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Abstract

Ozone is finding increasingly wider application across a range of industries, from
semiconductor manufacture to water treatment. In principle, electrochemical ozone
generation is capable of producing very high concentrations of ozone both in the gas
phase and directly into solution, in contrast to Cold Corona Discharge, the present, most
generally applied ozone technology.

The aim of the work described in this thesis was to develop highly active and selective

anodes for the generation of ozone based on Ni and Sb-doped SnO;: Ni/Sb-SnO..

Each step of the synthesis of Ni/Sh-SnO,-coated Ti mesh anodes was investigated in
detail and the electrodes so produced characterized by SEM and EDX, and their activity

and selectivity determined using UV-Vis spectroscopy.

Anodes with ozone current efficiencies of up to 50% in aqueous acidic electrolyte were
developed, and efficiencies of ca. 30-40% were calculated routinely. However, such
impressive efficiencies were derived only when operating the electrochemical cells in
single pass mode. When the ozonated electrolyte was injected into the inlet of the
electrochemical cell in order to generate gas phase ozone, efficiencies <10% were
determined. Such an effect of ozone in solution inhibiting the ozone generating reaction,
has not been determined with other electrocatalysts, and suggests that the mechanism of
ozone evolution at Ni/Sb-SnO, anodes is novel. This inhibiting effect of ozone was
investigated in detail and it was concluded that dissolved ozone was displacing a key

intermediate or intermediates.

Anode durability is a key issue, particularly when using aqueous acid. It was found that
some anodes showed high stability, whilst others activated very quickly. When
deactivation occurred was found to be due to physical loss of catalyst and/or etching. A
key strategy with respect to the former challenge was to coat the Ti mesh with an Electro
Deposited Inter Layer (EDIL), to protect the Ti from oxidation as this would lead to the

Vi
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formation of TiO, and spalling of the catalyst layer. The methodology employed was
implemented initially by collaborators in Hong Kong University and based on precedent
literature. In essence, etched Ti mesh was held at cathodic potentials in ethanolic
solutions of ShCl; and SnCly; this was reported to produce a protective EDIL containing
Sn and Sb. However, it was shown that, no Sn deposited, under the conditions
employed. Furthermore, there was no evidence that the EDIL was effective with respect
to durability and, indeed, the electrodeposition step introduced significant variability
into the catalyst coating process. The reason why some catalysts were durable and others
very short lived remains unclear; however, it was postulated that the former involved Ni
as NiOOH.

A strategy based on the addition of Au to prevent structural change of the SnO, and/or
passivation of the SnO, surface was investigated. Unfortunately, no beneficial effect (in

terms of durability, activity or ozone selectivity) was derived.

The scale up of the synthesis of the Ni/Sb-SnO, anodes from 6.25 cm? to 35.0 cm? was
achieved successfully. Preliminary experiments with an industrial collaborator suggested
the technology is transferable.

Preliminary experiments using a prototype water/air cell gave very promising current

efficiencies (up to 22%) and showed a major design flaw in the prototype in terms of the
compression of the anode/Nafion/cathode membrane electrode assembly.

vii
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1. Introduction

This thesis concerns the development of active and selective anode catalysts for the

electrochemical generation of ozone.

1.1 The properties of ozone

1.1.1 Physical properties

Ozone is an allotropic form of oxygen (b.p.-111.9 °C) and is a pale blue gas at room
temperature [1]. It was discovered by a Dutch physicist, Van Marum, in 1785 during
experiments on electric discharge through air. The molecule is triangular with a bond
angle of 116.8 °[2] and bond length of 0.1278 nm. In terms of valence bond theory, the
structure of the ozone molecule is a resonance hybrid of four canonical forms, shown

schematically in fig. 1.1.

The general properties of ozone are shown in table 1.1.

Property Unit Value
Molecular weight g 48.0
Boiling point °C -111.9+£0.3
Melting point °C -1925+0.4
Latent heat of vaporization at 111.9 °C kJ/kg 14.90
Liquid density at -183 °C kg/m* 1574
Vapor density at 0 °C and 1 atm g/mL 2.154
Solubility in water at 20.0 °C mg/L 12.07
Vapor pressure at -183 °C kPa 11.0
Vapor density compared to dry air at 0 °C and 1 atm Unitless 1.666
Specific volume of vapor at 0 °C and 1 atm m>/kg 0.464
Critical temperature °C 12.1
Critical pressure kPa 5532.3

Table 1.1 The physical of properties of ozone [3].
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Figure 1.1 The structure of the ozone molecule [4].

Ozone is thermally unstable and explosive in all three phases in the ‘pure’ form. In the
gas phase, ozone decomposes and this process is sensitive to light, the presence of trace
organic and inorganic species, etc. [1]. The half life of 1 mol% pure gaseous ozone in
oxygen at 25°C [5] is 19.3 years. In the aqueous phase, the rate and mechanism of ozone
decomposition depends upon pH [6][7][8][9] and the presence of other organic and
inorganic species such as bicarbonate ion, a radical scavenger [10]. In “pure” water, the

mechanism of ozone decay generally quoted is that of Weiss [8][11]:

Initiation

O3+ OH — HO; + 05" k = 70x10'M*tst (1.1)
H,O0 < H'+OH ki = 5.0x10*s™ (1.2)
(pPKyw = 14) ke = 5.0x10°M*s? (1.3)
O3+ HO,” — OH + 0,” + 0, k = 22x10°M*s? (1.4)
H,0, < HO; +H" ki = 1.25x 10" st (1.5)
(PKa 202 = 11.6) ke = 5.0x 10" M*s? (1.6)
HO; « Oy +H* ki = 7.9x10°s™ (1.7)
(PKaHoz = 4.8) ke = 5.0x10°M*s? (1.8)
03+0,” > 037 +0, k =16x10°M*'s? (1.9)
HO; < O3 +H* ki = 3.7x10%s™ (1.10)
(PKaros = 6.1) ke = 5.2x10°M*s? (1.11)
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Propagation

HO; — OH + O, k = 1.1x10°s™ (1.12)
OH + 03 — HOy k = 20x10°M*ts? (1.13)
HO; — HOy; + O, k = 28x10%s™ (1.14)
2HOs — H,0, +20; k = 50x10°M*s? (1.15)
HO, + HO; — H,0,+0,+0; k = 50x10°M*s? (1.16)
CO, + H,0 — HCO3 + H* ki = 2.1x10°M*1s? (1.17)
(PKacoz = 6.37) ke = 5.0x 10" M*s? (1.18)
HCO; < COs* +H* ki = 2.8s* (1.19)
(PKa Hcos. = 10.25) ke = 5.0x 10" M?*s? (1.20)
COs* + OH — CO5 + OH’ k = 37x108M*ts? (1.21)
HCO3 + OH" — HCO; + OH' k = 80x10°M*ts? (1.22)
HCO; < COz +H" ki = 1.3x 10" s (1.23)
(PKatcos = 9.6) ke = 5.0x 10" M?*s? (1.24)
Termination
2C035 — CO, + CO4> k = 20x10"M*s?t (1.25)
CO3 +0; — COs% + 0, k = 40x10°M*s? (1.26)
CO3 +03” — CO4” + O3 k =6.0x10"M*s? (1.27)
COs + HO,” — COs” + HOy k = 56x10"M*'s? (1.28)
CO5 + H,0, — HCO3 + HOy k = 80x10°M*s?t (1.29)
CO5; + OH — CO, + HO, k = 3.0x10°M*ts? (1.30)

The solubility of ozone varies with temperature, pH and ionic strength. At 0 °C in pure
water at pH 3.5 and atmospheric pressure it is 1.06 g dm™, compared to ca. 0.06 g dm™
for O, at 0 °C [1][12][13]. The solubility of ozone in water as a function of pH may be
found in references [14][15].



Chapter 1

Ozone is a toxic gas with an unpleasant and irritating odour (Greek: “ozein” “to smell”);
the odour threshold of ozone varies between individuals but most people can smell it at
concentrations of 0.01 to 0.05 ppm in air [1], which is well below the limit for general
comfort. The toxicity of ozone is related mostly to its powerful oxidizing properties.
Overexposure to ozone has been associated with both acute and chronic effects such as
chest pain, coughing and irritation of the respiratory system. Ozone exposure has also
been shown to cause chronic asthma and other respiratory diseases [1].

A summary of physiological effects of ozone is presented in table 1.2.

Concentration(ppm) Description of effects
0.003-0.01 Threshold of odor perception by average person in clean air.
0.02-0.04 Representative average total oxidant concentrations in major
US cities 1964.
0.1 Recommended exposure limit. Eye, nose and throat irritation

often experienced.

0.2-0.5 Reduced dark adaptation and alteration of extra-ocular

muscle balance occurs after several hours exposure.

0.5 Nausea and headache sometimes occur. Extended exposure
can cause pulmonary oedema and enhanced susceptibility to
respiratory infections (both bacterial and viral).

1.0 10 minutes exposure typically reduces desaturation rate of

oxyhaemoglobin in the lung.

1-2 Chronic exposure (one year for 6 hours per day) at this level
has resulted in bronchiolitis and bronchitis in animals. 2 hour
exposure can cause headache, chest pain and dryness of
respiratory tract and a reported 20% reduction in timed vital

capacity of the lung.

1.5-2 Exposure for 2 hours typically results in cough, substernal

pain and excessive sputum.
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Concentration(ppm) Description of effects

5-25 Experimentation showed that 3 hour exposure at 12 ppm was
lethal for rats and 25 ppm was lethal for guinea pigs.
Humans (welders) exposed to 9 ppm developed pulmonary
oedema. Their chest X-rays were normal in 2-3 weeks, but 9
months later they still exhibited fatigue and exertional

dyspnoea (laboured respiration).

50 30 minute exposure may be fatal.

Table 1.2 A summary of the symptomatic and clinical effects of ozone at various
concentrations [16].

1.1.2 Chemical Properties

Ozone is a powerful oxidant, as may be seen in table 1.3 [17][18], with a standard
reduction potential of 1.51 V vs. the Normal Hydrogen Electrode (NHE), and is also an
excellent disinfectant. Because of these properties, the most important application of

ozone is in the treatment of drinking water which began in Europe in 1903 [1].

In general, ozone is useful for a number of other applications in which it may be

categorized as a: (1) bactericide; (2) viricide and (3) powerful chemical oxidant.

1.1.3 Ozone as a bactericide and viricide
Ozone, like chlorine, is a strong oxidizing agent with bactericidal properties; however

unlike chlorine, the use of ozone does not cause changes in pH [19].

The bactericidal properties of ozone are detailed in a number of publications covering
both laboratory and pilot scale operation [20]. Chlorine is believed to attack enzymes
inside the cells of micro-organisms after diffusing through the cell wall [20]. In contrast,
ozone attacks the cell wall directly and causes lysis; much lower concentrations of ozone
are required for disinfection compared to chlorine and other disinfectants [20]. Ozone is
believed to be an effective viricide, finding application in swimming pools to protect the

public from viral illnesses [20].
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Species Half Reaction Standard
Reduction
Potential/V
vs. NHE?
Fluorine (F,) F.(g) + 2H'(aq) + 2 — 2HF(aq) 3.05
Hydroxyl radical (OH’) OH +H'+e — H,0 2.38
Atomic oxygen (O) 0(g) + 2H"(aq) + 2e — H,O(l) 2.43
Molecular oxygen (O) 0,(9) + 4H'(aq) + 4e — 2H,0(l) 1.23
Ozone (03) 0s(g) + 6H"(aq) + 6e — 3H,0(l) 1.51
Hydrogen peroxide (H,0,) H,0,(aq) + 2H*(aq) + 2e” — 2H,0(l) 1.76
Per-hydroxyl radical (HOO) 0O, +H,0 — HO,+ OH" 1.70
Permanganate (MnOy) MnO, (aq) + 4H*(aq) + 38" — MnOy(s) + 2H,0(l) 1.70
Hypobromous acid (HBrO) HBrO(aq) + H'(aq) + 2 — Br'(aq) + H,O(l) 1.34
Chlorine dioxide (ClO,) ClO,(g) + H'(aq) + & — HCIO,(aq) 119
Hypochlorous acid (HCIO) 2HCIO(aqg) + 2H*(aq) + 26~ — Cly(g) + 2H,0() 1.63
Hypoiodous acid (HIO) HIO(aq) + 2H*(aq) + 26" — I'(aq) + H,O(l) 0.99
Chlorine (Cly) Cly(g) + 26" — 2CI'(aq) 1.36
Bromine (Br,) Bry(g) + 26 — 2Br(aq) 1.09
lodine (I,) I,(s) + 26" — 2I(aq) 0.54

®NHE = Normal Hydrogen Electrode.

