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Abstract

This thesis presents experimental studies concerning two different electrolytic processes. One part deals with the electrochemical
formation of ozone and focuses on the preparation and deactivation of a highly ozone-selective metal oxide anode (NATO - nickel
and antimony doped tin oxide). The preparation of this anode by
thermal decomposition of metal chloride salts was investigated and
difficulties and complications of common procedures were identified. The same anodes were also studied regarding the deactivation
of their ozone selective properties, identifying possible underlying
mechanisms for this as well as providing indications of the ozone
formation mechanism on the anode. When preparing these anodes
by thermal decomposition, the volatility of the precursor salt used
for the different components needs to be considered. For instance
extensive evaporation of the precursors of tin and antimony can
lead to an unreliable preparation process resulting in the difficulty
of controlling the properties of the prepared electrodes and a poor
reproducibility of the process. The deactivation of the NATO
electrodes was investigated using the ozone current efficiency as a
main indicator. The electrodes and the electrolyte were examined
using electrochemical as well as physical techniques after different
periods of galvanostatic polarization. The main mechanism behind
the deactivation was identified as the dissolution of antimony from
the electrode surface. Also contributing, but not as detrimental,
seems to be the dissolution of nickel. Both dopants, Ni and Sb, are
present at the surface of the oxide anode and both seem equally
important for enabling the electrochemical ozone formation.
The second part of this thesis concerns the decomposition of
hypochlorite, an important intermediate in the industrial chlorate
process. A connection was found between the formation of chlorate
and oxygen, both occurring according to 3rd order kinetics with
regard to hypochlorite and both having their highest rates at
pH 6 - 7. In the presence of chromium(VI) the hypochlorite
decomposition can be modelled as the sum of two parallel reactions:
one catalyzed by chromium(VI) and one uncatalyzed reaction.
The byproduct oxygen seems to be formed only in the latter. Thus
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addition of chromium(VI) in the electrolyte increases both the
rate and the selectivity of chlorate formation. These findings are
important as chromium(VI) needs to be removed from the process
due to its toxicity and in its absence the uncatalyzed decomposition
path would lead to an increase in oxygen formation, resulting
in efficiency losses as well as potentially explosive gas mixtures.
There is a need for a catalyst that can replace chromium(VI) in
this function.
Keywords: NATO, EOP, ozone, electrode preparation, electrode deactivation, hypochlorite, chlorate, oxygen, chromium(VI),
sodium dichromate, electrocatalysis, catalysis
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Sammanfattning

I denna avhandling presenteras experimentella studier som
behandlar två olika elektrolytiska processer. Den första delen
handlar om tillverkning och deaktivering av en högselektiv metalloxidanod för elektrokemisk ozonbildning (NATO - nickel- och
antimondopad tennoxid). Tillverkningen av dessa elektroder med
termisk oxidation av metall-kloridsalter medför vissa komplikationer, vidare har elektroderna en alltför kort livslängd för industriellt bruk. Såväl produktion av NATO som dess deaktivering
har undersökts i detta arbete. Vid den termiska oxidationen
omvandlas lösta metallsalter av tenn, antimon och nickel till oxider. Resultaten visar dock att både tenn och antimon avgår till
stor del i gasfas vid upphettningen under tillverkningsprocessen.
Detta kan resultera i en opålitlig och svårkontrollerad produktion vilket också påverkar reproducerbarheten för processen och
egenskaperna hos elektroderna. Deaktiveringen av dessa NATO
elektroder undersöktes med avseende på det uppmätta strömutbytet för ozonbildning. Elektroder och elektrolyt undersöktes med
elektrokemiska såväl som fysikaliska, analystekniker efter olika
tidsperioder av galvanostatisk polarisation. Resultaten indikerar
att den huvudsakliga mekanismen bakom deaktiveringen är upplösning av antimon från elektrodytan. Även nickel löses upp
från elektrodytan i elektrolyten och bidrar, dock inte till lika stor
utsträckning, till deaktiveringen av anoderna. Antimon och nickel
finns vid elektrodytan och verkar båda vara viktiga för elektrodens
ozonbildande egenskaper.
I den andra delen av denna avhandling behandlas det kemiska
sönderfallet av hypoklorit, en viktig intermediär i den industriella
produktionen av klorat. Resultaten indikerar en koppling mellan
klorat- och syrgasbildning, då båda följer 3:e ordningens kinetik
med avseende på hypoklorit och båda har högst reaktionshastighet
vid pH 6 - 7. Vid närvaro av krom(VI) i elektrolyten kan hypokloritsönderfallet ses som summan av två parallella reaktioner: en
katalyserad som innefattar krom(VI) och en okatalyserad reaktion. Biprodukten syrgas verkar endast bildas i den okatalyserade
reaktionen. Krom(VI) ökar således både hastigheten och selektiviteten för den önskade kloratbildningen. Dessa resultat är
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viktiga, då krom(VI) på grund av dess toxicitet inte längre ska
användas i kloratprocessen. Utan krom(VI) ökar syrgasbildning
och därmed effektivitetsförluster i systemet, samt också risken för
potentiellt explosiva gasblandningar. Detta understryker behovet
av en ersättare till krom(VI), som selektivt ökar hastigheten för
kloratbildning.
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Chapter 1

Introduction
This thesis concerns two different subjects, with the common denominator of unwanted formation of oxygen in electrolytic processes, leading
to a decrease in their overall efficiency. The first subject that will be
discussed is the preparation and deactivation of ozone selective nickel
and antimony doped tin oxide (NATO) coated titanium electrodes. The
second subject concerns the chemical decomposition of hypochlorite
(HClO + ClO–) in the chlorate process and the role of oxygen and
influence of chromium(VI) on these reactions.

1.1

Selectivity and efficiency of electrode
reactions

The selectivity of electrode reactions is often quantified using the current
efficiency, also called faradaic efficiency or coulombic efficiency. It is
determined by the ratio between the amount or production rate of the
desired product and the theoretical amount or rate at 100 % efficiency,
determined by Faradays law, according to equations 1.1 and 1.2.
dni
I
=
dt
zi F
1

(1.1)
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ηCE%

zi F
·
= 100% ·
I



∆ni
∆t



(1.2)
meas

Where F is the Faraday constant, I is the applied current, zi is the
number of electrons per molecule of product, ni , t is the time, and ηCE%
is the current efficiency.
The selectivity of electrode reactions can be controlled in several
ways and depends on the nature of the reaction mechanism occurring
at the electrode surface. The selectivity usually depends on reaction
conditions such as temperature, pH, ionic strength and concentrations in
the electrolyte. It can also be altered by the choice of electrode material
(chemical composition and stucture) and the electrode potential.
A decrease in temperature is for example an effective way to control
the selectivity of the electrochemical ozone production (EOP) in reaction
1.3, as shown for PbO2 electrodes by several workers [1–4].

3H2O → O3 + 6H+ + 6e– , E = 1.51 VSHE

(1.3)

pH can effect the selectivity in several ways, e.g. by influencing the
form of the reactant specie or the nature of the active site on the electrode
surface. Electrode selectivity can also be controlled by introducing
species that in-situ form films on, or adsorb to, the electrode surface.
This can hinder the migration or diffusion of reactants or products
on the basis of their charge or size. A good example of this is one of
the roles of the chromium additive in the chlorate process. Chromium
reacts at the cathode to form a thin film which very effectively hinders
the unwanted reduction of hypochlorite and thus increases the current
efficiency for the hydrogen formation and the overall efficiency of the
chlorate process [5]. Regarding surface adsorption, for the EOP this
has been demonstrated for the PbO2 electrodes where the influence of
anionic adsorption on the current efficiency has been studied [1–3].

1.2. NATO ELECTRODES: PREPARATION AND DEACTIVATION3

The composition and morphology of an electrode surface can also
alter the electrode selectivity through electrocatalysis, either by pure
steric effects where certain species are geometrically hindered access to
active reaction sites, or by the interaction between surface sites and
reactants. For instance, a surface site that bonds a reaction intermediate very strongly will be a poor catalyst for its further reaction as it
would hinder the interaction of the intermediate with the surroundings.
Conversely, a surface with a very weak bonding to the same reaction
intermediate would also be a poor catalyst as it would not stabilize the
intermediate long enough for its interaction with the surroundings. In
the present work the extraordinary selectivity towards ozone formation
for NATO is an example of electrocatalysis.
In addition to losses in the electrode reactions, there may be losses of
formed intermediates and products in chemical reactions, which decrease
the current efficiency of the process. One such example is the chemical
decomposition of hypochlorite to oxygen in the chlorate electrolyte bulk.
Even with a very selective electrode, disregarding how the selectivity
was achieved, its use might still be unfavorable due to high energy costs.
For example, ozone can be formed at relatively high current efficiencies
on PbO2 electrodes at very low temperatures [3]. Even though the
current efficiency is high, the overall energy efficiency is lowered due
to the cost of maintaining the low temperature. The same is true for
the boron doped diamond (BDD) electrodes which yield a high ozone
current efficiency at very high potentials [6, 7] requiring high amounts
of energy which decreases the overall efficiency of the process.

1.2

NATO electrodes: preparation and
deactivation

Ozone formation and use
Ozone is used as a disinfectant in food processing and production,
water treatment and also for the bleaching of pulp [8–10]. A common

4

CHAPTER 1. INTRODUCTION

way to produce ozone is by electrical discharge in gas phase by the
cold corona discharge process (CCD) [11]. A potent alternative to the
CCD is the formation through electrochemical oxidation in the EOP
according to reaction 1.3, with advantages such as low cost, high aqueous
concentrations and simplicity of design [11, 12].
The main competing reaction is the formation of oxygen in the
OER (oxygen evolution reaction) shown in reaction 1.4 and a high onset
potential for the OER is therefore an important property for these
electrodes.

2H2O → O2 + 4H+ + 4e– , E = 1.23 VSHE

(1.4)

The poor activity towards OER makes such electrodes suitable
also for other electrolytic processes where the OER is responsible for
lowering the efficiency. The electrochemical destruction of pollutants
is one example of where this property is put to use [13]. Some of the
electrodes studied for this purpose have also been investigated for the
EOP and in particular the NATO electrode stands out for its high ozone
activity. The high selectivity of the NATO electrode towards ozone
formation was first discovered by Cheng et al. in 2004 [14] and is to date
the most selective catalyst for electrochemical ozone formation, reaching
current efficiencies of up to around 60 % at low cell voltages (< 3 V) and
ambient conditions [12, 14–25]. Other electrodes also studied for the
EOP are the PbO2 electrode and the boron doped diamond electrode
(BDD). As discussed earlier in the text, these electrodes require either
very high potentials (BDD) or low temperatures (PbO2) to reach similar
current efficiencies [3, 6, 7, 26], requiring high amounts of energy.

