorideconcentratie [Cl~]
toenam van 0 tot 100 mM. Onze resultaten suggereren ook dat de OER op IrOy niet onderdrukt
of beinvloed wordt door de aanwezigheid van Cl~, of door de CER die gelijktijdig op het
oppervlak plaatsvindt.

In hoofdstuk 3 zijn we dieper ingegaan op het fundamentele verband tussen de OER en CER,
door de reacties op een reeks nauw verwante iridium-gebaseerde dubbele perovskieten te
bestuderen. Overeenkomstig met eerder onderzoek vonden we een sterke lineaire correlatie
tussen OER- en CER-activiteit, een duidelijk teken van het bestaan van een schalingsrelatie
tussen de reacties. Aangezien materiaalstabiliteit over langere termijn een belangrijk thema is
binnen OER-elektrokatalyse, hebben we in dit onderzoek ook inductief gekoppelde
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plasmamassaspectrometrie (ICP-MS) uitgevoerd. Deze metingen suggereerden grote
verschillen in de manier waarop katalysatoren ontbinden tijdens de OER, vergeleken met de
CER. Tijdens de CER versnelde chloride selectief de dissolutie van het nobelere Ir uit de
katalysatoren. We analyseerden ook de reactieorde voor chloride met betrekking tot
veranderingen in de katalytische activiteit. De analyse toonde dat de dubbele perovskieten een
aanzienlijk ander CER-mechanisme hadden dan IrOy en semi-kristallijne IrO, , twee
materialen die ter vergelijking werden gebruikt.

Na het bestuderen van selectiviteit en schaling tussen de OER en CER hebben we in
hoofdstukken 4 en 5 in detail gekeken naar het reactiemechanisme van de CER op
oppervlakken van Pt en IrO,. Hierbij was speciale aandacht voor het effect van bromide, een
kleine maar belangrijke component van zeewater, en hoe de oxidatiemechanismen van Br~ en
Cl~ elkaar en de OER kunnen beinvloeden. In hoofdstuk 4 hebben we ons gericht op de
broomevolutiereactie (BER) in parallel met de CER, waarbij Pt diende als elektrokatalysator.
Het bleek dat de oxidatie van bromide op Pt wordt gehinderd door de competitieve adsorptie
van chloride, en dat het proces adequaat kan worden gemodelleerd met een eenvoudige
Langmuir isotherm die de competitieve adsorptie en reactiviteit van alle halogenen beschrijft.
Hetzelfde model kon de oxidatie van chloride echter niet correct beschrijven. Voorts vonden
we dat Pt de vorming van de interhalogeenverbinding BrCl katalyseert. Dit bleek uit
voltammetrie, experimenten met in-situ UV-Vis, en een beschouwing van oxidatieproducten
die men verwacht in een gemengde zure bromide/chloride elektrolyt. In hoofdstuk 5 werd de
methodologie uit hoofdstuk 4 toegepast op IrO, op GC, waarbij de nadruk lag op hoe de OER
wordt beinvloed door de aanwezigheid van zowel chloride als bromide. De IrO, katalysator
heeft meer te maken met daadwerkelijke zeewaterelectrolyzers dan Pt. We zagen dat chloride
en bromide ook competitief adsorberen op IrO,, maar in tegenstelling tot bij Pt vonden we
geen bewijs van de vorming van interhalogeen BrCl. Het bleek dat zowel de CER als de OER
sterk vertraagd werden door bromide, zelfs bij een relatief kleine hoeveelheid. Vooral de
selectiviteit jegens de OER sterk werd verminderd. Dit inzicht kan leiden tot een dieper begrip
van de uitdagingen die moeten worden aangegaan bij het ontwikkelen van een OER-selectieve
anode voor zeewaterelektrolyse.