Table 1.3 Standard Reduction Potentials of common oxidants [17][18].

1.2 The Applications of Ozone

The global market for chemical agents in the water, wastewater and food (e.g. bleaching

of flour) sectors was $32bn in 2007 [21][22] and ozone is making significant inroads

into these and other sectors, such as the semiconductor industry. Ozone is regarded as a

‘clean’ chemical agent. It has received FDA approval for application in the food industry

and, as was discussed above, is finding increasing application in water treatment [23] as

a result of its ability to kill chlorine-resistant pathogens such as Cryptosporidium

parvum [24][25] and its green credentials. More recently, concerns over the presence of

micro pollutants in water and wastewater such as endocrine disrupting chemicals

[26][27][28] and pharmaceuticals [29][30] have increased attention on the application of

0zone.
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Ozone is employed in water treatment for taste and odor control, color and metal ion

(e.g. ferric and manganic) removal, etc. [20].

In terms of the oxidation process in the context of water treatment, chlorine use can lead
to undesirable disinfection by-products (DBPs) by reacting with naturally occurring
(humic) matter to form, for example, haloacetic acids and trihalomethanes (THMs).
Ozone oxidizes dissolved species in a different way to chlorine, initially breaking down

to O, and O* (active atomic oxygen) according to [31]:

O3 —» 0,+0* (1.31)

The O* is the active agent which oxidizes any solution species. In contrast, chlorine

dissolves in water to form ‘free chlorine’, HOCI [20]:

The impact of these different first steps maybe judged by comparing the C; values of the
two oxidants. The C; value is the contact time, in mg min dm?, required for 99%
inactivation of a particular micro-organism at 5 °C [31][32], and a comparison of C;

values for various micro-organisms and disinfectants is shown in table 1.4.

It can be seen that ozone has the advantage over free chlorine. The C; values are much
lower, allowing more water to be processed within a specific amount of time and
showing that ozone is more efficient than chlorine [32]. In addition, chlorine treatment is
not effective against e.g. G. lamblia and Cryptosporidium when compared to alternative
oxidants such as ozone (O3) and chlorine dioxide (ClO,) [31]. Chlorine dioxide, like Os,

is an effective bactericide/viricide.
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Microorganism C; values of disinfectant / mg min dm™
Free chlorine Preformed Chlorine Ozone
(pH 6-7) chloramine dioxide (pH 6-7)
(pH 8-9) (pH 6-7)

E. coli 0.034-0.05 95-180 0.4-0.75 0.02
Polio 1 1.1-2.5 770-3740 0.2-6.7 0.1-0.2
Rotavirus 0.01-0.05 3810-6480 0.2-2.1 0.006-0.06
Phage 12 0.08-0.18 - - -
G. lamblia cysts 47->150 - 26 0.5-0.6
G. muris cysts 30-630 1400 7.2-18.5 1.8-2.0
Cryptosporidium 7200 - 78 5-10

Table 1.4 C; values of various disinfectants and microorganisms [31][32].

Ozone does have the disadvantage that, when Br is present (e.g. in ballast water
treatment [20]), bromate is generated:

Os;+Br — 0,+OBr (1.33)

O;+0Br — 0,+BrO0" — 20,+Br (1.34)

O3;+2Br+OH — HOBr + BrO3 pKa=28.86at20°C (1.35)
Bromate is a highly toxic substance that causes irreversible renal failure, deafness, and
death and has been linked to renal tumors in rats. The American, Canadian and
European environmental protection agencies have designated 10 pg/L as the Maximum
Contaminant Level (MCL) of BrOj3" in drinking water [20][33].

Ozone is employed widely in water treatment throughout Europe, and is becoming more
popular in the USA. However, for some years, there has been concerned that ozone can
react with humic matter (i.e. the naturally-occurring organic material in untreated water)

particularly in surface waters to form “oxidation byproducts” such as quinones and
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organic peroxides [34]. These byproducts are potentially harmful [35][36]; however, in
comparison to chlorine dioxide and chlorine, ozone produces less mutagenic byproducts
and may even reduce the mutagenicity of water [37].

Ozone is unstable, and hence is generated at the place of application by an electronic
discharge process, typically Cold Corona Discharge or CCD [3], through a flowing
stream of air or (ideally) oxygen. The resulting air/ozone or oxygen/ozone mixtures then
have to be contacted with the water to be treated such that the ozone dissolves efficiently
[38]. A schematic diagram of a typical ozone system for water treatment is shown in fig.
1.2 [39].

storage tanly
Orzone mjector creates contactcolumn Automatic filtration system
microbubbles
Pump, l —
pressure tanks |
Air or oxygen feed 1
Dzone generator FI’OIIII well Recirculating filtered Clean, filtered

water line back to tank water to house

Figure 1.2 A schematic diagram of a typical ozone generator for water treatment [39].
As may be seen from table 1.3, ozone is the most powerful oxidant employed directly in
water treatment. At low pH, ozone will attack organic substances directly; but under
conditions of high pH, or in the presence of Fe(ll) or humic substances, it will
decompose spontaneously [37] according to:

HO + 03 — HO, + 0y (1.36)

HO, — H' +0y (1.37)

10
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Oy +03 — O,+05 (1.38)
O3 +H' — HOj (1.39)

HO; — O,+OH (1.40)
OH +0; > HO, + 0, (1.41)

The decomposition step at high pH results in the generation of hydroxyl radicals, an
even more powerful oxidizing agent than ozone, other organics such as phenol are more

reactive towards molecular ozone at low pH [37].

Hydroxyl radicals are second only to fluorine in oxidation potential and have been
shown to be effective both in the detoxification (organic removal) and disinfection of
water [37].

Ozonation used in conjunction with Granular Activated Carbon (GAC) is considered as
the polishing step for the removal of odours, taste and micropollutants prior to
disinfection of drinking water [17]. No evidence has been found of trihalomethane
(THM) destruction by ozonolysis; however, ozonation of water prior to chlorination has

been found to reduce THM formation by oxidizing the THM precursors [40].

1.3 Advanced Oxidation Processes

Treatment methods that operate via the generation of OH radicals are termed Advanced
Oxidation Processes or AOPs [17]. Hydroxyl radicals are extremely short lived,
oxidizing dissolved organics initially by hydrogen abstraction. Hydroxyl radicals are
nonselective in their mode of attack, able to operate at normal temperature and
pressures, and are capable of oxidizing almost all reduced organic materials, without
restriction to specific classes or groups of compounds, as compared to other oxidants [3].
Advanced oxidation processes differ from other common treatment processes (such as

ion exchange [37] or air stripping) because pollutants are degraded rather than

11
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concentrated or transferred into a different phase. Because secondary waste species are

not generated, there is no need to dispose of, or regenerate, materials [37].

OH+RH — R +H,0 (1.42)

R+0, —» ROy — — (1.43)

The peroxyl radicals initiate thermal chain reactions which lead to oxidative degradation

and, ultimately, to the formation of CO,, H,O and inorganic salts (mineralisation) [41].

The AOPs involving O3 in use on the commercial scale [3][17] are O3/UV, O3 + H,0,
and O3 + H,0,/UV, and these are listed, with other non-ozone AOPs for comparison, in
table 1.5.

Ozone-based processes Non-ozone-based processes

Ozone at elevated pH (8 to >10) H,0, + UV

Ozone + UV H,0,+ UV + ferrous salts (Fenton’s reagent)

(also applicable in the gas phase)

Ozone + H,0; Electron-beam irradiation
Ozone + UV354 + H0, Electrohydraulic cavitation
Ozone + TiO, Ultrasonics

Ozone + TiO, + H,0, Nonthermal plasmas

Ozone + electron-beam irradiation | Pulsed corona discharges

Ozone + ultrasonics Photocatalysis (UV + TiO,)
Gamma radiolysis
Catalytic oxidation

Supercritical water oxidation

Table 1.5 Examples of the Advanced Oxidation Processes used to produce hydroxyl
radicals [37]. UVas4 is 254 nm UV light.

12
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1.3.1 O3 + UV and H,0, + UV

Hydroxyl radicals can be generated by the UV photolysis (A < 310 nm) of ozone, H,0,
and H,0, + Os. Typically, commercially available lamps emitting at Amax = 254 nm are
employed [3][37]:

hv = 254 nm
O; — 0,+0 (1.44)
in wet air:
O+H,0 — 20H (1.45)
in water:
20H — H,0, (1.46)
hv = 254 nm
H,0, — 2 OH' (1.47)

Due to the production of H,O; as a reactive intermediate, direct photolysis of O is not
cost effective [3][37].

1.3.2 03 + H,0,

The combination of ozone and hydrogen peroxide (“Peroxone” [41]) accelerates the
production of OH radicals through the decay of the O3 [40][43][44], and is regarded as a
relatively low cost AOP [44]. The process was discovered by Staehelin and Hoigne in
1982 [43] and the mechanism is now believed to be [44]:

HO, + 03 — HOs (1.48)
HOss — HOy +03'_ (1.49)
HO, — O, +H" (1.50)

13
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02'_ +0; — 03'- + O (151)
05" — 0,+0° (152)
O +H,O0 — OH+OH (153)

The rate of decay of O3 is pH sensitive, decreasing by a factor of 10 per unit increase in

pH; it is also pH sensitive due to (unwanted) scavenging of OH radicals by HCO3'.

1.3.3 Comparison of AOPs with conventional water treatment technologies
There are two primary disadvantages in the application of ozone and hydrogen peroxide-
based AOPs.

(1) The installation and maintenance of ozone generators and UV lamps are costly, and
such AOPs are relatively expensive compared to conventional methods of water
treatment (see [17] and references therein). It is believed that the cost of the AOP
approach will be reduced when these methods are adopted more widely. In addition,
combining AOPs with other processes, particularly GAC, will make the process more

competitive and effective.

(2) Radical traps such as bicarbonate ions have been shown to decrease the rate of
organic destruction, and hence pretreatment may be required to reduce high bicarbonate
levels by lowering the pH of the waste stream prior to the application of the UV/O;

process [43].

The advantages and disadvantages of the established and emerging water treatments are

summarized in table 1.6.
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Oxidation/ Objective Advantages Disadvantages
Treatment of Treatment
Chlorine - Primary disinfectant. - Simple addition - Production of
enhances flocculation/ procedure. chlorinated by-
sedimentation processes. - Persistent residual. products
- Removal of color and - Long history of use. | (Trihalomethanes).
odour. - Cheap. - Taste and odor
- Control of manganese. problems possible.
- Control of biofouling. - pH influences
effectiveness.
Chlorine - Disinfectant. - Relatively persistent | - Total organic halogen
Dioxide - Control of iron and residual. (TOX) formation.
manganese. - No THM formation. | - ClO,and CIO; by-
- Control of taste and - No pH effect. products.
odour. - On-site generation
- Oxidation of natural required.
and synthetic organics. - Hydrocarbon odours
- Control of biofouling. possible.
Ozone - Disinfectant. - Usually no THM or | - Short half-life.
- Destruction of THM TOX formation. - Installation cost of an
precursors. - No taste or odor ozone generator; (on-
- Oxidation of natural and problems. site generation
synthetic organics. - Some by-products required).
- Aid to color removal and biodegradable. - Energy intensive.
flocculation. - Little pH effect. - Some by-products
- Control of biofouling. - Coagulant aid. biodegradable-
enhancing biofouling.

- Complex generation
and addition.

- Corrosive.

- OH action inhibited
by naturally-occuring
bicarbonate.

Hydrogen - Disinfection. - Improved ozone - See above
peroxide/ - Destruction of THM efficiency.
ozone precursors. - Easy application for

- Oxidation of natural and
synthetic organics.

- Control of biofouling.

- Aid to color removal and
flocculation.

existing ozone
facilities.

- Removal of
micropollutants
when used
inconjuction with
GAC.

- No taste or odor
problems.