Electrode preparation aspects
The most common way to prepare the NATO electrodes has been by
thermal oxidation of metal chloride salts in air, commonly SnCl4 · 5 H2O,
SbCl3, and NiCl2 · 6 H2O. The salts are dissolved in an organic solvent
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such as ethanol or n-propanol and HCl, and coated on a titanium
substrate by brush, spray, dip, drip or spin coating followed by drying
at 100 - 110 ◦C for 10 - 15 minutes, and calcination at 460 - 550 ◦C
for 10 - 30 minutes. This coating process is repeated until the desired
loading is reached and is followed by a final annealing in air at 460
- 550 ◦C for around 1 hour and has resulted in electrodes with EOP
current efficiencies ranging from 24 - 54 % [12, 15, 17–19, 21, 22].
The composition of the precursor solution has been optimized for the
EOP in several studies resulting in a nominal composition of Sn:Sb:Ni
to be 1000:(16-20):(2-6). The variation in nominal composition and
ozone current efficiencies can depend on several parameters such as the
type of electrolyte and concentration [15, 21, 24], current densities and
potentials [15, 19], cell design [17], the number of coated layers (loading)
[19, 21], and the temperatures used during drying and calcination
[19, 20].
The precursor commonly used for tin (SnCl4 · 5 H2O) is volatile
with a boiling point of 114 ◦C [27], very close to the drying temperatures
used in the preparation of NATO electrodes by thermal decomposition.
This might be one cause behind the variations seen between different
studies and may also effect the reproducibility of electrodes within the
same study. An EOP current efficiency variation of as much as 30 %
within the same batch of electrodes has been reported [12].
Aside from the problems of reproducibility, the high evaporation
of the Sn precursor occuring as a result of its low boiling point, will
lead to a composition deviating from the nominal in the prepared oxide
coatings. Most studies observing an enrichment of Sb and Ni in their
coatings from analyses using XPS (x-ray photoelectron spectroscopy),
EDS (energy dispersive x-ray spectroscopy), or ICP-MS (inductively
coupled plasma - mass spectrometry) have ascribed this to be the
result of surface enrichment [15, 19, 28–30]. However, the fact that the
deposition efficiency (equation 1.5) of the tetravalent tin chloride salt
oxidized under similar conditions has been shown to be as low as 10 -
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21 % when dissolved in ethanol [31, 32] points at a possible enrichment
throughout the coating.

ηDE = 100% ·

amount of oxide af ter thermal treatment, mol
(1.5)
theoretical amount of oxide, mol

If the NATO electrodes are to be studied with the aim of gaining an
understanding of the mechanism of EOP, the control and reproducibility
of their preparation process must first be ensured.

1.3

Properties of NATO anodes and
mechanisms of the EOP

The dopants Ni and Sb are likely incorporated into the rutile SnO2
crystal structure and other reflections than those of SnO2, TiO2 and Ti
from the substrate has to our knowledge not been observed using XRD
in any of the studies on NATO coatings [20, 23, 33, 34].
At concentrations below 10 - 15 %, Sb is present in the bulk predominantly in the Sb(V) oxidation state [35] while surface segregation has
been observed for Sb(III) [36]. The ratio of Sb(III)/Sb(V) has been seen
to increase at higher concentrations causing an increase in resistivity
[20, 35–39]. This is a result of that Sb(V) acts as an n-type dopant
(electron donor) in SnO2 while Sb(III) acts as a p-type dopant, thus
counteracting the effects of Sb(V). The ratio of Sb(III)/Sb(V) has also
been seen to increase with calcination temperature during preparation
of the oxide [20, 36, 37].
Ni, in the oxidation state Ni(II), can replace Sn(IV) in crystal
structure of SnO2. Since this is a p-type dopant, it too counteracts
the effects of Sb(V) in the oxide. The prescence of Ni(II) has also
been suggested to promote oxygen vacancies as a result of the charge
disparity between Sn(IV) and Ni(II) [20]. The balance between Ni and
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Sb is therefore very important for the performance of the coating, both
for the resistivity, and for the activity of the EOP as dicussed in the
previous section.
Several suggestions have been made regarding the active sites and
mechanism for EOP on the NATO anodes. Two common ways to
describe the mechanism of EOP are presented in reactions 1.7 to 1.9,
and 1.10 to 1.12. Both mechanisms are initiated with the water discharge
step in reaction 1.6.
H2O → OHads + H+ + e–

(1.6)

These mechanisms include two neighbouring active sites (one Sb
and one Ni) at the surface, both essential to the EOP as the formed
ozone is a product of the reaction between intermediates adsorbed to
the respective reaction sites [21, 38, 40].
Mechanism 1
OHads → Oads + H+ + e–

(1.7)

Oads + Oads → O2ads

(1.8)

Oads + O2ads → O3ads → O3

(1.9)

OHads + O2ads → HO3ads

(1.10)

HO3ads → HO3+ + e–

(1.11)

HO3+ → O3 + H+

(1.12)

Mechanism 2

Recently, Christensen et al. [20] suggested a different mechanism
(reactions 1.13 to 1.16) where only Sb(III) was included as an active
site on the surface of the oxide. It was suggested that Ni(II) is in a
subsurface position, activating the coating by promoting the formation of
oxygen vacancies. The reaction is initiated by the water discharge step in
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reaction 1.6 and includes the movement of oxygen atoms between surface
and subsurface sites, finally forming ozone. The Christensen group also
extends this argument to the EOP activity on PbO2, explaining it by
the large concentration of oxygen vacancies in commercial PbO2.
Mechanism 3

1.4

O2,ads + e– → Oads + O2–sub

(1.13)

OHads + Oads → HO2,ads

(1.14)

HO2,ads + O2–sub → HO3,ads + 2e–

(1.15)

HO3,ads → O3 + H+ + e–

(1.16)

Deactivation of the EOP selective NATO
anodes

Although reaching high ozone current efficiencies, a major flaw of the
NATO electrodes is their rapid deactivation [19, 22, 23, 34, 38, 40, 41].
To our knowledge, the longest lifetime reached is 600 hours at a current
density of 100 mA cm−2 [19, 41]. The deactivation has been proposed
to be the result of the following processes:
(i) Formation of titanium dioxide at the titanium substrate due to
electrolyte-substrate contact, resulting eventually in the exfoliation
and failure of the oxide coating [19, 34, 38].
(ii) Formation of a passive tin hydroxide film [33, 38, 40, 42].
(iii) Dissolution of Ni and Sb dopants into the electrolyte [38, 40].
As the formation of TiO2 is believed to be a result of electrolyte
accessing the Ti substrate through cracks in the electrode coating, the
use of a conductive interlayer between the Ti substrate and oxide coating
has been employed with the aim of preventing the contanct between
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substrate and electrolyte [17, 18, 34, 43]. Although some positive effects
were observed, if the main reason for the deactivation is instead the
dissolution of Ni and/or Sb to the electrolyte, an interlayer would not be
the solution. According to literature, Sb and Ni are not stable under the
conditions commonly used during EOP in the NATO studies [44, 45].
At low pH, Ni(II) readily dissolves according to reaction 1.17.
NiO + 2H+ *
) Ni2+ + H2O

(1.17)

Sb can dissolve as a result of the charge transfer reaction 1.18,
Sb2O3 + 3H2O *
) 2SbO3– + 6H+ + 4e–

(1.18)

or by chemical dissolution in reactions 1.19 - 1.22.
Sb2O3 + 2H+ *
) 2SbO+ + H2O

(1.19)

Sb2O3 + H2O *
) 2HSbO2

(1.20)

Sb2O5 + H2O *
) 2SbO3– + 2H+

(1.21)

Sb2O5 + 2H+ *
) 2SbO2+ + H2O

(1.22)

Tin oxide can dissolve in the reactions 1.23 and 1.24.
SnO + 2H+ *
) Sn2+ + H2O

(1.23)

SnO2 + 4H+ *
) Sn4+ + 2H2O

(1.24)

Oxidation of non-stoichiometric tin oxide has also been proposed by
Correa et al. [46] to occur according to reactions 1.25 and 1.26, which
might also be involved in the formation of the passivating tin hydroxide
layer discussed as a possible deactivation mechanism.
SnO(2−x) + H2O → SnO(2−x) ( · OH) + H+ + e–

(1.25)

SnO(2−x) ( · OH) → SnO(2−x+1) + H+ + e–

(1.26)
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Titanium can participate in reactions 1.27 - 1.30 upon contact with
the electrolyte, possibly leading to the proposed deactivation by TiO2
formation and exfoliation of the NATO coating.
Ti *
) Ti2+ + 2e–

(1.27)

Ti + H2O *
) TiO + 2H+ + 2e–
Ti2+ + 2H2O *
) TiO2 + 4H+ + 2e–

(1.28)

+

2+

TiO + 2H *
) Ti

+ H2O

(1.29)
(1.30)

Studies have been made with the aim of enhancing the durability of
the NATO electrodes [17, 18, 22, 34, 38, 43], however the deactivation
process is still not well understood. Furthermore, studies proposing
possible mechanisms for the deactivation of the electrodes so far were
made based on pre- and post-deactivation analysis of NATO electrodes.
A problem with this is the definition of a deactivated electrode, and
the reference value used for such a definition. Most lifetime studies of
the NATO anode has defined the deactivation as the increase of the
measured potential or cell voltage above an arbitrary value. Although a
practical indication of electrode failure or destruction, this says very little
about what is actually occurring at the electrode. As the deactivation in
this case refers to the disability to form ozone, a more reliable definition
of deactivation would be the decrease in EOP current efficiency below
an arbitrary value. The use of measured potential or cell voltage as
indicator of electrode deactivation, while only performing pre- and
post-deactivation analysis of the electrode samples, risks to taint any
conclusions. They might be based on observations that are actually the
results of processes ocurring after the electrode was already deactivated
with respect to ozone formation.

1.5

Hypochlorite decomposition and
selectivity in the chlorate process

The chlorate process is a large industrial process where NaClO3 is
produced according to reaction 1.31 at annual amounts of more 3 million
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tons, consuming around 5000 - 6000 kWh per ton of produced NaClO3
[5, 47]. Approximately 90 % of the NaClO3 is used in the production of
ClO2, a reactant in elemental chlorine free bleaching of pulp [5, 48]. A
scheme of an industrial chlorate process can be seen in Figure 1.1.

NaCl + 3H2O + electrical energy → NaClO3 + 3H2

(1.31)

Figure 1.1: Schematic flow chart of the industrial chlorate process
(courtesy of Nouryon).
The reactant salt (NaCl) is dissolved in water and purified (to the
left in Figure 1.1) before mixing with the electrolyte. The electrolyte is
circulated in a closed loop system between the electrolyzers and reactor
tank (in the center of Figure 1.1). Most of the electricity used in the
process is consumed in the electrolyzers, where Cl2 is formed by the
oxidation of Cl– in reaction 1.32, immediately followed by the formation
of hypochlorite according to reaction 1.33.
2Cl– → Cl2 + 2e–

(1.32)
–

Cl2 + H2O *
) HClO + Cl + H

+

(1.33)
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Reactor tanks are employed to increase the volume and thereby
the production of chlorate which occurs by the decomposition of the
hypochlorite intermediate according to reaction 1.34. The system also
include gas treatment, where the hydrogen produced at the cathode
according to reaction 1.35 is purified.

2HClO + ClO– → ClO3– + 2H+ + 2Cl–

(1.34)

2H2O + 2e– → H2 + 2OH–

(1.35)

The product NaClO3 is extracted by crystallization in the steps
to the right in Figure 1.1. The main efficiency losses are in the form
of oxygen formation occuring in the electrolyzers and in the reaction
tank, the latter being the focus of the studies presented in this thesis.
Considering the scale of the process, even small changes in the process
efficiency will have significant effects on the electricity consumption and
cost of the production, which underlines the importance of investigating
these loss reactions. On top of monetary losses, the oxygen formation
also constitutes a safety risk as it mixes with the hydrogen formed at
the cathode in the undivided cell of the chlorate process, causing risk of
explosion at too high concentrations (4 - 95 % O2 in H2).