In hoofdstukken 6 en 7 zijn we dieper ingegaan op OER-selectieve anodes, waarmee het
mogelijk zou zijn om zeewater te elektrolyseren zonder de vorming van (voornamelijk) chloor
als giftig bijproduct. In hoofdstuk 6 hebben we eerst de OER versus CER-selectiviteit
onderzocht van anoden op basis van mangaanoxide (MnO,), welke ongewoon hoge OER-
selectiviteit hebben. Om deze soort katalysatoren te benaderen werden dunne films (~ 5-20
nm) van MnO, depositioneerd op IrOy, in waterige chloride-oplossingen met pH ~ 0,9. Met
behulp van een roterende ring-schijf elektrode en elektrochemische massaspectrometrie
vonden we dat de depositie van MnOy op IrO, een sterk, selectief effect heeft op chloorevolutie:
in aanwezigheid van 30 mM Cl~ verschoof de CER-selectiviteit van het systeem van 86% tot
minder dan 7%. Dit resultaat bekrachtigt eerdere studies van de hoge OER-selectiviteit van
katalysatoren op basis van MnO,. We deden ook gedetailleerde studies naar het CER-
mechanisme, en ex-situ structuurstudies met behulp van SEM, TEM en XPS. Resultaten van
deze experimenten suggereerden dat de MnO, laag in feite niet katalytisch actief is, maar dat
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deze functioneert als een permeabele afdeklaag die het transport van chloride-ionen
verhindert. Deze benadering om de OER-selectiviteit te verbeteren is verder onderzocht in
hoofdstuk 7, waar we deklagen onderzochten van amorf siliciumoxide ( SiOy ), een
elektrochemisch inert materiaal dat bestand is tegen zuur. Dunne (5-20 nm) lagen van SiO,
werden door spincoating aangebracht op Pt en Ir0O,, evenals op twee soorten Ti-ondersteunde
Ir anodes. Laatstgenoemde soort anodes was identiek aan op Ir gebaseerde anodes die op
industriéle schaal worden gebruikt. Uit experimenten op SiO,/Pt elektroden, die dienden als
modelsysteem, kwam naar voren dat de deklaag op basis van siliciumoxide een zeer effectieve
barriere kan zijn tegen de CER op platte, relatief goed gedefinieerde oppervlakken, terwijl bij
hogere potentialen toch nog OER-activiteit kan optreden op het bedolven platina.
Experimenten met SiO,/Ir0O,/GC elektroden, die nauwer verwant zijn met op Ir gebaseerde
katalysatoren die in electrolyzers worden gebruikt, leverden gemengde resultaten op. De CER-
activiteit werd opnieuw verminderd, maar die van de OER ook. Bovenal werd de CER niet
volledig onderdrukt, ongeacht de dikte van de SiO, deklaag. SEM/EDS-metingen en
kinetische analyse suggereerden dat de resterende CER-activiteit voortkwam uit defecten in
de film. Het is waarschijnlijk dat de spincoatingprocedure die werd gebruikt om de SiO,-films
te vormen niet erg compatibel is met ruwe oppervlakken wanneer zeer dunne (<20 nm) films
worden aangebracht. Anderzijds vertoonden de op Ti gebaseerde Ir-anodes, waarop
aanzienlijk dikkere SiO, films werden aangebracht, een veel betere onderdrukking van de CER,
met een CER-selectiviteit van ongeveer 16% in 30 mM KCl. Deze waarde heeft dezelfde
ordegrootte als de dikste MnO,/IrO,/GC-elektroden gemeten in Hoofdstuk 6. De extra dikke
SiOy deklaag werd toegepast omdat de Ti-gebaseerde anoden ruwheid op micrometerschaal
hebben. Naast een goede OER-selectiviteit resulteerde dit ook in een lage elektrokatalytische
activiteit. Hoewel deze eerste resultaten voor verbetering vatbaar zijn, is het duidelijk dat het
concept van deklagen veelbelovend kan zijn om de OER-selectiviteit in zoutwaterelectrolyzers
te maximaliseren. Er resteren nog vele variabelen die geoptimaliseerd kunnen worden met
betrekking tot de SiO, modificatie.

In Hoofdstuk 8 hebben we methoden onderzocht voor het verminderen van collectiefouten
tijdens roterende ring-schijf voltammetrie. Deze fouten worden doorgaans veroorzaakt door
de vorming van gasbellen tijdens de intense ontwikkeling van gas op de schijfelektrode, en de
kans op deze fouten was alomtegenwoordig gedurende de experimenten die in dit proefschrift
zijn uitgevoerd. We probeerden eerst de betrouwbaarheid van de collectie factor te verbeteren
door een dunne draad dicht bij het oppervlak te monteren, om bellen te verwijderen die zich
specifiek vormden op de spacer tussen de schijf en de ring. Deze benadering werd getest voor
de detectie van chloor tijdens de parallelle chloor- en zuurstofevolutie en resulteerde in een
opmerkelijke verandering van de collectie factor: de waarde ervan werd lager dan de
theoretische verwachtingen, en bleef zelfs bij hoge stroomdichtheden redelijk stabiel. We
hebben de elektrodetip ook gecoat in een hydrofiel polymeer om te proberen de neiging tot
bellenvorming te verminderen. Dit werd getest tijdens de vorming van waterstof- en
zuurstofgas, en leidde tot een milde verbetering van de algehele prestaties. De coating liet een
ongeveer 50% hogere stroomdichtheid van waterstofevolutie toe zonder verstoring van het
ringsignaal, en leidde voor het collecteren van zuurstof tot een algemene verbetering van de
resultaten.
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|| Samenvatting en Toekomstperspectieven