15




Chapter 1

Oxidation/ Objective Advantages Disadvantages
Treatment of Treatment
AOPs - Disinfection. - Destruction of THM | - Bicarbonate radical
- Destruction of THM precursors. scavengers.
precursors. - Easy application for | - Installation cost of
- Control of biofouling. existing ozone ozone generator and
- Oxidation of natural and facilities. UV lamps.
synthetic organics. - Removal of
micropollutants
when used
inconjuction with
GAC.
- No taste or odor
problems.
Granular - Removal of THM and - Effective treatment. | - Cost of reactivation.
Activated TOX precursors. - Carbon can be re- - Reactivation
Carbon - Removal of tastes and activated. pollution.
(GAQC) odours. - Decreasing adsorption
- Removal of organic and activity with use.
synthetic organics. - Phase transfer
method: -pollutant
disposal still remains.
Air stripping | - Removal of organic and - Effective treatment. | - Phase transfer
synthetic organics. - Relatively method.
- Removal of dissolved inexpensive. - Introduction of VOCs
gases. into the atmosphere.
- Removal of taste and
odor-causing compounds,
and volatile organics
compounds (VOCs).
- Oxidation of iron and
manganese.
Incineration | - Ultimate sludge disposal - Effective method. - Cost of construction
method. - Hazardous waste and operation.
disposal. - Energy intensive.

- Products of
incomplete
combustion.

Lagoons - Sludge dehydration prior | - Short-term basis- - Ample land
to landfill: -non-hazardous | economic solution. requirement well
waste disposal. - On-site treatment. away from dwellings.

- Favorable climatic
conditions.

- Potential
environmental and
health hazards.

Landfill - Ultimate sludge disposal - Effective method. - Potential

method: -hazardous and
non-hazardous waste
disposal.

environmental and
health hazards.
- Land availability.
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Oxidation/ Objective Advantages Disadvantages
Treatment of Treatment
Land - Ultimate sludge disposal - Effective method. - Potential
spreading method:-non-hazardous environmental and
waste disposal. health hazards.
- Adsorption capacity
of the soil.
- Climatic conditions.

Table 1.6 The advantages and disadvantages of established and emerging treatments for
water[3]

1.4 The electrochemical generation of ozone

Ozone was first identified as a distinct chemical compound by Schénbein in work that
commenced with his observation that the electrolysis of water produced an odour at the
anode identical to that from an electric arc [45]. Schonbein’s acquisition of a Grove cell,
which was able to deliver a much higher current than his previous apparatus, led to his
proposal that the odour was due to a distinct chemical [46] which he named “ozone”
[47]. There is a nice circularity in the acquisition of the Grove cell by Schonbein in the
mid-19" century being so critical to the discovery of ozone and the use of air cathodes in
electrochemical ozone cells in the 21% century (see, for example, [48]). For an in-depth
review of Schonbein’s work see [49]. The molecular formula of ozone was determined

by Andrews and Tait in 1860 [50], only after which could the compound be determined

quantitatively.

The electrolysis of water is generally believed to produce ozone via a 6-electron process

[4][51]:
3H,0 — O3+ 6H" + 6¢” E°=+151V (1.54)
As E° for the oxidation of water to oxygen is somewhat lower, +1.23 V [18]:

2H,0 — Oy + 4H™ + 4¢ °=+1.23V (1.55)
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oxygen is always produced simultaneously with ozone ([4] and references therein).

The solubility of ozone in acidic solutions is generally accepted as being up to ca. 10x
that of O, [1][14][15] i.e. the saturation solubility at 0 °C and 1 atm is 22 mM.

14.1 The cell configurations employed in the electrochemical generation of ozone
The types of cell employed in the electrochemical generation of Oz reflect those

generally employed in electrolysis.

In the simplest cell configuration, the electrodes are immersed directly in the electrolyte
[52] and the gases evolved at anode and cathode are allowed to mix. Professor Chan in
Hong Kong University employed a small UV-Vis cuvette cell in his initial work, and
this is dealt with in detail below. Separated cells employ an inert separator such as glass
[52][53][54], wetted Teflon [53][55] or Nafion [56][57] and the anode and cathode gases
are vented separately. As it is generally believed that ozone efficiency increases with
decreasing pH [25][51], acidic electrolytes are generally employed; however, a number
of studies have been reported using aqueous electrolytes at near neutral pH
[58][59][60][61][62] with ozone current efficiencies of 5-12%.

Zero gap, filter-press or Membrane Electrolyte Assembly (MEA)-based cells employ a
membrane (typically Nafion) as the electrolyte, with the anode and cathode being
pressed tightly against the membrane. If water is fed to a Pt-based cathode (e.g. Pt or
Pt/Ti mesh), hydrogen is evolved as the cathode reaction [63][64][65][66][67][68][69].
In contrast, if an air breathing cathode is employed (i.e. Pt particles deposited upon
porous carbon in a gas diffusion electrode), oxygen is reduced to water at the cathode
[48][70] which is a safer system, especially for domestic applications. There are also a
number of reports on variations of the zero gap cell, e.g. feeding humidified O, to a gas
diffusion cathode to generate H,O, [71] using an air breathing cathode/Nafion “half
MEA” separated from the anode by acidic electrolyte [55] and a spiral wound MEA-
based cell [72].
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In general, electrochemical ozone generation is carried out either in single pass/flow
operation [70] or in batch recycle mode [63]. In the former case, ozone is generated in
both gas and liquid phases continuously, in the latter, once saturation of the anode

solution has taken place, all the ozone produced is released into the gas phase.

1.4.2 The effect of temperature on the electrochemical generation of ozone

It was realised very early in the research on electrochemical ozone generation that low
temperatures favoured higher ozone current efficiencies at Pt and Pt-based electrodes
[52][53][73][74][75], an observation later confirmed using other anode materials; e.g.
PbO, [76][77][78] and carbon [55]. However, some authors have reported that ozone
efficiency at PbO, decreases with decreasing temperature, e.g. [69][79]. Early workers
took great care to cool the anode as it was generally believed that the anode temperature,
rather than that of the electrolyte, was critical [52][53][75][76], and that gas bubbles
could affect heat transfer [53][76][80][81][82].

Briner, Haefeli and Paillard [73] electrolysed a 5.0 M H,SO, eutectic solution using a Pt
anode, obtaining a maximum current efficiency of 8.5% at -67 °C. Putnam et al. [52]
obtained a maximum current efficiency of 19.4% by electrolysing a 30% HCIO, solution
at -50 °C using a Pt anode; however, they found significantly lower efficiencies using
H,SO, at temperatures down to -62 °C, in contrast to the results reported by Briner and
co-workers. Interestingly, Putnam et al. analysed the ozone evolved from their cells by
liquefaction and measurement of the boiling point; an interesting COSHH form indeed.
In general, ozone efficiency falls dramatically as the temperature approaches room
temperature when Pt anodes are employed [52][53][83].

Low temperatures are often employed in conjunction with fluorine-containing anions to
obtain high ozone current efficiencies [76][84][85][86]; this is generally believed to be
due to the ability of small amounts of F to raise the oxygen overpotential [76] and was
first reported in 1950 by Hickling and Hill, [87], although it has also been postulated that
F stabilises the coverage of singlet oxygen at PbO,, enhancing the production of Oj
[54]. Thus, PbO, at 0 °C typically exhibits current efficiencies of 10-12% in the absence
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of specialist anions, this increases up to ca. 20% in the presence of PFg at the same
temperature [76]. Foller and Kelsall [55] reported a current efficiency of 45% using
glassy carbon electrodes at -5 °C in 62 wt% HBF,. However, the very high concentration
of HBF, employed required that it was especially synthesised and also resulted in
intermittent passivation of the electrode which could only be reversed by periodic
switching to open circuit potential. F-doping of PbO, anodes to inhibit O, evolution and
hence improve ozone current efficiency has also been employed see, for example, the
work by Amadelli et al. [88], who obtained a maximum current efficiency of ca. 8% at
25 °C in 1 M H,S0q,, using PbO, anodes formed by electroldeposition from solutions
containing 0.01 M NaF. Higher F" concentrations in the electrodepostion solution caused
the ozone efficiency to decrease, reaching 1% at 40 mM NaF. The latter observation was
interpreted by the authors as higher F-doping of PbO, facilitating the formation of

persulfate ions at the expense of Os.

The primary effect of increasing temperature on electrochemical ozone generation is
generally accepted to be to increase the decomposition of Oz, at least at Pt anodes; this
was first postulated by Fisher and co-workers in 1907 [80][82]. In more recent papers
and reviews of electrochemical ozone generation at a variety of anodes, this theory has
remained unchallenged [4][51][54][57][76][78][84]1[89][90][91].

1.4.3 The anode material

The anodes employed for electrochemical generation fall into two time periods: < 1982
and > 1982. Up to 1982, the only anode materials that had been investigated were Pt and
PbO, ([76] and references therein), and then only in aqueous acid electrolytes. After
1982, Pt ceased to be of interest (with one exception, see [92]) and, whilst B-PbO,
continues to be employed (see, for example, [69][93] alternative materials have been
investigated, including glassy carbon [55], Ni/Sb-SnO, [25], IrO,-Nb,Os [86][94],
tantalum oxide [95], TiO, [96][97] and Boron Doped Diamond (BDD)
[56][68][72][98][99][100].
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It is generally accepted that the most active of the o and B forms of PbO, is the latter
[78]. A comparison of ozone evolution at 0 °C at PbO, anodes gives a fairly accurate
view of the general activity of this material. In the absence of added F° or fluoride-
containing electrolytes, the current efficiencies observed at PbO, are ca. 3-10% at
current densities of ca. 1.0 A cm™ in aqueous H,SO4 or HCIO,4 [51][54][76][85]. In 7.3
M HPFg, an efficiency of ca. 50% was observed by Foller and Tobias [76], whilst
addition of NaF increased current efficiency to 21% [85] or 10% [54].

IrO,-Nb,Os showed a very low ozone current efficiency at 0 °C in 3.0 M H,SO,, ca. 1%
[94], rising to ca. 12% at 800 mA cm™ in the presence of 0.03 M KPFe. Using a layered
anode formed on Si and exposing TiO; to the 0.01 M HCIO, solution, Kitsuka et al. [97]
have reported a current efficiency of ca. 9% at 50 mA cm?and 15 °C. Tantalum oxide-
based anodes have shown a current efficiency of ca. 12% at room temperature and 200

mA cm™ using model tap water at neutral pH.

In terms of very active and selective anodes capable of current efficiencies of > 30% at
room temperature and using conventional aqueous electrolytes, there are, to date, only
two anodes using Boron Doped Diamond (BDD) electrodes as the anode and cathode in
a zero gap cell, Kraft et al. [100] observed a current efficiency of ca. 24% at 20 °C for
the electrolysis of deionised water. Further, Arihara and co-workers [68] obtained
current efficiencies up to 47% using a zero gap cell employing a BDD anode and Pt
cathode, at 25 °C, a cell voltage of 19 V and 53 mA cm™. However, electrolysis of
acidic electrolyte using a BDD anode has been reported as giving Oz at a current
efficiency of only ‘a few percent’ at ambient temperature. In fact, it is not clear that
ozone is an expected major product at BDD anodes [56]. The second highly selective
anode material is Ni/Sb-SnO; and, as this material is the focus of the work in this thesis,

is described in detail below.

In 2004, Prof K. Y. Chan of Hong Kong University [101] reported (incorrectly) that his
group had generated ozone from 0.64 cm? Sb-SnO, Ti foil electrode in 0.1 M HCIO, in a
UV-Vis cuvette electrochemical cell, see fig 1.3, with a maximum current efficiency of
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15% at cell voltages < 3 V. In a second paper [25] it was reported that the activity of the
anodes reported in the first publication was due to adventitious Ni. This latter paper
detailed the preparation of Ni/Sb-SnO, electrodes and reported a maximum current
efficiency of 35%, again using the UV-Vis cuvette cell shown in fig. 1.3. There had been
one previous report of ozone generation at Sb-SnO,/Ti mesh by Foller and Tobias in
1982 [76]; the authors reported a maximum current efficiency of ca. 4% in 5.0 M H,SO4
at 0 °C, which was short lived, due to dissolution of the electrode. Otherwise, Sb-SnO,
electrodes are generally considered not to be ozone active. In general, Sb-SnO, anodes
supported on Ti are associated with the direct, electrochemical oxidation of organics
[102]. Hence, the production of very high O3 activity at low cell voltages under ambient
conditions and in a simple electrolyte through the addition of small amounts of Ni to Sb-
SnO; is truly remarkable, and could not have been predicted. Further, all the anode
materials discussed above are essentially ‘inactive’, relying upon high oxygen
overpotentials to generate ozone. Ni/Sb-SnO, would seem to be the first ‘active’ anode

with an active site specifically to facilitate ozone generation.

e T

]
/ E{gferenpe

] Counter Electrode
Working o

Liquid _,.