Chlorate formation
Chlorate is formed through the decomposition of the hypochlorite intermediate formed in reaction 1.33 and the selectivity of these reactions is
very important to the overall efficiency and safety of the process. The
hypochlorous acid is in equilibrium with its deprotonated form, the
hypochlorite ion, according to reaction 1.36. This acid-base equilibrium
makes the pH very important for the decomposition of hypochlorite. At
low pH, the hypochlorous acid will desorb as Cl2 according to reaction
1.33.
* OCl– + H+
HClO )
(1.36)
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In the pH range of the chlorate process, hypochlorous acid and
hypochlorite ion reacts according to the overall stoichiometry in reaction
1.34 to form ClO3–. In reality, the reaction mechanism is very complex,
involving several steps before chlorate is finally formed. Although other
more simple mechanisms have been proposed [49], to our opinion, the
most comprehensive mechanism so far was first proposed in 1992 by
Adam et al. [50] and is presented in reactions 1.37 - 1.45, where reaction
1.38 is the rate determining step.
2HClO *
) Cl2O · H2O

(1.37)

ClO– + Cl2O · H2O → HClO + HCl2O2–

(1.38)

HCl2O2– *
) HClO2 + Cl–

(1.39)

HClO + Cl2O · H2O → HClO + H2Cl2O2

(1.40)

H2Cl2O2 *
) HClO2 + H+ + Cl–

(1.41)

HClO2 *
) ClO2– + H+

(1.42)

ClO2–

+ Cl2O · H2O → HClO +
HCl2O3–

–

*
) HClO3 + Cl

HClO3 *
)

HCl2O3–

ClO3–

+H

+

(1.43)
(1.44)
(1.45)

In the absence of chromium(VI), the decomposition of hypochlorite
and formation of chlorate follows third order kinetics with respect to
HClO and ClO– according to the rate expression in equation 1.46 [50].
r1 = −k1 [HClO]2 [ClO–]

(1.46)

Due to this stoichiometry of the chlorate formation its rate maximum
is found at a pH where the ratio of [HClO]:[ClO–] equals 2. At industrial
conditions (65 - 90 ◦C, 450 - 650 g dm−3 ClO3–, and 70 - 150 g dm−3 Cl–)
this ratio is found at pH values of 5.5 - 7.0 [47]. The variations in pH
are due to the dependence of the pKa of the acid base equilibrium 1.36
on both temperature and electrolyte composition. It is important to
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keep in mind that the pH value usually, with a few exceptions, given in
literature is simply the reading of a pH meter and is not based on the
true H+ concentration or activity, which makes it very dependent on
the specific conditions of the trials performed to obtain the results.

Oxygen formation
The formation of the unwanted byproduct oxygen has several sources,
both electrochemical and chemical and results in decreases of the current
efficiency in the electrolyzers of about 5 % [47, 51]. Considering the
scale of the process and that the electricity alone stands for ∼70 % of
the total production cost, these losses contribute to significant costs
in the chlorate production. The electrochemical reactions include the
OER (reaction 1.4) and the direct formation of ClO3– by the oxidation
of ClO– commonly described by the stoichiometric sum reaction 1.47,
which in reality consists of several reaction steps [52].
6ClO– + 3H2O → 2ClO3– + 4Cl– + 6H+ + 1.5O2 + 6e–

(1.47)

There is also oxygen formation occurring homogeneously in the
bulk of the chlorate electrolyte often described with the stoichiometric
reactions 1.48 and 1.49.
2HClO → O2 + 2Cl– + 2H+

(1.48)

2ClO– → O2 + 2Cl–

(1.49)

This is however often neglected as an oxygen source of any importance in the literature compared to the electrochemical loss reactions
and little is known about its kinetics at high temperature and neutral
pH. The formation of oxygen from the decomposition of hypochlorite
can also be catalyzed by a number of different transition metal ions
including, in order of catalyzing effect, CoII > NiII > CuII  FeIII,
MnII [53]. The purity of reactants and stability of system components
are therefore very important. As the chlorate electrolyte is strongly
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oxidative, any system components must be very stable and corrosion
products must be ensured to be compatible (i.e. not catalyzing oxygen
formation) with the system. As the process is operated in a closed loop
system, any such contaminants will build up in concentration over time,
which risks to cause high losses and potentially results in explosive gas
compositions.
The ratio between oxygen formed at the anodes, electrochemically,
and in the bulk by hypochlorite decomposition is not well studied. The
sources of oxygen formation and the extent to which they contribute to
the overall losses in the chlorate process must be determined if they are
to be minimized. It is therefore important to study how these processes
depend on a number of different parameters such as process conditions
or anode material.

The dichromate additive
Chromium(VI) has been an essential part of the chlorate process since
the end of the 19th century when its benefits were first discovered [5].
In the following text, what will be referred to as ’chromium(VI)’ is a
general expression for all the forms present in the chlorate electrolyte (for
example H2CrO4, HCrO4–, CrO42– and Cr2O72–), concentrations of which
depend mainly on the pH of the electrolyte. Since its introduction much
research has been done on the topic, revealing the role of chromium(VI)
in many parts of the chlorate process. Chromium(VI), or the system
HCrO4–/CrO42–, has a large buffering effect in the pH range 6 - 6.5, which
overlaps with the optimal pH of the chlorate formation [5]. Moreover,
during operation, a chromium hydroxide film forms on the cathode acting
as a barrier preventing loss reactions 1.50 and 1.51 and maintaining
a high current efficiency for the hydrogen evolution reaction (1.35)
[5, 47, 54]. This film conveniently also inhibits its own growth to below
∼8 nm, as well as protects the steel cathode from oxidative corrosion
during shutdowns [55].
ClO– + H2O + 2e– → Cl– + 2OH–
ClO3–

–

–

+ 3H2O + 6e → Cl + 6OH

–

(1.50)
(1.51)
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The catalytic effect of chromium(VI) on the hypochlorite decomposition has been a topic of research publications only in recent years
[56–58]. Although relatively slow, the catalytic effect is very significant
for the chlorate process. It has been proposed that the catalyzed reaction occurs in parallel to the homogeneous decomposition (reaction 1.34
and rate expression in equation 1.46) according to the rate expression
in equation 1.52 [56, 58].
rtot = r1 + r2

(1.52)

Where r1 is seen in equation 1.46, and r2 depends on both the
concentration of the catalytically active chromium specie as well as the
hypochlorite concentration. The active form of chromium(VI) catalyzing
the decomposition has been proposed to be CrO42–. The CrO42– is
suggested to replace ClO– in reaction 1.38, increasing the rate of the
decomposition process according to reaction 1.53 [58].
CrO42– + Cl2O · H2O → HCrO4– + HCl2O2–

(1.53)

The research made on the different roles of the chromium(VI) additive is essential for further development of the chlorate process as
chromium(VI) has to be removed from the process. Due to its classification as carcinogenic, mutagenic and reprotoxic (CMR), chromium(VI)
is included in Annex XIV of REACH and is therefore, as of September 2017, banned from use in industrial processes. Its continued use
therefore now requires authorization by the European Commission [59].
The search for an alternative additive is now a focus for research in the
field [60, 61]. When investigating possible strategies on how to replace
chromium(VI), it is very important that all functions of the additive are
well understood and considered as vital functions not replaced could
lead to an inefficient and possibly unsafe process. For instance, its effect
on the homogeneous hypochlorite decomposition is not well known, in
particular on the oxygen formation. Finding a replacement that covers
all of the functions of chromium(VI) will be difficult and it is more
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probable that the solution will consist of several changes in the process
rather than one.

1.6

Aims

In the first part of this thesis, concerning the EOP active NATO coated
electrodes, the overall aim was to better understand the processes
occurring on the anodes during use. The first step in this endeavour
was taken by investigating the electrode preparation process. This was
done in order to ensure more reliable electrodes that could be used in
the further studies of the electrode processes, as well as to point out
some important variables to keep in mind when designing a preparation
process for this kind of electrodes.
As the literature concerning the deactivation of the NATO anodes
is somewhat scarse and its understanding is an important step towards
producing more stable electrodes with industrial applicability, the next
step of the NATO study was focused on that. The understanding of
the processes behind the deactivation can be useful both for the further
development of the NATO anodes, and to gain understanding of the
processes that give these anodes their remarkable selectivity for ozone
formation. An understanding that will also be of use when exploring
new materials for this application.
In the studies concerning hypochlorite decomposition, the first objective was to find out how, and to what extent, oxygen is formed from
the homogeneous decomposition of hypochlorite. This was done in a
system designed to be as simple as possible without being too far from
the actual conditions of the chlorate process. Using this system, the
connection between oxygen formation and hypochlorite decomposition,
as well as the influence of some additives on the decomposition were
studied. The additives were chosen either due to their presence in the
chlorate process as a result of the corrosion of system components, to
compare with previous observations from literature, or because of their
eventual use in future system components such as mixed metal oxide
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anodes.
After investigating the simpler system, the complexity was systematically increased to finally approach conditions more similar to the actual
chlorate process. The main goal here was to understand the role of
the chromium(VI) additive in the chlorate and oxygen formation from
hypochlorite decomposition, thus also to better understand implications
of its removal from the chlorate process.

Chapter 2

Materials and methods
2.1

NATO studies

Chemicals
SnCl4 · 5 H2O and/or SnCl2 · 2 H2O, SbCl3 and NiCl2 · 6 H2O were
dissolved in HCl and n-propanol or ethanol to prepare the precursor
solutions coated on the titanium substrates. Dilute HClO4 or H2SO4
were used as electrolyte. Indigo carmine (C16H8N2Na2O8S2) was used
as an ozone indicator. Reverse-osmosis filtered water (ρ = 18.2 MΩ cm)
produced using a Millipore Direct Q3 system was used to prepare all
aqueous solutions.

Instrumentation
A coupled TG-DSC instrument (thermogravimetriy - differential scanning calorimetry) was used for the investigation of the thermal decomposition process. For electrochemical measurements, such as CV (cyclic
voltammetry) or shorter potentiostatic or galvanostatic polarizations,
a potentiostat was used. For longer durations of polarization (lifetime
trials) a power supply was used together with a multimeter controlled by
a LabView program to monitor the electrode potential. The reference
19
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electrode was either a commercial Ag/AgCl sat. KCl electrode or an
in house built Ag/AgCl electrode with a 3 mol dm−3 NaCl inner electrolyte. The in house reference electrode was always measured against
the commercial Ag/AgClsat. reference electrode before an experimental
run showing an average of +13 ± 2 mV. The absorbance of all solutions
were measured using UV-vis spectroscopy. WD-XRF (wavelength dispersive x-ray spectrometry), SEM (scanning electron microscopy), XRD
(x-ray diffraction), SR-XPS (synchrotron radiation x-ray photoelectron
spectroscopy) and NEXAFS (near edge x-ray absorption fine structure
spectroscopy) were used to analyze the NATO coated electrodes. ICPOES (inductively coupled plasma optical emission spectrometry) was
used to analyze the composition of the electrolyte after an experiment.
The SR-XPS and NEXAFS measurements were performed at the Elettra
synchrotron radiation facility in Trieste, Italy.

Experimental setup
The electrochemical cell used in paper 1 was a small 13 cm3 , open
undivided cylindrical cell with a bottom-mounted working electrode
exposing 3 cm2 of geometric electrode area. The counter electrode was
a Pt-wire and a commercial Ag/AgCl electrode was used as reference.
The electrochemical cell used in paper 2 was a closed, undivided cell
of 15 cm3 , the working electrode (1 cm2 exposed area), counter electrode
(Pt-wire), reference electrode (in-house built), gas diffuser and gas
outlet were connected through holes in the lid of the cell. The cell was
continuously purged using nitrogen (humidified to minimize evaporation
from the electrolyte) at a constant flowrate. The setup is presented
in Figure 2.1. The liquid column connected to the electrochemical
cell was filled with an indigo carmine solution. When measuring the
ozone formation rate the nitrogen carrier gas was fed to the solution
through a gas diffuser and the pump circulated the solution through a
circuit connected to a UV-vis flow cell which was used to measure the
absorption of the solution.