Toekomstperspectieven

Uit dit proefschrift komen diverse perspectieven naar voren op het selectiviteitsprobleem
tussen chloor en zuurstof. Ten eerste zou de sterke schalingsrelatie tussen OER- en CER-
activiteit het optimaliseren van de selectiviteit puur op basis van kinetische overwegingen
verbieden. Afgezien van effecten veroorzaakt door specifieke adsorptie van chloride-ionen,
lijken de OER en CER niet erg sterk door elkaar te worden beinvloed, zodat hun selectiviteit
kan worden gezien als een constante verhouding tussen hun intrinsieke activiteiten. De CER
heeft dan kinetisch altijd een voordeel, maar gaat gekoppeld met een OER-activiteit die klein
is maar niet nul. Dit werk suggereert dat massatransport van chloride de belangrijkste factor
is om de selectiviteit voor één enkele reactie te verbeteren, nadat de effecten van specifieke
adsorptie door chloride in aanmerking zijn genomen. Deze benadering is in de afgelopen
decennia met groot succes toegepast in de chlooralkali industrie, door het gebruik van sterk
geconcentreerde chloride-oplossingen. Het verbeteren van de OER-selectiviteit is daarentegen
nog steeds een uitdaging, en tevens noodzakelijk om chloorvrije watersplitsing in
zoutwaterelectrolyzers mogelijk te maken. De beste manier om selectieve zuurstofevolutie te
bereiken zou zijn om omstandigheden af te dwingen waar chloridediffusie naar het oppervlak
negatief wordt beinvloed in vergelijking met die van water. Het concept van deklagen in
hoofdstukken 6 en 7 is daarvoor een veelbelovende benadering. Mogelijk is elke eerder
gerapporteerde OER-selectieve anode athankelijk van dit principe. Het bevordert flexibiliteit
in het ontwerp van electrolyzers, omdat het effectief gezien het selectiviteitsprobleem
loskoppelt van het probleem aangaande de vaak lage OER-activiteit. Bij het gebruik van
deklagen om selectiviteit af te dwingen is het in principe niet nodig om geheel nieuwe
katalysatoren te vinden voor het splitsen van zoet en zout water. De deklaag kan ook de
mechanische stabiliteit van de katalysator verhogen, een aantrekkelijk vooruitzicht voor
waterelektrolyse, waar de bestendigheid van de katalysator over langere duur een groot
probleem is. Een extra voordeel van de permselectieve deklaag is dat deze waarschijnlijk ook
de adsorptie en oxidatie van bromide zal voorkomen, welke tevens een ernstig probleem kan
vormen (zie hoofdstuk 5).

Het ontwikkelen van effectieve deklagen jegens de CER is vooralsnog onbekend terrein, met
een enorm potentieel, maar ook vele horden en onzekerheden die overwonnen moeten worden.
Behalve permselectief tegen chloride moet het te gebruiken materiaal chemisch en
elektrochemisch inert zijn, en bestand zijn tegen de corrosieve omstandigheden van OER-
elektrokatalyse. Pourbaix-diagrammen en eerdere literatuur in ogenschouw nemend kunnen
diverse oxiden mogelijke kandidaten in zijn neutrale en zure media onder hoge potentialen,
zoals die van Ti, Si, Ce, Sn, W, Mo of Sb. Een veelbelovend alternatief kan
oppervlaktemodificatie met polymeren zijn, of methodes op basis van dunne membranen. De
deklaag moet net dik genoeg zijn om het chloridetransport over langere tijd volledig te
blokkeren, maar ook zo dun mogelijk om de negatieve invloed op het transport van OER-
gerelateerde deeltjes naar de bedolven katalysator te minimaliseren. Eén van de belangrijkste
uitdagingen zal zijn om het materiaal op zijn plaats te krijgen, homogeen verdeeld over alle
actieve katalytische sites. In het ideale geval zou elektrodepositie kunnen worden gebruikt, of
een depositiemethode die indirect afhankelijk is van stroom (zoals elektroflocculatie), omdat
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dit ertoe leidt dat afzetting plaatsvindt op de meest actieve sites van de katalysator. Zoals
beschreven in hoofdstuk 6 zou een andere benadering kunnen zijn om de chemische precursor
van de deklaag in verdunde hoeveelheden in de bulkoplossing aanwezig te hebben. Dit zou
leiden tot een dynamisch evenwicht van depositie/dissolutie, en een garantie van de integriteit
van de deklaag gedurende werkzaamheid over lange periodes. De concentratie van de
precursor in de bulk, welke de drijvende kracht bepaalt voor depositie en de evenwichtsdikte
van de deklaag, moet dan wel zorgvuldig worden gekozen om te voorkomen dat zich lagen van
buitensporige dikte vormen en dat het elektrolyseproces verstoord wordt.

Hoewel het in dit proefschrift gepresenteerde werk zeer fundamenteel is, biedt het hopelijk
enkele richtlijnen bij het zoeken naar praktische oplossingen voor een efficiéntere scheiding
van de vorming van chloor en zuurstof, in het bijzonder voor zoutwaterelektrolyse. Het idee
dat massatransport van chloride de belangrijkste (en wellicht enige) factor is die de
selectiviteit beinvloedt, zou zoutwaterelektrolyse nieuwe onderzoeksrichtingen in kunnen
sturen. Een doorbraak in dit onderzoeksveld kan het onderzoek naar waterstof als
energiedrager de nodige aandacht geven. Het kan een sterke impuls geven aan de publieke en
zakelijke interesse om een energie-infrastructuur op basis van elektrolyse en brandstofcellen
te realiseren.
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