Quartz cell

Figure 1.3 A schematic drawing of the electrolysis UV cell showing the arrangement of

the working electrode, reference electrode, and the counter electrode [25].
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The Chan group has only reported the very high ozone current efficiencies using small
(0.64 cm?) anodes and an important objective of the work reported in this theses was to

develop active and selective Ni/Sb-SnO, anodes on the larger scale.

In general, at PbO, anodes, current efficiency increases essentially, linearly with current
density [90] before levelling out and becoming independent [63][64][65][67][69][76];
typically, the current density at which this change occurs is ca. 1.0 A cm™, but this value
depends upon the electrolyte composition [76]. Exceptions to this observation are Onda
and co-workers [66] and Awad [93], both groups observe current efficiency to go
through a maximum, around 1.0 A cm?and 1.5-2.0 mA cm™ (respectively), before

decreasing.

Boron doped diamond anodes show similar behaviour to PbO,, with current efficiency
becoming independent of current density [68] and also showing a clear maximum [100].
TiO, [23], Pt [25][26], C [12] and TaOy [27] show increasing current with current
density. IrO,-Nb,Os shows an onset current density for ozone evolution that varies with
IrO, content [24]. Ni/Sb-SnO, electrodes show a clear maximum [25][48].

1.4.4 The effect of electrolyte

Until recently, the large majority of work on electrochemical ozone generation has
focused on acid electrolytes, presumably due to the generally-held belief that ozone
efficiency decreases as the pH rises. However, there have been few studies on the effect
of the anion on ozone efficiency in acid solution. By far the most comprehensive work
on this was reported by Foller and Tobias in 1982 [76]. The authors found a linear
relationship between ozone current efficiency in 2.0 M acid at 0 °C using f—PbO, anode
and the “composite electronegativity” of the anions. The composite electronegativity
was obtained by summing the tabulated electronegativities of the individual atoms of the

anion.

The data were rationalised in terms of a model, the essence of which remains in place to
date, in which one of the active intermediates in the formation of Oz is the adsorbed
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oxygen atom. Quite simply, anion and oxygen coverage are competitive, with the former
determined by the electronegativity of the anion: the more electronegative the less
adsorption takes place. Thus, at high anion coverage, the free energy of adsorption of O
Is too low and the activation energy for O, + O3 —> O3 is so low that Oz does not have
time to form. Conversely, too little anion adsorption causes the O atoms to be bound too
tightly. However, the authors also commented that, due to the evolution of gas, the free
energy of adsorption of the O atom would actually assume a broad range of values. An
ideal anion coverage, specific for a particular electrolyte and anode material, would then
produce the maximum possible ozone efficiency for that combination. Anions such as F°
that are non-adsorbing may never show such a maximum in efficiency as ‘optimum’
surface coverage is never reached. The authors also postulated that F~ could inhibit the
discharge of water (to O) by hydrogen bonding to the H atoms of water in the Inner
Helmholtz Layer.

There does not appear to be any detailed later studies on the effect of anion adsorption
on electrochemical ozone generation in acid solution; studies in acid electrolyte focus
primarily on the effect of F or F-containing electrolytes e.g. [4][54][78][85][94]. Da
Silva and co-workers [54] re-iterate the postulate of Foller and Tobias [76] that F
stabilises the coverage of adsorbed oxygen atoms as well as inhibiting the oxygen

evolution reaction.

With respect to the effect of common acid electrolytes on ozone current efficiency, this
appears, as expected, to depend upon the anode material, thus Franco et al. [103] found
that the ozone current efficiency at a B—PbO; anode was 3.5% in 6.0 M HCIO, compared
to 2.9% in 3.0 M H,SO,. Y. H. Wang et al. [25] determined a current efficiency of ca.
35% in 1.0 M H,SO,4and ca. 32% in 1.0 M HCIO, at a Ni/Sh-SnO; anode. At -50 °C at a
Pt anode, Putnam et al. [52] the current efficiency was ca. 20% in 30% HCIO,4 and ca.
6% in 28% H,SO,4. However, Kotz and Stucki [85] determined a complex dependence of
ozone efficiency at 1 A cm™ when using 3.0 M HCIO,, H,SO4 and HsPO, as a function
of temperature. Ozone efficiency at fixed current density generally goes through a

maximum as the concentration of the acid electrolyte is increased [25][76].
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Most of the papers in the electrochemical ozone literature concern ozone generation
using either aqueous acid electrolytes or, to a lesser extent, using Nafion as an (acidic)
polymer electrolyte membrane, (Nafion is also commonly employed as the cell separator

in the former studies). Few studies reported work in neutral electrolyte, e.g. [90][104].

More recently, work has been reported using imitation tap water, aimed at the potential
application of electrochemical ozone generation in water treatment [58][59]. Feng et al.
[90] obtained ozone current efficiencies of 6% and ca. 14% using B-PbO, anodes
without and with Fe doping, respectively, in pH 7.5 phosphate buffer at 10 °C. El-Shal
et al. [104] derived a maximum current efficiency of 7% at PbO, in pH 7 phosphate
buffer. Kaneda and co-workers have studied anodes based on tantalum oxide in imitation
tap water, i.e. Millipore water containing added Na*, Ca®*, K" and Mg** salts to a
conductivity of 160 ps cm™ [58][59]. The authors derived a maximum ozone current
efficiency of ca. 12%, comparable to that derived by Feng et al. using Fe-doped -PbO,
[90]. To date, there has been no attempts to discuss the implications of such high ozone

efficiencies obtained in neutral solution.

The third, and final, electrolyte type employed in electrochemical ozone generation is
the solid polymer electrolyte, or polymer electrolyte membrane, typically Nafion. The
earliest of such zero gap cells employed Pt as the cathode, with deionised water fed to
both anode and cathode; O, + Oz being produced at the anode and hydrogen at the
cathode, and this remains the most common configuration of such cells
[63][64][65][66][67][68][69][84]. Commercial systems, “Membrel” -type electrolysers,
are available based on B—PbO;, powder anodes and Pt cathodes [63], and B—PbO,
remains the most generally employed anode in  such  systems
[63][64][65][66][67][69][84]. Current efficiencies for ozone generation using such cells
at temperatures around 25 °C are typically 5 to 20% at cell voltage 4.0 to 5.0 V. In
contrast (as stated above), using a Boron Doped Diamond (BDD) anode Arihara and co-
workers obtained a maximum current efficiency of 47% albeit at a cell voltage of 19.0
V. Kraft reported an ozone current efficiency of 24% using BDD electrodes as anode
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and cathode, again at a relatively high cell voltage (8.0 V at 0.5 A to 23.0 V at 5.0 A
with the optimum efficiency determined at ca. 1.3 A.

Nishiki and co-workers [72] reported a maximum current efficiency of 13% at a current
of 0.75 A and ca. 16.0 V using a BDD rod (2.0 mm diameter) wound with a Nafion strip
and stainless steel wire cathode rather than the usual planar geometry. The ozonated
water so produced was used to treat skin complaints in dogs. Other variations of the zero
gap configuration include the work by Okada and Naya [92] who employed a
polyethylene terephthalate felt separator between the Nafion membrane and Pt mesh
cathode in order to prevent degradation of the Nafion on the cathode side of the cell due
to transport of Pt particles from the Pt mesh anode to the cathode. As the cathode was no
longer in contact with the Nafion membrane dilute NaCl or Na,SO,4 was employed as the
catholyte. The authors reported a current efficiency of 20% at room temperature; a

remarkably high value for Pt.

Another variation of the zero gap, or of the more standard acid electrolyte, approach was
reported by Foller and Kelsall [55]. This is a remarkable study for several reasons: (1) it
was one of the first to employ an air breathing cathode (air depolarized) as in a fuel cell;
(2) the maximum current efficiency obtained was 45% using a glassy carbon anode,
albeit in highly concentrated (corrosive, expensive) HBF, at -5 °C; (3) the paper presents
a thoroughgoing analysis of the engineering aspects of the electrochemical reactors
employed. One of the two reactors employed in the study utilized two air-breathing
cathodes between which were cooled, tubular glassy carbon electrodes immersed in the
aqueous HBF, electrolyte. The authors employed an air cathode following the work of
the Permelec Electrode Corporation who incorporated such an air cathode into Membrel-
type cell [105] and obtained current efficiencies of ca. 16% at a cell voltage of ca. 2.3 V.
Such an arrangement removes the challenges associated with hydrogen gas management,
lowers the cell voltage (E°ozr20) = +1.23 V vs. NHE vs. E°nsmz) = 0 V vs. NHE) and
decreases thermal management problems. Professor K. Y. Chan has reported two studies
on zero gap cells employing air breathing cathodes [48][70] and Ni/Sh-SnO, anodes
supported on Ti mesh. The first paper concerned a single cell comprising a Membrane
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Electrode Assembly, formed by hot pressing the anode, Nafion membrane and air
breathing cathode. The anode had a geometric area of 24.0 cm® A maximum current
efficiency of ca. 15% was determined at a cell voltage of 2.0 V and current of 312.0 mA.
The later paper concerned the development of larger electrodes (8.0 cm x 13.0 cm) and
the assessment of a 4-cell stack. Using a single MEA, the authors derived a maximum
current efficiency of ca. 17% at 2.0 A and cell voltage of 3.0 V. The four cell stack gave
a maximum efficiency of 21.7% at an individual cell voltage of 3.3 V. Thus, in general,
MEA-based zero gap cells using Pt or air breathing cathodes based on Pt on porous
carbon give current efficiencies < ca. 20%, the exception being the work of Arihara et
al. [68][99].

1.5 Mechanism
The gas phase reaction:

(O')(g) +0, - O3 (1.54)

is well known [106] to proceed with low activation energy, and the role of atomic
oxygen as a key intermediate to O3 has hence long been postulated (see, for e.g.,
[76][85]). Initially, dissolved O, was believed to be the other reactants [63][65][85].
Stucki and co-workers employed a pressured membrel electrolyzer, [89] to investigate
the possible role of dissolved O,, but found that pressure had no effect upon current
efficiency, an observation they rationalised in terms of the reactions:

ks

(O)ags + Oy — O3(g) (1.55)
ko

(O)ads + O3y — O2q) (1.56)

Increasing the pressure increases Oz and O, but decreases (O)ags, hence the ratio of the

two reaction rates (1.55) and (1.56) remains unchanged.
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Reactions (1.55) and (1.56) show another generally held view that (O)sgs is common to
both O, and O3 formation. It is now generally accepted that adsorbed O is the active
intermediate, along with (O),gs and/or (OH)ags [65][84][90], and that the discharge of

water is the rate determining step [84].

The most commonly accepted, general mechanism for electrochemical ozone generation

Is that put forward by Da Silva and co-workers [78][4]:

(Hz0)ags — (OH)ags + H' + & (1.57)
(OH)ads — (0)ags + H' + &~ (1.58)
(O)ads — [1-0](O)ags + 0(0)* aas (0 < 0 < 1) (1.59)
[1-061(20")ags — [1-61(O2)acs (1.60)

[1-61(02)ags — [1-B].[1-6](O2)aas + B[1-61(O2)*aas (0 < p < 1) (1.61)

[1-B].[1-6](Oz2)ads — O21 (1.62)
6(0')*ads * B[l'e] (02)*ads - [6 + B(l'e)] (03)ads (1-63)
[0 + B(1-0)](O3)ads — O3t (1.64)

“0” and “P” represent the surface coverage by oxygen species while “*” represent the

fractional surface coverage leading to Os.
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1.6 Research objectives
The aim of the research reported in this thesis was to develop an electrochemical cell
capable of injecting ozone directly into water having no added electrolyte (e.g. tap

water) at a cell voltage <3.0 V and at an o0zone concentration of >3 ppm.