2.1. NATO STUDIES
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(b)

Figure 2.1: Experimental setup for the deactivation trials of NATO electrodes showing (a) the complete setup and (b) the electrochemical cell.
WE: working electrode, CE: counter electrode, ref: custom Ag/AgCl
reference electrode.

The setup in Figure 2.1 was built to minimize the ozone in solution
as well as to enable the measurement of the total amount of formed
ozone which can otherwise be a problem as ozone formed at the electrode
will be dissolved in the electrolyte as well as evaporate from the solution
in gas phase. The electrolyte and cell volume were minimized in order
to obtain detectable concentrations of species, present in the solution
due to electrode corrosion, for analysis using ICP-OES.

Polarization curve measurements
The current interrupt technique was used to establish polarization curves
corrected for ohmic drops in the system, according to the procedure used
in Hummelgård et al. [62]. This was made by polarizing the electrode
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at 13 logarithmically spaced current steps from 150 to 9.5 mA. At
each step, the current was applied for 12 seconds before the circuit was
opened and the potential decay was recorded for 500 µs. The logarithmic
function in equation 2.1 was fitted to the data.

Et = E0 + a1 · log10 (1 +

t
)
a2

(2.1)

where Et is the potential after current interrupt, E0 is the potential at
time t = 0 after current interrupt and a1 and a1 are fitting parameters.
The fitted parameter E0 was used together with the current applied
at each step to fit a linear equation where the slope is the total ohmic
resistance, Rtot of the system. Due to the nature of the electrode coating,
equation 2.1 was not applicable to the potential transients recorded at
the highest current densities. Therefore, the five lowest current levels
was used to determine Rtot which was then applied to the measured
potentials of all current levels accordning to Ohm’s law (EΩ = Rtot · I).

Capacitive charge, q*
The capacitive charge, q*, of the electrodes was determined using cyclic
voltammetry between 0.5 and 0.8 V vs the Ag/AgCl reference at a sweep
rate, ν, of 100 mV s−1 . Five consecutive sweeps were recorded and the
data from the last cycle was used to calculate the capacitive charge
according to equation 2.2.
1
·
q∗ =
2ν

Z

i dE

(2.2)

Measurement of ozone selectivity
In paper 1 the ozone current efficiency was based on the concentration
of ozone in samples taken from the electrolyte after two minutes of
polarization, thus probably underestimating the current efficiency due
to the continuous desorption of ozone.
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In paper 2, the ozone current efficiency was estimated using the
decolorization of indigo carmine by ozone yielding an indirect measure
of the rate of ozone formation. After certain periods of polarization, the
off-gas from the electrochemical cell was fed to the cylinder containing
indigo carmine. During such periods, the absorbance of the solution
was continuously monitored using the UV-vis flow cell and spectrophotometer. As the amount of formed ozone is directly proportional in
a 1:1 ratio to the amount of oxidized indigo carmine [63, 64], leading
to discoloration, the rate of ozone formation is readily calculated by
applying Beers law in equation 2.3 to the absorbance data and fitting
a slope to the change in absorbance over time. The ozone current
efficiency was then calculated using the measured rate of formation by
equation 1.2. In Figure 2.2 the UV-vis spectra of indigo carmine at
different concentrations as well as the calibration curve established at
640 nm is presented.

A = ε640nm · cindigo · l = ε640nm · l ·

nindigo
Vindigo

(2.3)

The path length l was 1 cm, the volume of the indigo solution,
Vindigo was 0.17 dm3 and the molar absorption coefficient at 640 nm was
ε640nm = 13 320 L mol−1 cm−1 .

Electrode preparation
Prior to coating, the titanium substrates were pretreated by the following
procedure, i) rinsing in an ultrasonic bath and/or by water and ethanol,
ii) pickling in either 1 % HF for 2 minutes in room temperature (paper
1), or boiling 10 % oxalic acid for 60 minutes (paper 2), iii) rinsing in
an ultrasonic bath and/or by water and ethanol, iv) drying at 80 ◦C for
60 minutes.
A coating solution of Sn:Sb:Ni ratio of 1000:16:2 or 1000:64:8, with a
tin concentration of 1 mol dm−3 was prepared using either SnCl4 · 5 H2O
(paper 1) or SnCl2 · 2 H2O (paper 1 and 2). HCl was added to a
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(a)

(b)

Figure 2.2: (a) Indigo UV-vis absorption at different concentrations
and (b) equivalent calibration curve established using the absorption at
640 nm.

concentration of 4.4 % in order to avoid precipitation, n-propanol (paper
2) or ethanol (paper 1) was used as a solvent.
The precursor solutions were coated onto the titanium substrates by
spin coating [65] at 1500 rpm or drip coating (only paper 1) followed by
drying at 80 ◦C for 10 minutes, and calcination at 500 ◦C for 10 minutes.
The coating process was repeated 5 - 10 times after which a final
annealing was made at 500 ◦C for 60 minutes. Figure 2.3 shows the
average of the increase in loading for the six 59 mm titanium substrates
coated in paper 2.
The coated Ti samples in paper 1 were punched to a fitting size and
mounted in the cell where only the coated area (3 cm2 ) was exposed. In
paper 2 seven sub-samples were punched from each coated sample (a
total of six samples prepared). Each subsample was welded to a titanium
rod to construct a ’lollypop’-style electrode. The exposed geometric
area of all electrodes was 1 cm2 and other surfaces were covered using
teflon tape to avoid contact with the electrolyte.
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Figure 2.3: Average increase in loading for the six titanium substrates
(59 mm) coated with NATO (paper 2). Plotted with errorbars with a
confidence level of 95 %.

2.2

Hypochlorite decomposition studies

Chemicals
The commercially purchased chemicals were used as recieved without
further purification. NaCl, NaClO4 · H2O and NaClO3 were used to
control the ionic strength of the solutions. Na2Cr2O7 was used to
investigate the effect of chromium(VI). Solutions of HCl and NaOH were
used to control the pH. Reverse-osmosis filtered water (ρ = 18.2 MΩ cm)
produced using a Millipore direct Q3 system was used to prepare all
aqueous solutions.

Instrumentation and experimental setup
The experimental setup (illustrated in Figure 2.4) consisted of a jacketed
glass reaction vessel with temperature controlled by an external heater.
The reaction mixture was continuously stirred by a magnetic stirrer.
Argon gas was used to continuously purge the reaction vessel at a
constant flow rate. A mass-spectrometer was used to analyze the
composition of the off-gas from the reactor. An automatic titration
system with a combination glass electrode was used to monitor and
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control the pH of the reactor solution by addition of a HCl or NaOH
solution. The same system was also used to monitor the temperature of
the reactor solution. In paper 4, the total hypochlorite concentration was
measured by UV-vis absorption spectroscopy on diluted samples taken
from the reaction mixture. In paper 3 the concentrations of hypochlorite,
chlorate and chloride were measured by ion chromatography (IC). Due
to the unstable nature of hypochlorite and the conditions in the IC
analysis setup, prior to IC analysis the sample was diluted using an
arsenite solution, reducing the hypochlorite and oxidizing the arsenite
to arsenate, which could be quantified.

Figure 2.4: Schematic illustration of the setup used for investigating
the decomposition of hypochlorite.
It should be noted that the pH values given in this text were read
directly from the pH meter and should therefore not be interpreted
as the actual concentration or activity of H+. Comparisons with data
from other studies and the use of derived constants presented in this
text should thus be made with caution and consideration of the specific
conditions of the system at hand.

Measuring the oxygen formation
The oxygen formed in the closed reactor were removed and carried
to the rest of the system by a continuous flow of argon gas. The gas
was dried using a column partly filled with drying pearls to minimize
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the amount of water in the sample stream. A sample stream from the
off-gas was continuously fed to the mass spectrometer where the typical
m/z values of the present species were monitored. The composition of
the gas was determined using calibration values established before each
experimental run. Data from a typical experimental run can be seen in
Figure 2.5. The delay in the flowrate data at the beginning of a trial is
due to dispersion in the system from the time of formation to detection
and is very dependent on the system design and carrier gas flow. Ideally,
in order to get as close as possible to the actual momentaneous oxygen
formation, the gas flow should be kept high and all volumes in between
formation in the reactor and detection in the mass spectrometer should
be minimized. However, when measuring low oxygen concentrations,
the gas flow had to be kept low.

Figure 2.5: Oxygen flowrate per electrolyte volume measured at massspectrometer detector during a typical decomposition trial using low
and high flowrates of the Ar carrier gas.

Hypochlorite desorption
The desorption of hypochlorite from the solution was evaluated using the
setup described in Figure S1 of paper 2 in order to asses its significance
on the hypochlorite concentrations. It was found that the extent of this
loss is very dependent on the ionic strength of the solution. In the case
of a dilute solution (80 mmol dm−3 of NaClO and NaCl), the desorption
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was determined to be less than 0.2 % while in the most concentrated
solution it was around 1.5 % of the total reacted hypochlorite during a
measurement of 60 minutes. These losses were neglected in the studies
presented here.

Chapter 3

Results and discussions
3.1

NATO studies

The study of the NATO anodes was made in two stages. In the first
stage (paper 1), aspects of the preparation procedure were in focus,
while the second stage (paper 2) concerned the ozone selectivity and
deactivation of the anode.

Preparation aspects of NATO electrode coatings
The main underlying reason for this study was the common use of
the volatile SnCl4 · 5 H2O for the preparation of electrodes by thermal
decomposition. As mentioned in the introduction, the thermal decomposition method consists of two heating steps i) ∼100 ◦C to evaporate
solvent and ii) ∼500 ◦C to form oxides from the salts. As this Sn salt
has a low boiling point 114 ◦C [27], we suspected that it might be partly
responsible for some of the discrepancies observed in literature, such as
deviation from nominal composition in the oxide coating [14, 28–30] and
variation of optimized precursor compositions and EOP current efficiencies [12, 15, 17, 18, 21–23]. The tetravalent tin salt was compared to
the divalent tin salt, SnCl2 · 2 H2O in order to investigate the influence
of the choice of precursor salt. Due to its high stability [27], the divalent
29
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salt was chosen as a potential replacement for the tetravalent salt with
the aim of improving the reproducibility of the preparation process.

TG-DSC measurements
The precursor salts of tin, antimony and nickel were examined as solids
as well as in dissolved form using TG-DSC. The TG-DSC data of the
SnCl4 · 5 H2O and SnCl2 · 2 H2O salts can be seen in Figures 3.1 and
3.2, respectively. The TGA data is presented in percent of initial mass,
mi .

Tin salts For the SnCl4 · 5 H2O salt, a rapid mass loss begins almost
imediately as the heating is started from room temperature. The loss
seems to be initiated by the melting of the hydrous salt indicated
by a sharp endothermic peak in the DSC data just above 50 ◦C, well
in agreement with the literature value of 56 ◦C [27]. The mass loss
continues in two large and fast steps (49 and 41.5 % of mi , respectively)
and one small and slow step (4.5 % of mi ) before the mass stabilize
at 5.2 % of the initial mass, mi . This yields a deposition efficiency,
ηDE (equation 1.5), of 12 % assuming the end product to be SnO2. As
the melting point of anhydrous SnCl4 is very low (−55 ◦C) [27] the
evaporation of the crystal water, probably occuring in the beginning of
the first mass loss step, results in a rapid evaporation of SnCl4 in the
same step until a temperature of 106 ◦C is reached where the mass loss
mechanism changes and the second step is initiated.
The second mass loss step occurs from 106 ◦C to approximately
147 ◦C. Any hydrous SnCl4 left would also contribute to the mass loss,
and could be the reason for the double peak in the DSC and DTG data
in Figure 3.1. However, as there is SnO2 present by the end of the
heating program, some competing reaction to that of the evaporation
must be occuring. This could be for example the formation of tin
oxychlorines, as discussed by others for the divalent tin salt [66, 67].
As the temperature increases, these species react further to form SnO2
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accompanied by a mass loss of 4.5 % of the initial mass where Cl is lost
as some volatile specie.