The objectives of the research to achieve the aim were: (1) to reproduce the synthesis of
Ni/Sb-SnO, anodes developed by Prof. Chan’s group in Hong Kong; (2) optimize the
synthesis of the electrodes with respect to the selective generation of ozone in acid
solution as a step to achieving the aim of ozone generation in neutral water; (3) develop
an in-situ UV-Vis spectroscopic analysis, and calibrate this approach against
complementary methods, e.g. iodometry. (4) characterizse the anodes using appropriate
analytical techniques (e.g. I/V methods, SEM, EDX). (5) Develop and optimize a scale
up synthesis of active and selective anodes. (6) Develop methodology to produce
Membrane Electrode Assemblies (MEAS) to allow the electrochemical production of
ozone in water without added electrolyte, and optimize. The target energy consumption
is that typically reported for Cold Corona Discharge (CCD) of 18 kWh kg™.

It should be noted that the project was sponsored by Clarizon Ltd and hence the

scientific strategy employed was tempered with the commercial development required
by the sponsor.
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2. Experimental

Table 2.1 and 2.2 list the chemicals, materials and equipment used during the work

reported in this thesis, along with purity and suppliers. All the chemicals were used as

received unless otherwise stated.

2.1 Chemicals and materials

Reagents / Materials Formula Analysis Supplier
Tin (IV) chloride pentahydrate SnCl,;.5H,0 Puriss min 98% Riedel-de Haén
Antimony (111) chloride SbCl; A.C.S. reagent 99% | Sigma-Aldrich
Nickel(Il)chloride hexahydrate NiCl,.6H,0 A.C.S. reagent Sigma-Aldrich
Oxalic acid (COOH), 98% Sigma-Aldrich
Gold (1) chloride hydrate HAuCI,;.xH,0 99.99% metal Sigma-Aldrich
Dihydrogen hexachloroplatinate H,PtCls.6H,0 99.9 % Alfa Aesar,
(V) hexahydrate A John Matthey
Acetone CH5;COCH; Puriss Fluka
Hydrochloric acid HCI Puriss min 37% Riedel-de Haén
Sulfuric acid H,SO, Puriss 95-97% Fluka
Ethanol C,H;OH Puriss Fluka
Millipore water H.0 18.2 MQ.cm Millipore
Hydrogen peroxide H,0, Puriss, 35% Riedel-de Haén
Potassium chloride KCI > 99.5% Fluka
Potassium Ferrocyanide K4Fe(CN)6.3H,0 Analytical Hopkin and

Reagent, 99% Williams Ltd

Nafion® perfluorinated ion- C;HF305S .CoF, | 5wt % in a mixture Sigma-Aldrich

exchange resin

of lower aliphatic
alcohols and H,0

Sodium Hydroxide NaOH

Puriss

Riedel-de Haén

Platinum mesh, 0.25 mm, 20 x Pt
20 mm

99.9%

Goodfellow
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Reagents / Materials Formula Analysis Supplier
Titanium mesh, 20 feet Ti 20% Dexmet, USA
Titanium wire, diameter Ti 99.6% Goodfellow
0.25mm
Nafion 117 membrane C,HF505S .C,F, 0.41x1.23m DuPont Corp.
USA
Celgard 2400, 25 pum thick (CsHe)n 41% porosity, Celgard USA
microporous polypropylene 0.043 um pore size
membrane
Polyethylene tubing (CoHY), 7.0 mm x 10.5 mm Portex
800/012/425/800
Anti-bumping granules 2509 Al,O3 Grains de ponce, BDH
Siedesteine

Calomel Reference Electrode, Ag/AgCl/ SH

4M KCI Scientific

Table 2.1 List of chemicals and materials employed in the work reported in this thesis.

Equipment

Supplier

EEP 2000C

UV/VIS 200 nm FF Concave Holographic Spectrometer

Stellar Net Inc.

Xenon Flash Lamp Module, 11-28 V DC(1 A)

Hamamatsu

UV/VIS Spectrometer and software, Astranet Systems

Astranet Systems Limited,
Cambridge, United Kingdom

MasterFlex Digital Standard Pump L/S™ Console Drive, Cole-Palmer
model 7519-06 cartridge pump

Flow meter system, WU series Cole-Palmer
TSX 1820P Programmable DC PSU (TTi), 18 V, 20 A Tektronix

Hameg HM 7044 Power supply

Hameg Instrument

Air admiral air pump

Cole-Palmer

Potentiostat/Galvanostat version 4.9 and General Purpose
Electrochemical System Program (GPES)

Windsor Scientific

Precision DC Power supply, TS3022S, 30V-2A

Thandar

Hot surface heating press

Chauffante Elcometer

Ultrasonic bath, 2510

Branson

Oven, model N6C

Genlab Ltd. Thermal Engineers

301 controller

Furnace, Carbolite Type 301, MC16-GB-C-1, Eurotherm

Barlword Scientific
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Equipment Supplier
Stirrer Bar, PC-351 Corning
Magnetic Stirrer CB 162 Stuart
Ceramic Boat Shenzhen Jinghui Electronics
Co. Ltd.
Thermometer76 mm immersion, Fisherbrand
Analytical balance, model R 20 Oertling
Bunsen burner Amal
Heating press (Presse Chauffante) Ecometer

Table 2.2 List of equipment employed in the work reported in this thesis.

2.2 The anodes

The ozone anodes were initially fabricated via a paint brush coating method developed
by Prof K. Y. Chan in Hong Kong University [1]; this coating procedure was modified
significantly during the period covered by this thesis, and the development of the
synthesis will be described in Chapter 4; hence only a basic summary of the initial
coating process is given below. As the brush method was rapidly replaced by dip-
coating, the latter is described.

Titanium was chosen as a substrate as its use as a support for SnO,-based anodes is well
documented in the literature, see for example: [1][2][3][4][5], Ti mesh substrates of
dimensions 0.8 cm x 0.8 cm, 2.5 cm x 2.5 cm and 7.0 cm x 5.0 cm were employed.

Taking the fabrication of a 2.5 cm x 2.5 cm anode as typical (see fig. 2.1): each Ti mesh
was cut to produce a 2.5 cm x 2.5 cm section which was then pressed in a Chauffante
Elcometer press at room temperature and 1000 N for 5 minutes to flatten out any
protrusions. The tip of a 4.0 cm length of 0.5 mm diameter. Ti wire was flattened with a
hammer and spot-welded to the mesh (scale = low, %weld 40 weld = 1) such that the

wire ran along the middle of the mesh in firm contact with its entire length.
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Each mesh + wire was weighed and the mass recorded, after which the meshes were
degreased by wiping with a tissue soaked in acetone, followed by thorough washing
with Millipore Milli-Q water (18 MQ cm) and then ultrasonication in Millipore Milli-Q

water for 5 minutes.

The Ti meshes were then boiled in 10 wt.% oxalic acid (20 g in 200 ml Millipore Milli-
Q water) for at least 30 minutes, i.e. until the solution took on a brownish tinge. The
solution was allowed to cool to room temperature after which the meshes were washed
with copious amounts of Millipore Milli-Q water. They were then placed in fresh
Millipore Milli-Q water in a beaker immersed in an ultrasonic bath for 10 minutes, the
water replaced and the procedure repeated until no oil/grease was observed on the
surface of the water. The meshes were then dried in a 60 °C oven for 1 hour by placing
in a beaker with the meshes uppermost, in the oven. The meshes were then weighed and

their masses recorded.

2.2.1 Electrodeposition

The electrodeposition solution consisted of 0.5 M SnCl,.5H,0 and 0.05 M SbCl; in 500
ml ethanol, i.e. to give a Sn:Sb molar ratio of 10:1. The Pt/Ti cathodes and Ti mesh
anode were both immersed in the electrodeposition solution. The Ti mesh was clamped
via its connecting wire, and held vertically in 200 ml of the electrodeposition solution,
co-facial to a Pt-coated Ti mesh (see fig. 2.2). The Ti mesh was then connected to the (-
) {black} pole of a TTi TSX 1820P programmable DC power supply and a Pt/Ti mesh,
one either side of the Ti mesh, to the (+) {red} pole. The initial potential of the anode
and cathode were not determined. Deposition was initiated at a current density of 6.40

mA cm™ (0.04 A) for 25 minutes (the voltage across the cell was typically 4.23 V).
Following electrodeposition, each Ti mesh was washed thoroughly with Millipore Milli-

Q water and placed in a beaker with the meshes uppermost, and allowed to dry at room

temperature for 1 hour. The meshes were then weighed and the masses recorded.
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The Ti mesh electrodes were placed in an oven, in a beaker with the meshes uppermost,
at 100 °C for 15 minutes. The meshes were removed and immediately laid horizontally
in a silica boat and placed in a furnace pre-heated to 520 °C for 2 hours. The furnace was
switched off, the meshes removed and allowed to cool for 1 minute before commencing

dip-coating.

Millipore

Acetone water 10% Oxalic acid

~30 minutes

O O

Millipore
water

Brown solution

Figure 2.1 Schematic representation of the procedure involved in cleaning and etching.
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Figure 2.2 Schematic representation of the electrodeposition step.

2.2.2 Catalyst coating

The catalyst coating solution consisted of SnCl,.5H,0, SbCl; and NiCl,.6H,0 in the
molar ratio 500:8:x where x = 1 in the Hong Kong University recipe; for the latter, 35.0
g, 0.365 g and 0.0475 g, respectively, of the reactants were placed in 100 ml ethanol in a
100 ml volumetric flask and shaken thoroughly to dissolve. The solution was poured
into a beaker. Each 6.25 cm? mesh electrode was dip-coated with catalyst solution. The
electrodes were then placed in a beaker (mesh uppermost) and transferred to an oven at
100 °C for 15 minutes after which they were removed, laid horizontally in a furnace boat
and placed in a furnace pre-heated to 520 °C. The furnace was switched off before
admitting the meshes. It was then turned on and allowed to attain 520 °C again (ca. 5
minutes) and the meshes heated for 20 minutes. The boat + mesh electrodes were then
removed, the meshes allowed to cool for 1 minute and the coating repeated. The coating,
oven and furnace steps were repeated 18 times. The final (20™) coating was heated in the
furnace for 75 minutes at 520 °C. After every 5 coats, the anodes were weighed. The

cool mesh electrodes were then weighed and the masses recorded.
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Figure 2.3 Schematic representations of the procedure involved in dip-coating.

The 7.0 cm x 5.0 cm anodes were made for use in the polycarbonate cells (see section

2.4) and were spot welded into a titanium frame once the mesh was coated with catalyst.

Thus, a 8.0 cm x 5.0 cm Ti mesh was cleaned and degreased etc as described above, see

fig. 2.4. Two titanium wires there then spot-welded on see fig 2.4 (a).

Following electrodeposition and coating, the meshes were trimmed, removing the wires,

to 7.0 cm x 5.0, and spot-welded into a titanium frame, figs. 2.4 (g) and (h).
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@) (h)
Figure 2.4 Photographs of (a) 8.0 cm x 5.0 cm Ti mesh with Ti wire on (b) cleaning, (c)

electrodeposition, (d) coating, (e) drying, (f) heating, (g) 7.0 cm x 5.0 Ti mesh after
cutting and (h) 7.0 cm x 5.0 Ti mesh in a titanium frame.
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2.3 Power supplies and pumps

The DC power supplies employed in the work reported in this thesis were a TTi TSX
1820P DC PSU and a Hameg HM 7044 PSU, see figs 2.5 (a) and (b), respectively.

Figure 2.5 Photographs of the (a) TTi and (b) Hameg power supply units.

The pump most commonly employed was a Masterflex L/S with an ‘Easyload II’ 77200-
60 tubing cassette, see fig. 2.6.

Figure 2.6 Photograph of the Masterflex pump.
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2.4 The electrochemical cells

Two types of electrochemical cell were employed: glass (area exposed to electrolyte =
6.0 cm x 4.0 cm) and polycarbonate, depending upon whether 2.5 cm x 2.5 cm or the
‘framed’ electrodes, respectively were being tested. The most commonly employed was

the glass cell.

The glass cell comprised two Pyrex glass halves of oval section having ground glass
flanges. The sections were clamped together on either side of the Nafion or Celgard
membrane, sealing being achieved by means of silicone O-rings between the ground
glass flanges and membrane. The volume of each half of the cell was ca. 100 cm®. 0.5 M
H,SO,4 was employed as the anolyte and catholyte, which were kept separate by the
membrane; the later was stationary and supplied from a glass reservoir via polyethylene
tubing (Portex 800/012/425/800 7.0 mm x 10.5 mm), see fig. 2.7. The counter electrode
(cathode) was a 5.0 cm x 5.0 cm platinised Ti mesh, and the cell voltage across the
ozone anode and Pt/Ti cathode was controlled with a TTi TSX 1820P or Hameg HM

7044 power supply unit. All experiments were conducted at room temperature, 20-25 °C.

Figure 2.7 Photograph of the glass electrochemical cell.
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The polycarbonate cell was designed to allow both ‘standard’ electrolysis (acid anolyte
and acid catholyte) or (with slight modifications) electrolysis with a membrane/electrode
assembly (MEA). A photograph of a polycarbonate cell is shown in fig 2.8 (a), and a

schematic representation in fig. 2.8 (b).

(@)

Nafion membrane
Stainless steel endplate

Polycarbonate cell ~

Cathode in a titanium frame

Anode in a titanium frame

Stainless steel endplate
Polycarbonate cell

(b)
Figure 2.8 Showing of (a) photograph and (b) schematic of the polycarbonate cell 35.0

cm?.
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2.5 The spectrometer
The spectrometer employed throughout the work reported in this thesis was a UV/VIS
200 nm FF Concave Holograph Spectrometer with Xenon Flash Lamp and an Astranet

UV-Vis fibre optic spectrometer utilizing 1.0 cm path length flow cells, see figs. 2.9 (a)-
(b).

(b)

©) (d)

Figure 2.9 Photographs of (a) UV/VIS 200 nm FF Concave Holograph Spectrometer
and Xenon flash lamp, (b) the Astranet spectrometer, (c) and (d) the flow cell.
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2.6 Scanning electron microscope (SEM) and Energy Dispersive X-ray analysis
(EDX)

Scanning electron microscopy (SEM) micrographs were obtained using a JEOL 5300
LV instrument fitted with Rontec and Si (Li) Energy Dispersive X-ray (EDX) detectors
cooled by liquid nitrogen. The SEM (see fig. 2.10) was operated at 25 kV, but the
magnification was limited to 5000x due to charging of the sample. All SEM/EDX runs

were carried out by the Materials Analytical Unit, Newcastle University [6].

Figure 2.10 Photograph of Scanning electron microscope (SEM) and Energy Dispersive
X-ray analysis (EDX) [2].

2.7 X-ray Photoelectron spectrometry (XPS)

X-ray Photoelectron spectra were obtained by Dr. Adrain Boatwright using the Kratos
AXIS ULTRA instrument in the Centre for Surface Chemical Analysis in Nottingham
University. The XPS spectrometer (see fig. 2.11) employed a monochromated Al K,
source (1486.6 eV) operated at an emission current of 3 mA and 12 kV anode potential.
The detector was operated in Fixed Analyser Transmission (FAT) mode, with a pass
energy of 80 eV for wide scans and pass energy 20 eV for high resolution scans. The

magnetic immersion lens system allows the area of analysis to be defined by apertures, a
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‘slot” aperture of 300 um x 700 um for wide/survey scans and high resolution scans; see
fig. 2.11. The takeoff angle for the photoelectron analyser was 90 degrees and
acceptance angle of 30 degrees (in magnetic lens mode). Electrons emitted from the top
surface of the sample are taken through an electrostatic/magnetic lens system (Hybrid
lens) and a Concentric Hemispherical Analyser (CHA). This sorts the electrons by
energy; electron detection and counting is then achieved with a triple channel plate and
delay line detector (DLD). For non-conducting samples, a charge neutraliser filament
above the sample surface gives a flux of low energy electrons providing uniform charge
neutralisation. The analysis chamber pressure is typically better than 5 x10° Torr (actual

pressure 1 x 10°® Torr) [7].

outer hemisphere

inner hemisphere

DLD detector

electrostatic lens

spot size aperture
sigens |
<.
Lo
i 14\ A

charge || = <
neulraﬁser g +
I =

I — sample

magnetic lens

Figure 2.11 Schematic of the electron path through the lenses and detection system on

X-ray Photoelectron Spectroscopy (XPS) instrument [7].
For surface analysis, a wide survey scan and high resolution scan was carried out for

each sample. The high resolution scans were usually charge corrected to the main C 1s

peak = 285 eV and then quantified to compare the amounts of each element present,
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using Kratos sensitivity factors. Components are fitted under the peaks to give chemical
information. Wide scans were run for 20 minutes and high resolution scans for 10-30
minutes. Step size 1 eV for wide scans, range 0-1400 eV binding energy. Step size 0.1
eV for high resolution scans, with various binding energy ranges depending on the
element. Data analysis was carried out using CASAXPS software with Kratos sensitivity
factors to determine atomic % values from the peak areas [7].

Samples must be compatible with Ultra High Vacuum (UHV) therefore must not outgas
substantially. Samples were inserted into an airlock for transfer into the main UHV
chamber. Typically samples pumped down quickly, usually 1/2 hour. Powders or more
gassy samples could be pumped overnight in the airlock. XPS is very surface sensitive,
detecting information from 5-10 nm, so fingerprints or surface contamination will cover
surface information. Therefore it was important not to touch surfaces once prepared or to
leave residues from cleaning. Samples were stored in glass jars, or wrapped in household
foil and not plastic bags, as these contain very mobile silicone release agents, which can

contaminate the surface [7]. A photograph of apparatus of XPS is shown in fig. 2.12.

Figure 2.12 Photograph of X-ray Photoelectron spectroscopy (XPS): Kratos AXIS
ULTRA XPS [7].
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2.7.1 Results

XPS data were obtained on two 0.8 cm x 0.8 cm anodes, AJED26D (500:8:3 Sn:Sh:Ni
mole ratio in coating solution) AJED26G and AJED26H (500:8:3:0.1 Sn:Sh:Ni:Au in
dipcoating solution), see Chapter 4, tables 4.1-4.3 for details. AJED26D was chosen as
representative of the standard composition before use, and AJED26G and AJED26H as
representative of the anodes containing Au, the latter also having been employed in a 96
hour electrolysis to probe durability. Figure 2.13 (a) shows a typical XPS spectrum, that
of AJED26D and fig. 2.13 (b) shows the Sn 3d region of the spectrum in fig. 2.13 (a).
Unfortunately, the technique was insufficiently sensitive to detect the Ni or Au in the
anodes. However, by comparison of the energies of the 487.2 eV and 495.5 eV Sn
features with the literature values of the Sn 3ds,, and 3ds/, peak [8], 486.7 eV and 495.1

eV, respectively, it was confirmed that Sn was present as Sn'" oxide.

2.8 Time-of-flight Secondary lon Mass Spectrometry (ToF-SIMS)

Time of Flight Secondary lon Mass Spectrometry (ToF-SIMS) measurements were
carried out by Dr. David Scurr of the Laboratory of Biophysics and Surface Analysis
(LBSA), School of Pharmacy, Nottingham University [9]. The measurements were
carried out using a ToF-SIMS version IV (ION-ToF GmbH), see fig. 2.14.

ToF-SIMS uses an ion beam to sputter material (as secondary ions) from the surface of
the sample. The secondary ions enter the “flight tube” and their mass determined to two
decimal places [10] by measuring the exact time it takes for the ions to reach the
detector. The three typical operating modes are: surface spectroscopy (mass spectra),

surface imaging (element mapping) and depth profiling [11].

The spatial resolution of the LBSA instrument is better than 100 nm, using gallium ions.
Depth profiling is achieved using Ar* or Cs" ions [9].
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Figure 2.13 (a) XPS spectrum of anode AJED26D (0.64 cm? 500:8:3 Sn:Sh:Ni mole

ratio in coating solution); see text for details. (b) Sn 3d region of the spectrum in (a).
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Figure 2.14 A photograph of the Nottingham University ToF-SIMS version IV

instrument [9].

2.8.1 Results

ToF-SIMS was able to detect Ni in AJED26G and AJED26H, see fig. 2.15, but not Au;
however, Dr. Scurr stated that the intensities of the ToF-SIMS peaks could not be related
to the amount of the element present in the sample. Unfortunately, time did not allow an

in-depth study, but the data are promising.
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Figure 2.15 ToF-SIMS spectra of anodes AJED26G and AJED26H showing the (a) **Ni
and (b) ®°Ni region.

59



Chapter 2

2.9 Calculation of current efficiency and energy consumption from the flow rate and
absorbance of dissolved or gas phase ozone

2.9.1 Current efficiency

The determination of the current efficiency for ozone production by measuring the UV
absorbance of the gas phase ozone evolved from the anode is, theoretically at least,
relatively straightforward [12][13]. The key is that the ozone must first be diluted with a
carrier gas such as air or nitrogen, as the absorbances of pure ozone are linear region of
the current efficiency, i.e. 5% efficiency would give a gas phase absorbance of about 5
in a 1 cm path length gas cell, 40% efficiency would give an absorbance of 40. If the
spectrophotometer was capable of maintaining the linear relationship between
absorbance and concentration. This is not possible; the maximum absorbance
measurable such that the Beer Lambert Law is obeyed is generally quoted as ca. 0.9 see,

for example, [14].

Thus, for a total flow rate f cm® min™ (anode gas flow + diluent):

A=cCe 2.1)
c-A 2.2)
&l

Where ¢ is the extinction coefficient = 3000 dm® mol™ cm™, C the concentration in mol

dm™ and ¢is the path length = 1 cm.

Let steady state have been established (e.g. saturation of the anolyte by the O3+0O, anode
gas); in 1 s, /60 ml of gas will have passed the UV detector or f/6000 dm®.

The number of moles of 0zone in /60000 dm?®, 7103 actual, iS given by:

Af

= 2.3
nOS,actuaI 8@60000 ( )
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The number of moles of ozone generated in 1 s at a current | assuming 100% current

efficiency is:

: I
Nos.10m = 6F (2.4)
Since £ = 1 cm the actual current efficiency is thus:
L nOS,actuaI 2 5
q)os =100 = ( ) )
n03,100%
Lo
d°, =100 m (2.6)
o)
e AfF
= - 2.7
Do 100¢? @7
e 96480Af
=" 2.8
Do 300000l 28)
e 0.32Af
@OS = | (29)

Equation (2.9) also applies to the generation of ozone in solution using the flow cell
configuration, with f now the anolyte flow rate in cm® min™. Under these conditions, the
current efficiency so obtained is an underestimate, as O3 escaping into the gas phase is

neglected.
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2.9.2 Energy consumption
The current (I/Amps) = the charge passed (Q/Coulombs) per second. Thus, the moles of

ozone generated per second = is given by:

°|
ne P (2.10)
6F100

where & is the efficiency in % (i.e. 23%) and F is the Faraday, 96480 C mol™. n is in

moles per hour is:

nB0D T ojes bt (2.11)
6F100

The mass, m, of ozone in kg hr is:

60148 kg hr* (2.12)
F1000

m

Excluding all external loads (e.g. pumps) the energy consumption of the cell, W (kW):

\
= 2.13
1000 (213)
Thus the energy consumption Wog in KW hr kg™ Os is given by:

i)

W, W l000] (2.14)
m | 6,,l48

F1000

__VIF (2.15)
Wo 6,148
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_ 96480V (2.16)
We, 228Dy,
W= kW hr kg™ O3 (2.17)
@OS

For example, anode AJED2D gave a dissolved ozone absorbance of 0.46 and current
0.29 A at a flow rate of 100 cm® min™ and cell voltage of 2.7 V in an acid/acid cell From
equation (2.9) and (2.17), the current efficiency is ca. 50% and the minimum energy

consumption is 18 kW hr kg Os, calculated as below:

. 0.32(0.46)100cm’'min ) (2.18)
(Dos_ O.29A _50%
335(2.7V) 1
=" 7718 kW hrkg™ O 2.19
W s 0% 9”03 (2.19)

The same calculation on MEA comprising anode HCED22 experiment 1 (7.0 cm x 5.0
cm in Ti frame) in a water/air cell yields a current efficiency of ca. 12% and minimum

energy consumption of 44 kW hr kg™ Oj at a cell voltage of 1.6 V:

. _0.32(0.45)60cm’min ) _ (2.20)
Do 0.70A 12%
335(1.6V) 1
=T 44 KW hr kg™ O 2.21
W03 12% g 3 ( )
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3. System development and the recycle problem

At its heart, this chapter has the measurement of ozone in the cells and systems
developed in Newcastle. It is placed before the chapter on the development of the anode
synthesis (Chapter 4) as the latter relies upon a good understanding of the electrolysis

cells and methods of ozone measurement employed.