Figure 3.1: TG-DSC data plotted together with the differential TG
data (DTG) recorded during the heating of SnCl4 · 5 H2O salt at a rate
of 5 ◦C min−1 from room temperature (22 - 25 ◦C) to 600 ◦C in dry air.
The heating of the divalent SnCl2 · 2 H2O (Figure 3.2) looks very
different from that of the tetravalent salt. An important difference to
the tetravalent salt is the abscence of tin loss at lower temperatures
(<300 ◦C) as this ensures no tin loss in the drying step.
The first feature of the TG-DSC data in Figure 3.2 is due to loss of
water (mass loss) and melting of the salt (DSC endothermic peak) at
around 40 ◦C, well in agreement with literature (37 ◦C) [27]. A second
mass loss occurs around 150 ◦C, most probably also water, followed by
melting of the anhydrous salt, indicated by the sharp endothermic peak
in the DSC data at 247 ◦C, also well in agreement with literature data
[27]. After the melting, a large mass loss is initiated by an exothermic
change in the DSC data, indicating a reaction. The divalent salt might
react with the oxygen in the gas or with water still remaining, probably
forming volatile tin oxychlorines that result in the large mass loss [66, 67].
The loss ends abruptly accompanied by a clear exothermic peak in the
DSC data, indicating formation of tin oxide with a decomposition
efficiency of 23 % (assuming SnO2 as the product), twice that of the
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tetravalent salt.

Figure 3.2: TG-DSC data plotted together with the differential TG
data (DTG) recorded during the heating of SnCl2 · 2 H2O salt at a rate
of 5 ◦C min−1 from room temperature (22 - 25 ◦C) to 600 ◦C in dry air.

Both salts were dissolved in ethanol and heated and monitored in
the same way to see if any interaction between the salt and solvent
affects the decomposition process (data shown in Figure 3.3). For the
SnCl4 · 5 H2O salt, the heating process is mostly unchanged except
for the evaporation of solvent and a lower temperature at which the
mass is stabilized. The deposition efficiency (12.4 %) was very close
to that of the solid salt and not much affected by the ethanol solvent.
The dissolved SnCl2 · 2 H2O in ethanol showed clear differences in both
heating data characteristics and deposition efficiency compared to that
of the solid salt. The melting temperature was shifted to a slightly lower
temperature and the large mass loss seen for the salt at 320 - 420 ◦C
was completely absent. The mass stabilized after the small exothermic
peak at 310 - 320 ◦C, probably due to the formation of SnO2. The
deposition efficiency calculated for SnCl2 · 2 H2O in ethanol was 54 %,
more than twice that of the solid salt and more than four times that of
the tetratvalent salt, dissolved or not.
Other solvents were also examined, although only for the effect on
the deposition efficiency. This was done by coating a certain amount

3.1. NATO STUDIES

(a)
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(b)

Figure 3.3: DSC data for the dissolved salts of (a) SnCl4 · 5 H2O and
(b) SnCl2 · 2 H2O in ethanol recorded at heating rate of 5 ◦C min−1 from
room temperature (22 - 25 ◦C) to 600 ◦C in dry air plotted together
with the heating profiles of the solids

of salt solution on a titanium substrate, drying at 80 ◦C for 10 minutes
and calcination at 500 ◦C for 10 minutes followed by weighing of the
coated substrates. The results, presented in Table 3.1, are similar to
those of TG-DSC with the additional indication that using n-butanol
as solvent may increase the deposition efficiency of the SnCl4 · 5 H2O
salt. An important result to also consider from these trials is the
relative standard deviations calculated from repeated measurements.
The deposition efficiency deviations calculated for the SnCl4 · 5 H2O
precursor are around three times higher than what was determined
for the SnCl2 · 2 H2O salt. This can be the result of low temperature
evaporation of tin when using SnCl4 · 5 H2O, as discussed earlier. This
yields a tin loss in both the drying and the calcination steps, resulting
in a less predictable preparation process.
Sb and Ni precursors The precursor salts used for Sb and Ni doping
in the NATO oxide were investigated using TG-DSC in the same manner
as for the tin salts. The heating of NiCl2 · 6 H2O resulted in a close to
100 % deposition efficiency, both with and without solvent (ethanol and
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Table 3.1: Deposition efficiency average (ηef f,avg ) and relative standard
deviations (RSD) of three samples per salt and solvent type from heating
of Sn, Sb, and Ni solutions on titanium substrates. Composition in
solution (1000:32:4 molar ratios of Sn:Sb:Ni, Sn concentration 1 M).
solvent

SnCl2 · 2 H2O

SnCl4 · 5 H2O

ηef f,avg (%)

RSD

ηef f,avg (%)

RSD

ethanol

48.2

5.6

12.4

16.7

n-propanol

48.0

5.8

8.1

13.2

n-butanol

45.4

4.6

21.0

15.3

n-propanol). Heating of the SbCl3 salt however, resulted in a deposition
efficiency of close to zero, with a mass loss of 99.3 % of mi , as shown in
Figure 3.4. The evaporation product is probably SbCl3 since no signs
of reactions are seen in the DSC data. The melting point of the salt is
observed as a sharp endothermic peak at approximately 72 ◦C, close to
its literature value [27]. The following mass loss ends before the boiling
point of SbCl3 at 220 ◦C is reached. The same procedure was performed
for SbCl3 dissolved in ethanol and n-propanol yielding a slightly lower
loss of Sb with residual masses of 3.1 and 1.2 % of mi , respectively.
The loss of antimony in these processes has, to our knowledge, never
been adressed before and should be kept in mind when designing a
coating preparation process using thermal decomposition. If the drying
temperature is set too high (>80 ◦C), a large amount of antimony will
probably evaporate, as discussed for the SnCl4 · 5 H2O salt, during both
the drying and calcination steps of the preparation.
Effects on structure, morphology and composition
The structure and morphology of NATO coated on titanium substrates
was investigated using XRD and SEM to investigate any influence of the
Sn precursor salt. The XRD measurements (paper 1) showed the usual
rutile SnO2 with peaks from Ti and TiO2, and no reflections of neither
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Figure 3.4: TG-DSC data plotted together with the differential TG
data (DTG) recorded during the heating of SbCl3 at a rate of 5 ◦C min−1
from room temperature (22 - 25 ◦C) to 600 ◦C in dry air

Sb nor Ni oxides, indicating their respective substitution of Sn(IV) in
the crystal structure. Although the same number of coating cycles were
used for both coatings, it was obvious from the peak intensities in the
XRD data that using the SnCl2 · 2 H2O salt yields a thicker coating.
This was also seen in the loading increase observed during the coating
process, yielding ∼3.3 times higher loading for the SnCl2 · 2 H2O based
coating compared to the coating where SnCl4 · 5 H2O was used.
SEM micrographs of the coated substrates are shown in Figure 3.5.
It seems very evident that the coating prepared using the divalent salt
is more smooth than when the tetravalent salt was used. This could
be positive for the durability of the electrode as electrolyte penetration
to the Ti substrate has been proposed as one of the major causes
for dectivation of these electrode. The reason for the difference in
morphology is hard to determine, although the low boiling temperature
of the SnCl4 · 5 H2O salt probably contributes.
WD-XRF was used to determine the composititon of the NATO
coatings. Although the amount of Sb could not be determined for
these electrodes, the relative Ni amount in the coatings was determined
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to be 3.7 times higher in the coating prepared using SnCl4 · 5 H2O
than for the one where SnCl2 · 2 H2O was used, well in agreement with
the difference in deposition efficiency between the two dissolved salts,
causing enrichment of the Ni dopant.

(a)

(b)

Figure 3.5: SEM micrographs of NATO coatings prepared by thermal
decomposition of (a) SnCl4 · 5 H2O and (b) SnCl2 · 2 H2O based coating
solutions.
The formation of ozone on these electrodes was tested for electrodes
prepared using a nominal composition (Sn:Sb:Ni) of 1000:16:2 for the
SnCl4 · 5 H2O coating and, based on the results presented above to
compensate for dopant enrichment, 1000:64:8 for the SnCl2 · 2 H2O
coating. The resulting maximum EOP current efficiencies were similar,
∼14 % for both electrodes and indicated a dependence on the current
density, in agreement with the observations of other workers [15, 18, 19,
21].

Deactivation of NATO coatings
The deactivation of the NATO anodes was examined in a series of
experiments where individual electrode samples, prepared in the same
way, were galvanostatically polarized for varied durations of time, after
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which they were examined using electrochemical and physical characterization techniques. For the preparation of these electrodes SnCl2 · 2 H2O
was chosen as a tin precursor to achieve a good reproducibility for all
samples, based on the findings described earlier in this text.
All experiments performed during the deactivation study were made
at a current density of 150 mA cm−2 (excluding polarization curve measurements) in 0.1 mol dm−3 HClO4 at room temperature.
Ensuring the reproducibility
The reproducibility of the electrode synthesis was examined by using one
subsample from each of the total six NATO coated titanium discs after 0
and 600 minutes of galvanostatic polarization, respectively. The average
EOP current efficiency and potentials (not IR-corrected) recorded for
the six samples over the 600 minutes deactivation period can be seen in
Figures 3.6a and 3.6b. In Figure 3.7a, the average polarization curves
recorded after 0 and 600 minutes of polarization are plotted. Based on
these data the reproducibility was regarded as sufficient for the study.

(a)

(b)

Figure 3.6: a) EOP current efficiency and b) measured potentials
(not IR-corrected) during galvanostatic polarization. Average of six
individual samples, all polarized for 600 minutes at 150 mA cm−2 in
0.1 mol dm−3 HClO4 at room temperature. Plotted with a 95 % confidence interval.
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The trend of the EOP current efficiency over time in Figure 3.6a
indicates that several processes are ocurring that influence the selectivity
of the NATO electrode. The deactivation process can be divided into
(i) an initial large decrease in EOP activity (0 - 200 minutes), followed
by (ii) a temporary recovery (200 - 480 minutes) and (iii) finally ending
with a decrease before the experiments were terminated. It should be
noted that these clear features seen in the EOP current efficiency are
not reflected in the measured potential (Figure 3.6b), which shows the
importance of using selectivity measurements of some kind to determine
the state of the electrode. The deactivation process was investigated
using electrochemical as well as physical techniques on samples polarized
for varying durations of time.