3.1 The Molar decadic extinction coefficient

Initially, Chan et al. employed a value of 4800 dm® mol™ cm™ for the extinction
coefficient of 0zone at Amax = 255 nm in the gas phase (see fig. 3.1 (i)) and 3000 dm?®
mol™ cm™ in the liquid phase, Amax = 258 nm, see fig. 3.1 (ii) [1].

In contrast to the extinction coefficient employed by Chan, the majority of papers in the
literature quote a value of 3000 + 125 mol™ dm® cm™ for both the gas and aqueous phase
extinction coefficients, see for example: [2][3][4][5], with a typical gas phase value of
3024 dm® mol™ cm™ at 254 nm and aqueous phase value of 2900 dm* mol™ cm™ at 258
nm [6]. Hence, in all the work presented in this thesis, a value of 3000 dm*mol™ cm™, as

recommended by the International Ozone Association [4], will be employed.
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Figure 3.1 UV-Vis spectra of ozone; (i) O3 in O3/O,/N, stream (ii) Oz in 0.5 M H,SO,.
3.2 Recycle and single pass operation

3.2.1 The initial recycle system

Due to financial constants, the early (i.e. prior to my joining the Newcastle group)
measurements of ozone generation were carried out using recycle system and measuring
the volumes of H, and O, gas evolved by employing inverted measuring cylinders
(typically 100 cm®). The charge passed during each experiment was monitored as an
independent parameter. The equipment is shown in figs. 3.2 (a) and (b). Later, a fibre
optic, 1.0 cm path length UV cell (Astranet Systems Ltd) was included immediately

after the electrochemical cell to monitor the dissolved ozone concentration.

A
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@ 2)
\e
H'ﬁ
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Figure 3.2 (a) Schematic of the electrochemical cell and system used to measure the
evolved gases in the initial experiments on electrochemical ozone generation: (1)
reservoir for catholyte; (2) electrochemical cell; (3) and (4) gas bubblers and inverted

volumetric flasks to collect gases evolved at anode and cathode.
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Figure 3.2 (b) Photograph of the system in fig. 3.2 (a).

Once the anolyte was saturated with ozone (monitored using UV-Vis cell) it was
assumed that all the ozone produced was in the gas phase and hence its measurement
gives the efficiency. Thus:

3H,0 — O3 + 6H" + 66" (3.1)

V. = evolved anode gas volume, cm®; V. = cathode gas volume, cm®.

PV (3.2)
a RT 02 03
Pva=cD<e)3 Q +q)(832 Q (33)

RT 6F 4F

Where Q is the charge passed.
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Q PV.; PV, (3.4)
e Nu2™ < :2F
T RT
PV PV
c e 35
N a2 e
RT | 6F | 4F
e 2V e 2V, (3.6)
Va @03 6 @OZ 4
Ve V. (3.7)
Va (D033+®022
V. @, O (3.8)
V. 3 2
@;3"'(1)(932:1 (39)
CDZZ = (1 _(Dga) (310)
V. @5 -0 (3.11)
V. 3 2
3.12
q)oz_3_|:6\\%:l ( )

In this way, measurement of the volumes of gas evolved at cathode and anode allowed

(in principle) the determination of the anode current efficiency for ozone.

The total number of moles of gas generated at the anode is (202 + nos), which is:
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_PV v, (3.13)
n02+n03 RT Vm

where V,, = molar volume. Hence, from above: from substitution from equation (3.3).

Ve oo Q . Q (3.14)
Vm ®036F +®024.F

Remembering that @, :(1 _q);) and re-arranging gives:

@'/% -100 [12':]{ Q Va] (3.15)

which provides an additional measure/check of the ozone efficiency.

A typical experiment (carried out by Dr. Henriette Christensen of Clarizon Ltd) using a
ca. 25 cm x 2.5 cm anode (HCED34, mole ratio 500:8:1 Sn:Sbh:Ni in the coating
solution) prepared with an electrodeposited interlayer (EDIL, see Chapter 4: the
electrodeposition method was ED1 and the catalyst coating method CC1 in tables 4.2
and 4.3) is shown in fig. 3.3 (a); the data in the figure were collected after ozone
saturation of the anolyte, taken as the dissolved ozone absorbance rising to a constant

value.

Generally, the gas volume measurements required ca. 20 minutes to settle down, after
which the efficiencies calculated from the anolyte gas volume and charge passed on the
one hand, and (anode + cathode) gas volumes on the other agreed to within ca. 5%,
providing that the ratio of the actual to calculated hydrogen gas volumes (Hz(ons)/H2(calc),
the latter calculated from the charge passed) was 1.00 + 0.05, which was taken as a first

check on the validity of the data.
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Given the stability of the Hyns)/H2carcy ratio throughout the experiment depicted in fig.
3.3 (a), the large apparent decline in the current efficiency for ozone generation must
reflect a “hold-up” in gas evolution at the anode or, more likely, in gas escaping out of
the collecting cylinder at the anode. Thus, if worst case scenario is assumed, i.e. that all

the ozone escapes, then:

vﬂ (3.16)

cDTrue=3 _|:6 Vc

Prwie is the actual current efficiency.

Voon=Vos (3.17)

e (Val (3.18)
Vo=l ®m{4F]

Vi = molar volume, Vaapp = apparent anode gas volume and Vo, = volume of O.

V.l (3.19)
VT oF
e _ _ Va,app _ _ _ e le le — € (3'20)
-3 {6 } 3 eﬂﬁ o) = LF }} 3D

@4y is the apparent current efficiency.

Thus, if any ozone escapes from the collecting cylinder, or dissolves before being
collected, the apparent efficiency will be greater than the true efficiency, in the extreme
by a factor of 3; hence the determination of current efficiency by this method was very

likely to be unreliable.

72



Chapter 3

120 -

o\

Ny,

./l

=2
(=]
1

=
<
1

or H,(V)/H,(Q) ratio/%)

Current efficiency, dissolved ozone absorbance x 100

o
=
A [ A
\T
L 4
L 4
*
2
*
2
2
¢

0 5 10 15 20 25 30 35 40 45 50
Time /minutes

Figure 3.3 (a) Plots of efficiency calculated from anode and cathode gas volume (m);
efficiency calculated from anode gas volume and charge (e); ratio of actual H, volume

to that calculated from the charge (A); dissolved ozone absorbance x 100 (V) and

current (A) x 100 ( #). The experiment was carried out in the glass cell using a 2.5 cm x

2.5 x cm ozone anode HCED34 and 5.0 cm x 5.0 cm Pt/Ti cathode immersed in 0.5 M
H.SO, and separated by a Nafion 117 membrane and at cell voltage 2.7 V.

During the experiment in fig. 3.3 (a), the current remained essentially constant at ca.
0.25 A, and the dissolved ozone absorbance at ca. 1.0, the latter corresponding to a
steady state solution concentration of 3.3 x 10 M or 16 ppm. Figure 3.3 (b) summarises
the behavior of the anode over 14 experiments, each ca. 40-45 minutes in duration, in
terms of the dissolved ozone absorbance and current at the end of the experiment. Over
the time period 3.5 days covered by the figure, the anode seems to retain its activity in
that the absorbance in solution oscillates around ca. 0.9, perhaps even increasing at the
end of the period. The current appear to decrease from ca. 0.24 to 0.20 A and then

remained almost constant. Bearing in mind that experiment 1 was carried out after 4
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days electrolysis in 0.5 M H,SO,, the data in fig. 3.3 (b) suggests that the anode was
reasonably stable.

1.2
1.0 -
0.8 -
0.6 -
0.4 -

0.2 1

Dissolved ozone absorbance or current/A

0.0 -
1 2 3354 6 7 9 10 11 12 13 14

Experiment number,after 3.5 days at 2.75V vs. CE

(b)
Figure 3.3 (b) Plot of the current (m) and the dissolved ozone absorbance (=) at the end
of each experiment for 14 successive experiments using a 2.5 cm x 2.5 cm ozone anode.

Experimental conditions are in fig. 3.3 (a).

It is possible to estimate the current efficiency from the solution concentration of ozone

once saturation has occurred. Thus:

Assuming that, in a recycle experiment, once the anolyte is saturated, all the ozone

produced escapes into the gas phase.

Henry’s Law constant for ozone (Ho3) in 0.5 M H,SO4 at 21 °C is 0.22 [8], where:

[03]soln = 0-22[03]gas (321)
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Hence:

o] A (3.22)
05 =02 = 02207

£=1.0 cm, &= 3000 dm® mol™* cm™

[ LL:l.SAmoI m®= p,, (3.23)
O3~ 560M RT

P:=1.5RTA (3.24)

P..=1.01X10°-1.5RTA (3.25)

D'l
Pe_ 15RTA  __ 6F __ 2@ (3.26)
P [.01x10"-1.5RTA) {(1_ o) L } 30 -o)
4F

Where & is fractional current efficiency.

Let . 15RTA
(L.01x10°-1.5RTA)

B 20 (3.27)
3-a

. 3P (3.28)
* P

This gives & =5.4% at 21 °C.
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Assuming that the maximum concentration of O, in acid is roughly the same as in water
[9] = 1 mM, then n/V = 1.01 x 10°%/RT = 41.3 mol m™ = 0.041 mol dm™ and [Oz]so1 = 1 X
102 = Ho2[O2]g = Hoz X 0.04; Hoz = 0.024 i.e. 10x less than Hos, in agreement with the
literature[10]. The efficiency calculated from Henry’s Law was consistently and
significantly lower than the ca. 40% calculated from the anode/cathode gas volumes and
anode volume/charge passed, see fig. 3.3 (a), supporting concerns over the validity of

the gas volume approach.

3.2.2 The use of gas phase absorbance measurements

In order to develop an accurate, reliable and consistent analytical method for gas phase
measurement, in recycle system, N, gas was fed into the gas separator at a constant flow
rate to dilute the ozone with a Cole-Palmer WU series N, flow meter system. This
dilution is necessary as the ozone absorbances expected at high efficiencies are >> 3:
thus, in a recycle experiment, once steady state is attained, the flow rate of anode gas (O3
+ 0y) is dV/dt (in cm® s2), this exits the cell, passes through the UV cell, through a glass

bubbler and is trapped in a volumetric cylinder. In the absence of any diluent N, gas:

Assume a current | and a fractional current efficiency for O3 (6€) of @os". The amount of

ozone produced per second, dn.;, IS:

dt
Nos_ Dol (3.29)
dt  6F

Similarly, the amount of oxygen per second:

dn,, @5l (3.30)
dt 4F

The total number of moles of gas (Os+0,) generated per second is:
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dngas _ cDoz I 4 CDoz I (331)
dt 6F 4F

Given that 1 mole of an ideal gas occupies 24.5 dm® at 298 K and 1 atm process, the

total volume of gas produced at the anode in dm®s™ is:

AV Jp oy | D5l (3.31)
dt _{(1 q)oa)ﬁ-" 6F }245

dV... [IF-6IF wLl4IF @i, (3.32)
dt 24F |

dVgas_ (3 _(I)Za)l (3'33)
dt { 12F }24'5

At steady state, let the absorbance at 259 nm be A. The concentration of ozone
corresponding to this absorbance will be the same when trapped in the cylinder as in the

flow from the cell.

Let the ozone be trapped for t seconds. This gives a volume, V = (dd—\t/)t

A=¢Ce (3.34)
A= &l @y, (3.35)

\Y

From (3.30):

dne. _ D (3.36)

d 6F
L Dolt (3.37)

* 6F
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_&l Ot (3.38)

A="6EV

£=3000 dm®mol* cm?, £=1.0 cm:

5 30000 @Gt (339)

6FV
A 500 st (3.40)

FV
Replacing ,, _dV.., by (3.33);
# gt
500 DIt | 1 (34D
12F

245 @, (3.42)

A (3 - cDZs]

From equation (3.42) it can be calculated the gas phase ozone absorbance expected for
each current efficiency, and the results are shown below; note there is no dependence on
current. At @& <10%, the plot is linear, see fig. 3.4. At any reasonable current
efficiency, the gas phase absorbance expected is >> 3, proving that dilution of the anode

gas stream is essential.