Electrochemical measurements
A linear function (E = a1 + a2 · log10 (i)) was fitted to the polarization
curve data in the current ranges 9.5 - 25 mA and 30 - 75 mA. The slopes
are shown in Figure 3.7b plotted against time of polarization. The
range of the slope values agree well with literature [23] and shows an
overall increase over time, maybe indicating a loss in active sites at the
electrode surface. The initial drop in current efficiency in Figure 3.6a
correlate with an increase of the slopes in Figure 3.7b. Apart from that
there are no clear connections found between current efficiency and the
polarisation curve trends over time. This might be another indication
that more than one process is responsible for the electrode deactivation,
one dominant during the first part and another during the later part of
the electrolysis.
The trend of q* over time, determined for each sample from the
CV measurements made directly after the galvanostatic polarization
periods, is shown in Figure 3.8. In disagreement with the overall trend
of the polarization curve slopes in Figure 3.7b, the trend of q* indicates
an increase in electrochemically active surface area. Similar results have
been observed before for the ATO electrode, and was explained by the
increase in sites active for capacitive charge transfer accompanied by
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(b)

Figure 3.7: a) Average of IR-corrected polarization curves for six samples
measured after 0 and 600 minutes of electrolysis, respectively and b)
slopes of equation fitted to the lower (9.5 - 25 mA cm−2 ) and middle (30
- 75 mA cm−2 ) current regions of polarization curves measured after polarization at 150 mA cm−2 in 0.1 mol dm−3 HClO4 at room temperature
for varying durations of time.

a decrease in sites active for electron charge transfer [33, 42, 68]. The
increase might also be an indication of increased contact area between
the electrolyte and electrode coating, caused by the penetration of
electrolyte into the oxide coating.

Figure 3.8: Change in capacitive charge, q*, for all samples plotted
versus time of polarization at 150 mA cm−2 in 0.1 mol dm−3 HClO4 at
room temperature.
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Morphology, structure and composition
SEM, XRD, WD-XRF, SR-XPS, NEXAFS, and ICP-OES were used to
follow changes in the electrode and electrolyte during the galvanostatic
polarization. The XRD spectra (supporting information, paper 2)
measured on samples polarized for 0 and 600 minutes were identical,
indicating that the crystal structure and crystallite size is not affected
by the polarization. This was supported by SEM studies (supporting
information, paper 2) where no morphological changes were observed
for the same samples. XRD showed no reflections other than those of
SnO2, TiO2 and metallic Ti, indicating substitution of Sn(IV) by both
dopant ions of Sb and Ni.
The WD-XRF measurements of the coatings indicated a slight
decrease in nickel concentration over time of polarization while the
antimony concentration seemed unchanged. The concentration of Sb was
only slightly higher than nominal, not much affected by the evaporation
of Sn. This is most probably an effect of the evaporation of Sb during the
preparation as discussed earlier in the text. An interesting observation
was that of the Cl contents in the electrode coatings. As seen in Figure
3.9 the concentration of Cl relative to the sum of Sn, Sb, Ni and Cl in
the coating increase with a trend very similar to that observed for the q*
measurements in Figure 3.8. This supports the discussion of electrolyte
penetration into the coating and could be one of the processes behind
the temporary increase in EOP current efficiency in Figure 3.6a, due to
access of unused EOP-active oxide surface.
SR-XPS was performed on the surface of the electrodes, as well as
after 90 minutes of Ar+ sputtering, corresponding to a depth of approximately 1 µm. These measurements were made on samples polarized
for 0, 30, 180, 420 and 600 minutes. NEXAFS was also performed on
all of these samples on the surface and after sputtering on the samples
polarized for 0 and 600 minutes.
The SR-XPS measurements showed similar results for all samples in
terms of speciation, both at the surface and after sputtering. Cl was
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Figure 3.9: The relative concentration (100%·cCl /(cCl +cSn +cSb +cN i ))
of Cl in the electrode coatings determined by WD-XRF measurements
for individual samples plotted as a function of time of polarization at i
= 150 mA cm−2 in 0.1 mol dm−3 HClO4 at room temperature.

present in the coating and in the measurements made after sputtering,
following a trend similar to the one observed using WD-XRF. The
binding energies of the Cl 2p3/2 and 2p1/2 peaks were indicative of Cl–
in SnCl4 and/or SbCl3 [69]. No indications of the presence of ClO4– were
found and the increase in Cl is therefore reasonably due to the formation
of metal chloride salts by the interaction between dissolving metal ions
and trace amounts of chloride present in the electrolyte. The relatively
low and constant Cl/O ratio at the surface (Table 3.2), indicate that
these formed salts are probably trapped inside the coating yielding the
significant increase in the sputtered samples only, as the surface is rinsed
with water after an experimental run.
The binding energies of the Sb and Sn peaks (supporting information,
paper 2) were indicative of SnO2 and/or SnO and Sb2O5 and/or Sb2O3
[69, 70]. No nickel or titanium was detected in the coating in any of
the measurements. The abscence of nickel is reasonably due to the
concentration being below the detection limit (<1 %) of the SR-XPS
instrument. The atomic ratios of the different detected species are
presented in Table 3.2.
The measurements made after sputtering (except for Cl) shows fairly
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Table 3.2: Atomic ratios of the samples determined by SR-XPS before
(s) and after 90 minutes of sputtering (b) (∼1000 nm in depth), for
different times of polarization (tpol ).
tpol /min

0

30

180

480

s

b

s

b

s

b

O/Sn

0.82

0.34

0.76

0.34

0.94

O/Sb

2.91

2.5

2.8

2.4

2.66

Sn/Sb

3.53

7.4

3.75

7.0

Cl/O

0.079

0.040

0.044

0.026

600

s

b

s

b

0.36

3.2

2.5

17.9

0.36

2.6

0.36

2.8

18.1

2.83

6.9

2.7

5.53

7.9

6.88

0.065

0.034

7.5

0.088

0.19

0.099

0.18

constant atomic ratios. At the surface the Sn/Sb ratio indicates the
depletion of Sb with time of galvanostatic polarization which is also
reflected in the O/Sb ratio showing a similar trend. The O/Sn ratio indicates a very low stoichiometry of the Sn oxide, which appears constant
in the bulk, while increasing at the surface toward a stoichiometry closer
to SnO2. The low O/Sn ratio might indicate a high concentration of
oxygen vacancies in the oxide, it may also be a result of the sputtering.
The stoichiometry is however similar also for the samples of the short
polarization times, when not sputtered.
In the NEXAFS data, peaks of the Sn 3d edge spectra were similar
for all samples and indicative of rutile SnO2 and/or SnO [71]. The
NEXAFS edge spectra of Ni 2p3/2 was indicative of NiO and the data is
presented in Figure 3.10 [72]. While the intensity of the peaks measured
after Ar+ sputtering is fairly constant, the peaks measured at the surface
are decreasing in intensity with time of polarization. This is a strong
indication that nickel is present at the surface of the electrodes and
dissolves in the electrolyte over time.
The concentrations of Sn, Sb, Ni and Ti in the electrolyte after
galvanostatic polarization were determined using ICP-OES. In Figure
3.11 lines fitted to the accumulated amounts of coating components are
plotted versus time of polarization for the different samples.
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Figure 3.10: Peak intensites of the Ni 2p3/2 peak of the NEXAFS edge
spectra measured on the surface and after 90 minutes of Ar+ sputtering
(∼1000 nm in depth) on electrode samples polarized for 0, 30, 180,
420, and 600 minutes at 150 mA cm−2 in 0.1 mol dm−3 HClO4 at room
temperature.

Figure 3.11: Trends of ICP-OES data illustrating the accumulation of
coating species Ti, Sn, Sb, and Ni in the electrolyte plotted as a function
of time of polarization at i = 150 mA cm−2 in 0.1 mol dm−3 HClO4 at
room temperature. Only fitted lines are showed for clarity, actual
data from individual electrolyte samples are available in the supporting
information of paper 2. The circles at the x-axis indicates the times of
electrolysis for the different samples. The theoretical detection limits
are indicated with shaded areas.

The trends shown in Figure 3.11 agree well with the observations
presented earlier in the text. Ni is dissolving in the electrolyte, and
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its concentration at the surface of the coating is thus decreasing, in
agreement with the NEXAFS measurements presented in Figure 3.10.
Sb also dissolves, although only in the beginning of the polarization
period, during the initial decrease in EOP current efficiency in Figure
3.6a. Sn and Ti are both dissolving continuously over the entire period
of polarization. Considering the reactions presented earlier in the text,
the accumulation of Ni is most probably due to the chemical dissolution
of NiO (reaction 1.17) and the Sn and Ti accumulation are the sums of
electrochemical oxidation and chemical dissolution reactions as in 1.23,
1.24 and 1.27 - 1.30. Sb dissoluiton only occurs in the beginning of the
polarization after which it decreases to a much lower rate, indicating
a change in the underlying mechanism. No or very little Sb could be
detected in electrolyte samples where electrodes had been submerged
for ∼9 hours without applying a current, indicating that the dissolution
mechanism is faradaic. A plausible explanation to the trend of Sb
accumulation is therefore the electrochemical oxidation of Sb(III) to
Sb(V) in reaction 1.18, resulting in the dissolution of SbO3–. As discussed
earlier, Sb(III) segregates to the surface and is not present to any large
degree below the surface, where the Sb(V) oxidation state dominates,
which explains the decrease in the rate of Sb accumulation. Further
accumulation of Sb after the depletion of the surface Sb(III) might occur
through the slower chemical dissolution of Sb(V) in reactions 1.21 and
1.22. This is well in agreement with the SR-XPS data in Table 3.2.

3.2

Hypochlorite decomposition studies

The studies presented in this thesis on hypochlorite decomposition ranges
from dilute ionic concentrations (80 mmol dm−3 of NaClO and NaCl) to
high ionic concentrations (80 mmol dm−3 of NaClO and 5.2 mol dm−3
NaClO3 + 1.9 mol dm−3 NaCl) solutions. The focus is on the oxygen
formation, an unwanted byproduct in the chlorate process, and the influence of ionic strength and additives on the selectivity of the hypochlorite
decomposition was investigated.
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Hypochlorite decomposition and chlorate formation
The mechanism of the chlorate formation reaction was disussed in the
introduction. In the experiments presented in this thesis, only the total
amount of hypochlorite was measured, either by ion chromoatography
or by UV-vis absorption as decribed earlier. The total concentration
of hypochlorite is henceforth denoted as CH, the sum of the concentrations of the two hypochlorite species ([HClO]+[ClO–]). To simplify the
analysis of the results presented in this text, the following operation
has been made:
Insertion of
CH = [HClO] + [ClO–]

(3.1)

CH = [HClO] · (1 + 10pH−pKa )

(3.2)

and
into the rate equation 1.46, yields:
dCH
10pH−pKa
= −k1 CH3 = −kmCH3 , where m =
dt
(1 + 10pH−pKa )3

(3.3)

k1 is the experimental rate constant, dependent on pH and pKa . The
integrated form of this expression is
1
1
2 = 2kmt +
CH
CH,02

(3.4)

Dilute solutions
In the case of the dilute solutions the concentrations of both CH and
chlorate could be followed using ionic chromatograpy. The average data
collected during seven trials without any additives at 80 ◦C, pH = 6.5
and an initial hypochlorite concentration, CH,0, of 80 mmol dm−3 are
presented in Figure 3.12. A fitting procedure were performed to find
rate constants for the total hypochlorite decomposition and chlorate
formation using the rate expression in equation 3.3, the results of which
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are plotted as lines in Figure 3.12. These results agree well with the
3rd order dependence seen in literature [50].

Figure 3.12: Concentration curves for the uncatalyzed decomposition
of hypochlorite and formation of chlorate at pH = 6.5 and T = 80 ◦C
in a dilute solution with an initial hypochlorite concentration of CH,0
= 80 mmol dm−3 . The solid and dashed lines are calculated using rate
laws and rate constants fitted to the data.

Concentrated solutions
In the following section, the influence of ionic strength and species
on the decomposition of hypochlorite is discussed. Due to the high
ionic and chlorate ion concentrations in these experiments, UV-vis was
used instead of ion chromatography to determine the total hypochlorite
concentration, CH, in the samples taken during experiments. Chlorate
formation was not measured for the concentrated solutions and the
oxygen formation was instead used to estimate the selectivity of the
reaction.
In Figure 3.13 the decomposition of hypochlorite is plotted as the
reciprocal of the square of the concentration, CH, to demonstrate to 3rd
order kinetics of the reactions, that according to equation 3.4 should
show a linear correlation with time on the x-axis. The decomposition
trials were done from dilute solutions to solutions approaching the
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concentrations used in the chlorate industry. As can be seen by the
linearity of the data, the 3rd order kinetics of the decomposition is not
disturbed by the addition of ionic species and is seemingly independent
of the ionic species (Cl–/ClO3–/ClO4–).

(a)

(b)

Figure 3.13: Concentration decay of hypochlorite in a solution with CH,0
= 80 mmol dm−3 at pH = 6.5 and T = 80 ◦C, with varying concentrations
of (a) NaClO3 and NaCl, and (b) NaClO4. The reciprocal of the squared
total concentration CH is plotted with fitted lines to illustrate the
undisturbed 3rd order kinetics of the decomposition.
Measurements were made using only NaClO4 (Figure 3.13b) to control the ionic strength, as this is an unwanted byproduct in the chlorate
process [73]. Interestingly, the decomposition rates observed when NaClO4 was used were significantly higher than when using NaCl and
NaClO3 (Figure 3.13a). In Figure 3.14 the dependence of the experimental third order rate constant, k1 (which contains the m parameter as seen
in equation 3.3), on the ionic strength and the influence of using either
NaCl/NaClO3 or NaClO4 is presented. The reason behind the observed
rate difference is not fully understood, however the participation of both
Cl– and ClO3– in the reaction mechanism might be an explanation as
any reaction steps prior to the rate determining step involving these
species can influence the reaction rate. An alternative explanation may
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lie in the interactions of the ClO3– and ClO4– ions with water. Both are
weakly hydrated, however the hydration shell of ClO3– is larger than
that of ClO4– due to strong hydrogen bonding to water [74]. With the increase in ionic strength, there might therefore be a significant difference
between the available water in the Cl–/ClO3– electrolyte compared to
the ClO4– electrolyte. Note that the rate constants presented in Figure
3.14 are not corrected for pH and pKa and contains the m parameter
in 3.3 and are thus valid only for the specific conditions used in these
experiments.

Figure 3.14: Experimental third order rate constants evaluated from
data shown in Figure 3.13

pH dependence of reactions
The pH dependence of the hypochlorite decomposition was discussed in
the introduction. This dependence is well established for the chlorate
formation reaction [50] and oxygen has been assumed to form in a
separate reaction, from the decomposition of either the protonated
or the unprotonated form of hypochlorite as described by reactions
1.48 and 1.49. In our studies we investigated the formation of oxygen
from hypochlorite decomposition at different pH at 80 ◦C and initial
hypochlorite concentrations of 80 mmol dm−3 in dilute solutions. In
Figure 3.15a, the maximum flowrate of produced oxygen measured
during the trials at the different pH is presented. This rate is used as an
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estimate of the initial rate of the oxygen formation reaction. In Figure
3.15b, similar data calculated for the chlorate formation reaction using
rate equations and kinetic data is presented. As can be seen, the two
reactions seem to have very similar dependence on the pH. This trend
is a strong indication of a reaction mechanism including both HClO
and ClO– for the formation of oxygen.

(a)

(b)

Figure 3.15: (a) Maximum flowrate (divided by electrolyte volume)
of produced oxygen at the MS detector plotted againts pH. CH,0 =
80 mmol dm−3 and T = 80 ◦C. (b) Calculated pH dependence of third
order chlorate initial rate of formation, Ri,ClO− , at T = 80 ◦C and CH,0
= 80 mmol dm−3 .

3

Hypochlorite decomposition and oxygen formation
In dilute solutions
As described above, due to the pH dependence of the oxygen formation,
oxygen must be formed in a reaction involving both species of the
hypochlorite. The similarity between the pH dependence of chlorate
and oxygen formation indicates a connection between the two reactions.
Therefore, the kinetic expression used for the total decomposition of
hypochlorite as well as the formation of chlorate (equation 1.46), was
applied to the oxygen data from the trials made in dilute concentrations.
In Figure 3.16 average data, from seven trials, of accumulated oxygen
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is presented together with the fitted lines derived from a 3rd and 2nd
order kinetic expression, respectively. The 2nd order kinetics was used
as a comparison to the 3rd order kinetics due to the hypochlorite to
oxygen stoichiometry (reactions 1.48 and 1.49). It is very clear that the
reaction is not of second order while the third order kinetics yields a
fairly good fit.

Figure 3.16: Average experimental data from seven trials (using the
dilute solution) of accumulated flow of oxygen (per electrolyte volume),
plotted with 95 % confidence intervals. The fitted lines are calculated
using 2nd and 3rd order rate equations. Experimental conditions: pH
= 6.5, T = 80 ◦C, CH,0 = 80 mmol dm−3 and 80 mmol dm−3 NaCl.
Seeing that the third order expression fits both oxygen and chlorate
formation data, together with the pH dependence observed for the
oxygen formation, we propose that the formation of oxygen shares a
reaction intermediate with the chlorate formation. Due to the stoichiometry, this intermediate has to yield a ratio of O2 : hypochlorite of 1 :
2. Looking at the mechanism proposed by Adam et al. [50] we believe
that the intermediate that can react further to form either ClO3– or O2
is H2Cl2O2 and/or HCl2O2– in reactions 1.39 or 1.41.
In concentrated solutions
The selectivity of the hypochlorite decomposition at varying ionic
strength was assessed by measuring the amount of oxygen formed
during a reaction by mass spectrometry. The results are plotted in
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Figure 3.17 and show a slight increase in oxygen formation with the
increase in ionic strength, the ratio is independent (within experimental
error) of the ionic species used (NaCl, NaClO3, NaClO4).

(a)

(b)

Figure 3.17: Total amount of oxygen divided by the total amount of
reacted hypochlorite at different ionic strengths using (a) NaCl+NaClO3
or (b) NaClO4. Experimental conditions: pH = 6.5, T = 80 ◦C, CH,0 =
80 mmol dm−3 .

Influence of additives
Several different additives were tested for catalytic effects in the experiments using a dilute solution of hypochlorite. Some were already
known catalysts for the oxygen formation reaction while others were
chosen for their prescence in the chlorate process. All species were
added to the reactor at t = 0 to a concentration of 10 µmol dm−3 , except Al2O3 and AgCl, which were added to a concentration of 9 and
100 ppm respectively. The effects of the additives on the hypochlorite
decomposition are summarized in Table 3.3. The catalytic effects on
the oxygen formation of Co and Ir [75–77], and the lack of effects from
the addition of Fe and Ru agree with the observations of Wanngårdh
who performed experiments using an industrial chlorate electrolyte [78].
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Table 3.3: Compounds tested, their catalytic effects, the pH values
at which the experiments were performed ((CH,0 = 80 mmol dm−3 ,
T = 80 ◦C). In all cases, except for Al2O3 (9 ppm) and AgCl
(100 ppm), enough catalyst was added to achieve a final concentration
of 10 µmol dm−3 in the reactor.
compound

catalytic effects

pH tested

O2

ClO3–

AgCl

no

no

6.5

Al2O3

no

no

6.5

CeCl3 · 7 H2O

no

no

6.5

CoCl2

yes

no

6.5

Fe3O4

no

no

6.5

FeCl3 · 6 H2O

no

no

6.5

IrCl3 · xH2O

yes

yes

6.5, 10.5

Na2Cr2O7 · 2 H2O

no

no

6.5, 11

Na2MoO4 · 2 H2O

no

no

6.5

RuCl3 · xH2O

no

no

6.5

RuO2 · xH2O

no

no

6.5, 11.5

Although the catalytic effects of iridium were already known from
literature, some new and interesting observations were made concerning
the behaviour of the reaction in the prescence of the catalyst. The
addition of the iridium salt IrCl3 was tested at two different pH; 6.5
and 10.5. The results are presented in Figures 3.18 and 3.19 for the
aqueous concentrations (hypochlorite, chlorate) and oxygen formation,
respectively. The selectivity towards the formation of chlorate was seen
to be favored by the increase in pH, agreeing with the observations of
Ayres and Booth [76, 77].
By the end of the reactions a black precipitate, most likely iridium
oxide, was observed. The data on oxygen formation seen in Figure 3.19
for the two runs both show two peaks in the measured molar flowrate.
The first peak is due to the dispersion in the system, as discussed
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(b)

Figure 3.18: Concentrations of (a) CH and (b) ClO3 during experiments
where IrCl3 was added at t = 0. Experimental conditions: pH = 6.5
and 10.5, T = 80 ◦C, CH,0 = 80 mmol dm−3 .

(a)

(b)

Figure 3.19: Measured oxygen flow rate during experiments where IrCl3
was added at t = 0. Experimental conditions: (a) pH = 6.5 and (b) pH
= 10.5, T = 80 ◦C, CH,0 = 80 mmol dm−3 .

earlier. However, the second peak (at ∼65 minutes in Figure 3.19a and
∼30 minutes in Figure 3.19b) has to be due to a change in selectivity
during the reaction, promoting the oxygen formation reaction. Most
probably, iridium is present in several different forms in the reaction
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solutions. One explanation to the increase in oxygen formation late
in the reaction as well as the pH dependence of the selectivity of the
catalysis is the presence of different species of iridium, the fractions of
which are dependent on both the pH and the oxidatition strength of the
surrounding solution (i.e. the hypochlorite concentration). Although
only speculative, as no speciation was made, one such equilibrium that
might explain these obeservations is presented in reaction 3.5.

IrO2 + 2H2O *
) IrO42– + 4H+ + 2e–

(3.5)

Hypochlorite and chromium(VI)
No catalytic effects were seen from the addition of a small amount
(10 µmol dm−3 ) of chromium(VI) to the dilute solution at pH 6.5. However, in the chlorate process concentrations of around 6 g dm−3 (or
20 mmol dm−3 ) are used, and according to recent publications and also
studies presented later in this text, the catalysis is relatively slow [56–
58], which can explain why the effect could not be seen at such low
concentrations of chromium(VI).
For the dilute solution the effect of adding 6 g dm−3 Na2Cr2O7 was
studied, while for the concentrated reaction solution (80 mmol dm−3
NaClO, 1.9 mol dm−3 NaCl and 5.2 mol dm−3 NaClO3), Na2Cr2O7 was
added to concentrations of 1, 2, 3, and 6 g dm−3 . In Figure 3.20a the
effect of the addition on the rate of the reaction is clearly seen. In Figure
3.20b the reciprocal of the square of the hypochlorite concentration
is plotted against time to illustrate the deviation from linearity with
the addition of Na2Cr2O7. This deviation is due to the previously
discussed parallel reaction (r2 in the rate expression of equation 1.52),
the influence of which increases with the concentration of chromium(VI).
The order of this parallel reaction is dependent on both the concentration
of hypochlorite, and the active specie of chromium(VI). However, as
no speciation of Cr(VI) was made in the studies presented in this
thesis, the rate expression presented in equation 3.6 was instead used
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(b)

Figure 3.20: (a) Concentration decay of hypochlorite with and without the addition of 6 g dm−3 NaCr2O7 and (b) Concentration decay of hypochlorite in a solution containing 5.2 mol dm−3 NaClO3 +
1.9 mol dm−3 NaCl, with the addition of NaCr2O7 to different concentrations. Experimental conditions: pH = 6.5, T = 80 ◦C and CH,0 =
80 mmol dm−3 .

to evaluate the data, where the concentration dependence on the active
chromium(VI) species is included in the experimental rate constant, k2 .
rtot = −k1 CH3 − k2 CH2 = r1 + r2

(3.6)

The second order dependence on hypochlorite concentration seen in
the right hand side of the expression was found by fitting. The model
fitted to the hypochlorite concentration data is given as solid lines in
Figure 3.20, where the constant k1 was set to that evaluated without
chromium addition made under the same conditions.
It should be noted that the constant k2 fitted to the data is only valid
under the specific conditions of these trials as the k2 is also dependent
on the concentration and speciation of chromium(VI). Plotting the
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logarithm of the fitted values of k2 against the logarithm of the Na2Cr2O7
concentration, a partial order of ∼1.5 was determined with respect to
the concentration of Na2Cr2O7 (Figure S6 in paper 4).

Oxygen formation and chromium(VI)
The influence of the Na2Cr2O7 addition on the homogeneous oxygen
formation from the decomposition of hypochlorite is to our knowledge
not previously known. The oxygen formation monitored during the
experiments presented in Figure 3.20 was used together with the concentration data and the rate expression in equation 3.6 to assess the
influence of the Na2Cr2O7 addition on the formation of oxygen. The
overall selectivity, ηO2 , of the decomposition trials was defined as the
ratio between the measured total amount of formed oxygen and measured total amount of reacted hypochlorite. Using the rate expression
in equation 3.6 together with the ηO2 determined for trials without any
addition of Na2Cr2O7, the ratio of the measured amount of oxygen and
the hypochlorite reacted through the uncatalyzed reaction path, as calculated using the rate expression in equation 3.6. This operation is made
to test the assumption that oxygen is only formed in the uncatalyzed
reaction path, while the chromium(VI) catalyzed reaction path only
results in chlorate formation. The results are presented in Figures 3.21
and 3.22 for the diluted and concentrated solutions, respectively.
A clear decrease in ηO2 can be seen with the addition of Na2Cr2O7
when considering the total measured amounts for both the dilute and
concentrated solutions. The bars representing the ratio between measured oxygen and calculated amount of hypochlorite reacted through r1 is
almost constant. Thus, the assumption that no oxygen is formed in the
catalyzed reaction path seems to hold. These results are in agreement
with the mechanism proposed by Kalmár et al. [58] where the active
chromium(VI) specie takes the role of the hypochlorite ion in the transition state in reaction 1.53. As the uncatalyzed and catalyzed reactions
occur in parallel in a chromium(VI)-catalyzed electrolyte, we assume that
the transition state complexes with and without chromium(VI) form in
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Figure 3.21: Total amount of oxygen divided by the total amount
of reacted hypochlorite with and without the addition of 6 g dm−3
Na2Cr2O7. Experimental conditions: pH = 6.5, T = 80 ◦C, CH,0 =
80 mmol dm−3 .

Figure 3.22: Total amount of oxygen divided by the total amount of
reacted hypochlorite with the addition of NaCr2O7 to different concentrations. Experimental conditions: 5.2 mol dm−3 NaClO3 + 1.9 mol dm−3
NaCl, pH = 6.5, T = 80 ◦C, CH,0 = 80 mmol dm−3 .

a concentration ratio dependent on the concentration of chromium(VI).
We propose that the oxygen formation only occurs through the complex
formed in reaction 1.38, as illustrated in the scheme in Figure 3.23.
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Figure 3.23: Proposed reaction mechanism for the rate determining step
of the catalyzed and uncatalyzed hypochlorite decomposition reactions.

Implications for a chromium(VI) free chlorate process
Chlorate electrolytes in industry typically contain Na2Cr2O7 in the
range of 3 - 8 g dm−3 , and the steady-state hypochlorite concentration
in the electrolyzer is usually 1 - 3 g dm−3 (25 - 40 mmol dm−3 ). The
experimentally determined rate constants (available in Table S1 of paper
2) were used to calculate the rates of the uncatalyzed (r1 ) and catalyzed
(r2 ) reactions at different concentrations of hypochlorite. In Figure 3.24
the ratio of catalyzed (r2 ) and total reaction rate (rtot = r1 + r2 ) is
plotted as a function of hypochlorite concentration for different concentrations of chromium(VI). From the figure we can see that the influence
of the catalyzed reaction increases with a decreasing concentration of
hypochlorite (CH) and increasing Na2Cr2O7 concentration. At industrially relevant conditions the chromium(VI) catalyzed path dominates,
contributing to the overall efficiency of the process as no oxygen seems
to form in the catalyzed reaction. The increased reaction rate also keeps
the steady-state concentration of hypochlorite low, contributing to a
moderate anodic oxygen formation from the oxidation of hypochlorite
(reaction 1.47).
In the absence of chromium(VI), the overall decomposition rate will
decrease, leading to an increase in the steady-state concentration of
hypochlorite. This leads to an increase in losses through the anodic
oxidation of hypochlorite in addition to the increase in homogeneous
oxygen formation. The fact that both the formation rate of chlorate
and of oxygen are of third order with respect to the hypochlorite
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concentration implies that the selectivity of the decomposition reaction
is independent of the hypochlorite concentration.

Figure 3.24: Ratio of the rate of catalyzed decomposition, r2 to the
overall decomposition rate of hypochlorite (r1 + r2 ) at different NaClO
concentrations in 5.2 mol dm−3 NaClO3 + 1.9 mol dm−3 NaCl solutions
(pH = 6.5, T = 80 ◦C) with different Na2Cr2O7 concentrations. The
data was calculated according to equation 3.6, using the rate constants
fitted to the measurements shown in Figure 3.13 and Figure 3.20.
During steady-state operation there is no accumulation of hypochlorite and the rates of hydrogen and hypochlorite production are equal
(shown by reactions 1.35, 1.32, and 1.33). The constant ratio of oxygen
formation to hypochlorite decomposition (0.027) would thus mean that
the homogenous oxygen formation alone could contribute with up to
about 3 V/V% to the total concentration of oxygen in the off-gas. In
industrial conditions normally applied today, where chromium(VI) is
present and r2 is dominating, the oxygen content in the off-gas is typically 2 - 3 V/V%. This means that, depending on system configuration,
the absense of chromium(VI) could lead to an oxygen concentration
in the cell off-gas exceeding the explosion limit of a hydrogen-oxygen
gas mixture. To summarize, our results emphasize the importance
of considering the homogenous formation of oxygen when designing a
chromium(VI) free chlorate process to accomodate the directives of the
European Commission.

Chapter 4

Conclusions and outlook
4.1

NATO studies

The preparation and deactivation of NATO anodes were studied and
an experimental set-up for continuous monitoring of total formation of
ozone through the EOP was constructed. From the results gained we
can conclude that:
• The influence of the choice of Sn precursor in the thermal decomposition synthesis method is very significant and affects morpholpogy,
composition and EOP selectivity of the electrodes. This is due to
the evaporation of Sn in the heating steps of the synthesis. The
crystal structure or dopant substitution is however independent of
precursor (SnCl4 · 5 H2O or SnCl2 · 2 H2O) accordning to XRD
measurements.
• Using SnCl2 · 2 H2O yields around four times higher deposition
efficiency than when using SnCl4 · 5 H2O as tin precursor. Using
the divalent salt also yields a smoother coating surface and the
evaporation of Sn is concentrated to the calcination step only,
while the tetravalent salt yields Sn evaporation in both drying
and calcination steps.
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• Sb evaporates during the preparation of the oxides when SbCl3 is
used as precursor, further complicating the control of the electrode
preparation process.
• Electrolyte reaches the substrate through cracks in the coating,
causing the dissolution of Ti. Electrolyte also penetrates the
coating, accessing new active sites, thus temporarily countering
the EOP deactivation.
• All electrode components are being dissolved in the electrolyte
during galvanostatic polarization, Sb and Ni however at a higher
rate than Sn and Ti.
• The deactivation of the NATO coatings with regards to the EOP
occurs mainly as an effect of the dissolution of surface Sb(III).

4.2

Hypochlorite decomposition

The decomposition of hypochlorite was investigated with focus on the
homogeneous formation of oxygen. The experimental studies spanned
from dilute to concentrated solutions, approaching industrial concentrations, at an elevated temperature and pH relevant to the chlorate
industry. We have shown that:

• The homogeneous oxygen formation reaction is of third order with
respect to hypochlorite, similar to the chlorate formation reaction.
• The homogeneous oxygen formation and chlorate formation reactions share an intermediate with a selectivity independent of the
hypochlorite concentration.
• The ionic strength of the solution influences the homogeneous
oxygen formation and NaClO4 promotes the overall decomposition
of hypochlorite to a significantly higher degree than NaClO3 or
NaCl.
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• The catalytic decomposition of hypochlorite by addition of Na2Cr2O7
is selective only towards the formation of chlorate, oxygen is formed
only in the uncatalyzed reaction route.
• The importance of the homogeneous oxygen formation cannot be
neglected when considering a chromium(VI) free chlorate process.

4.3

Outlook

The EOP active NATO anodes do not seem suitable for applications in
acidic environments and several problems need to be adressed in order
to yield an electrode of sufficient durability. The main component, tin
oxide, dissolves and in the long run also can form a passive hydroxide
layer on the electrode surface. If the EOP catalysis is mainly related
to Ni and Sb sites, it may be possible to use another metal oxide than
Sn, e.g. titanium oxide which is a common component in metal oxide
anodes used in industry. It may be possible to find a dopant or dopants
replacing antimony and nickel in their functions. It seems like they
contribute to three important properties:

• conductivity, provided by the Sb(V) replacing Sn(IV) in the tin
oxide.
• oxygen vacancies, induced by Ni(II) replacing Sn(IV) in the tin
oxide.
• active site, seemingly provided by Sb(III) and/or Ni(II) at the
surface of the electrode, maybe interacting with oxygen vacancies.

It is very important that new materials used for this purpose are
studied for their stability in acidic environments. For example Nb doped
TiO2 might yield properties close to what is needed [79]. Nb is also very
resistant to corrosion in acidic environments [80]. It is then a matter of
finding a second dopant and/or a preparation procedure that yields the
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ozone forming properties, as mainly Sb(III) seems to be responsible for,
in the NATO electrode.
As discussed in this thesis, when preparing electrodes by thermal
decomposition, the heating process of the salts used as precursors should
always be investigated to avoid the situation observed for the NATO.
A lot of work lies ahead in order to reach the goal of a chromium(VI)
free chlorate process and we hope that our contribution will help in this
process. The largest obstacles seem to be finding a suitable replacement
for the role of chromium(VI) at the cathode and for its role as a selective
chlorate formation catalyst in the electrolyte bulk. Such a replacement
needs to either perform both as bulk catalyst and inhibitor for parasitic
cathode reactions, as chromium(VI), or several replacements for the
individual functions need to be found. Fulfilling only one of the roles
of chromium(VI) still puts very high demands on the replacement as it
needs to be stable in the harsh conditions of the chlorate cell. A specie
that selectively catalyzes the chlorate formation in the electrolyte bulk
must not for example react at any of the electrodes. More research
should also be directed at the influence of chromium(VI) on the anodic
oxygen formation, which might be lowered due to the chromium(VI)
catalyzed hypochlorite decomposition in the diffusion layer at the anode.
It is hard to imagine that a substance will be found that can directly
replace the chromium(VI) without any further alterations to the system.
Most probably, the solution will consist of several changes in the chlorate
process system design.
Finally, it should always be considered that any alterations to the
system, as new components, coatings or additives, while effective for one
process in the system, might have negative effects on other important
parts. As such, new electrode materials or coatings must for example
always be studied for their influence, or the influence of their possible
corrosion pruducts, on the homogeneous oxygen formation.
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