Figure 3.5 (a) shows plots of gas phase absorbance, dissolved ozone absorbance and
current obtained during the 6" experiment using anode AJED2F (see fig. 3.5 (b)) which
was carried out in recycle system and using a UV-Vis cell to monitor the gas phase
absorbance of ozone, see fig. 3.5 (b). The N, flow rate was 10 cm® min, current 0.24 A
and the gas phase absorbance 0.59, giving a current efficiency of 7.8%. The steady-state

dissolved ozone absorbance was 0.85; using the Henry’s Law method discussed above
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(equations (3.21) to (3.28), this equates approximately to an efficiency of 3.3%,

assuming P = 1 atm and T = 294 K. As an order-of-magnitude comparison the

efficiencies determined via the two different approaches agree quite well; at least they

strongly suggest that the ozone current efficiency in recycle system was <10%. This

proved to be a very significant observation and is dealt with in detail in the next section.

Absorbance in 1 cm gas cell

140 -
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Figure 3.4 Plot of calculated gas phase ozone absorbance vs. current efficiency.

Gas or dissolved ozone absorbance
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Figure 3.5 (a) Plots of current (m), gas phase (A ) and dissolved (e) ozone absorbance

during a recycle experiment using a 2.5 cm x 2.5 cm anode AJED2F at a cell voltage of

2.7 V and an anolyte flow rate of 30 cm® min™, N, gas flow rate was 10 cm®min™.
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Figure 3.5 (b) Diagram of recycle system from experiment in fig. 3.5 (a).

3.2.3 The anomalously low efficiencies determined in recycle experiments compared to
single pass experiments

From equation (3.21), in a recycle experiment, it would be expected,
As(Agxf) = 0.22 (3.43)

Where A = steady state dissolved ozone absorbance, Ay = steady state gas phase ozone
absorbance and f = N, flow rate in cm® min™, since the path length is constant at 1.0 cm

in gas and liquid experiments and there are being assumed &; = & = 3000 dm® molem™.

Figure 3.6 shows data from the first experiment using anode AJED2H; as may be seen
from the figure, the ratio of the dissolved to gas phase ozone absorbances was 0.26, in
reasonable agreement with the predicted value of 0.22. The subsequent two experiments
both gave ratios of 0.21. However, these data appear to be anomalous, as nearly all the
other recycle experiments using the anodes AJED2 series gave absorbance ratios of

between 0.18 and 0.11, i.e. 1.3 a factor of 2.2 x lower than predicted, see table 3.1.
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Figure 3.6 Plot of current (m), gas phase (A) and dissolved (e) ozone absorbance
during a recycle experiment using anode AJED2H (6.25 cm?) in 0.5 M H,SO, at a cell

voltage of 2.7 V and an anolyte flow rate of 30 cm® min™, N, flow rate was 10 cm® min™.

Anodes Experiment AJA, f (cm™ min)
AJED2A 1 0.13
2 0.15
AJED2B 1 0.12
2 0.15
AJED2C 1 0.11
2 0.11
AJED2D 1 0.12
2 0.14
AJED2E 1 0.17
2 0.14
AJED2F 5 0.14
6 0.14
AJED2G 1 0.15
2 0.14
AJED2H 1 0.26
2 0.21
3 0.22

Table 3.1 Ratio of dissolved ozone absorbance to actual gas phase absorbance (i.e. gas
absorbance x N, flow rate) determined during the recycle experiments employing the

anodes AJED?2 series.
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Figures 3.7 (a) to (c) show the absorbance of ozone in solution and the current during

three sequential single pass experiments using the system shown in fig. 3.8. The data in

fig. 3.5 (a) and figs. 3.7 (a)-(c) are tabulated in table 3.2. (The first experiment of anode

AJED2F was discontinued due to a problem with the system and hence is not included in

the table).

As may be seen from the table, the data in figs. 3.7 (a)-(c) correspond to average current

efficiencies of between 25-38%. In fact, it was found generally that the current

efficiency measured in recycle system was <10% in approximate agreement with

calculations based on Henry’s Law, yet employing the same anodes in single pass

system resulted in current efficiencies > 20% and even as high as ca. 50% [11].

Name of | Exp. | Current Anolyte N, Gas | Dissolved | ®°g3 D03
anode No. IA flow rate | flow rate | Abs ozone Gas | Dissolved
(System) fem®*min?® | /em®min Abs 1% %
AJED2F 2 0.27 30 - - 0.80 - 28.4
(Single 0.27 100 i i 0.30 -~ | 356
pass) 0.27 30 : : 0.82 [ 292
3 0.25 30 - - 0.69 - 26.5
0.25 100 - - 0.30 - 38.4
0.25 30 - - 0.69 - 26.5
4 0.24 30 - - 0.62 - 24.8
0.24 100 - - 0.25 - 33.3
0.24 30 - - 0.62 - 24.8
AJED2F 5 0.23 30 10 0.56 0.80 7.8 -
(Recycle) [ 6 0.24 30 10 059 | 085 | 7.8

Table 3.2 Summary of the data obtained during 2"-6" experiments using anode

AJED2F.
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Figure 3.7 Plots of current (m) and dissolved ozone absorbance (e) during three

sequential single pass experiments using anode AJED2F in 0.5 M H,SO, (a) experiment

2, (b) experiment 3, (c) experiment 4 at flow rate of 30, 100 and 30 cm® min®,

respectively.

83



Chapter 3
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UV Vis cell

Cathode Exiraction

Waste reservoir

Figure 3.8 Diagram of single pass system.

As an additional confirmation on the gas phase analytical method, the output of an
Onnic ES2115A Cold Corona Discharge generator [12] (see fig. 3.9) was monitored
using the Astranet fibre optic spectrometer. The flow rate of air through the generator
was 1.9 dm® min™ and gave a gas phase ozone absorbance of 0.067 corresponding to a
measured ozone production rate of 0.12 g hr, in agreement with the company rating of
0.1ghrt[12].

Figure 3.9 Photograph of the Onnic ES215A Cold Corona Discharge generator.
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Final confirmation of the validity of the UV-Vis spectroscopic analysis came through
the simultaneous determination of the efficiency of ozone generation using the 6.25 cm?
anode AJED27B (see Chapter 4, tables 4.1-4.3 for details) by UV-Vis spectroscopy and
iodometric titration. The latter is the standard method recommended by the International
Ozone Association; see [10] for details. These experiments were carried out in
collaboration with Dr. Taner Yonar of Uludag University, Turkey and a schematic

diagram and photo of the experimental system employed are shown in figs. 3.10 (a) and

(b).

The cell was connected for recycling of the anolyte and operated at a flow rate of 30 cm?®
min? and at a constant current of 0.2 A (cell voltage 2.7-2.8 V) to facilitate the
calculations. The gas evolved from the anode was diluted with N, gas at a flow rate of
80 or 90 cm® min™. Electrolysis was allowed to take place for 14 minutes before the
anode gas was directed through the Dreschel bottles containing the aqueous KI solution,
to allow saturation of the anolyte by ozone to take place and a steady state to be
established.

Briefly, the iodometric method relies on the oxidation of I' by Oz at pH 2.0 [10]

according to:
O3+ 2H + 21 - O, +2H,0 + 1, (344)

Followed by the determination of the amount of iodine so formed by titration with

sodium thiosulfate with starch indicator [10]:
I, + 25,05” — 2T + 25,06° (3.45)

Thus 250 cm® of 2% wt aqueous K1 were placed in two Dreschel bottles placed in series
after the UV cell (see fig. 3.10 (b)).
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Once ozone monitoring had ceased, the brown solutions were placed separately into an
Erlen Meyer flask, 20-30 cm® of 2.0 N H,SO, with 2-3 drops of starch solution and
titrated with 0.1 N Na,SOs.

ﬁ
L Nz

Cathode

iscell 1

Anode — Extraction

Pum
Gas separator

UV Vis cel] 2

Dreschel bottles

205 KI solution

(@)

(b)

Figure 3.10 (a) Schematic representation of the experimental system employed to
determine the ozone efficiency of anode AJED27B simultaneously by UV-Vis
spectroscopy and iodometry and (b) Photograph of the system.
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Two experiments were carried out and data from the first experiment are presented as
typical in fig. 3.11. As may be seen from fig. 3.11 the average current efficiency over the
period monitored by UV-Vis was 9%, corresponding to an ozone production rate of 90
ng min compared to 112 pg min™ determined by iodometry. The analogous data
obtained during the second experiment were 119 pug min™ and 128 pg min™, respectively
agreement to within 10% and hence entirely satisfactory.

1.2 4 lodometric monitoring commenced 19

418
1.04 A Ne-t. A o
@ i S
s 2 N1 S
3 0.8 / \ » 16 ¢
5 RAN 2
[&]
g ' A \/ o 1° &
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8 0.4 4 A/.‘.\Q/ 413 5
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Figure 3.11 Plots of the gas phase ozone absorbance (A) and current efficiency (¢)
determined during the electrolysis of in 0.5 M H,SO, the glass cell using the 6.25 cm?
anode AJED27B and a Pt/Ti mesh cathode in the glass cell at a constant current of 0.2
A and anolyte flow rate of 30 cm® min™. The anode gas flow was diluted with N, at a

flow rate of 80 cm® min™.

Further confirmation that calculation of ozone efficiency from measurement of gas
phase ozone was a valid approach was provided by studies using a commercial,
electrochemical ozone cell imported from China, see fig. 3.12. The cell was based
around a membrane electrode assembly (MEA) comprising a paste of PbO,
powder/Nafion/Pt particles on porous carbon cathode. The electrodes were ca. 2.0 cm X
2.0 cm in geometric area, water being pumped pass each electrode; the cathode

generated hydrogen (an interesting characteristic given that the unit was aimed at the
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domestic market). The experimental equipment employed to test the cell is shown

schematically in fig. 3.12 (b).

To bubbler +— — To bubbler

Gas separator

UV cell . . UV cell

Commercial cell

Pump Pump
Ozone (anode) side Hydrogen (cathode) side

Figure 3.12 (a) Photograph of the electrochemical ozone cell imported from China and
(b) Schematic of experimental equipment using the “Chinese” cell: the UV-Vis flow cell
(1.0 cm path length) was inserted either between the gas separator and the pump on the
anode side for solution measurements, or immediately after the gas outlet from the gas

separator, for gas phase measurements.
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Figure 3.13 shows the gas phase ozone absorbance obtained (i) without employing N,
gas as diluent and (ii) with 12.5 cm® min™ N,. As can be seen from the figure, in the
latter experiment, the N, was shut off after 2100 seconds. Without N, diluent, the ozone
absorbance corresponded to a current efficiency of ca. 0.5% with the added N, the

current efficiency was comparable at 0.3%.

When the diluent N, was shut off, the ozone absorbance returned to ca. its value in (i).
The behavior of the absorbance on diluting with N, and without added N, strongly
suggests the absence of saturation or other such spectroscopic effects, whilst the current
efficiency of <1% was within the specification of the cell. It is worth nothing that,
despite the very high currents, the PbO, anode gave very poor current efficiency. Thus it
appears from the above that operation in recycle system actually does reduce the ozone
efficiency.

0.6 1
@ No N2 added to ozone flow
£ 054 @) /
C‘_Di _e—o—eo
£ 044 e
% (i) .?/
o 0.3 - ._._.._.m°
(@] ...'
2 . \
g 0.2 Y N2 flow shut off
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= 014 ¢
o /
© ¢
O-O ‘Y L] L] L] 1
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Figure 3.13 The gas phase ozone absorbance measured using the Chinese cell (fig. 3.12
(a@)) and the experimental system in fig. 3.12 (b). The anolyte gas flow rate was: (i) 7.0-
7.5 cm® min™ N, (A) and (ii) 5.5-6 cm® min™ + 12.5 cm® min™ N, (). Cell voltage 3.0

V, current ca. 2.0 A and at room temperature.
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Before proceeding, it should be noted that the increase in current efficiency generally
determined as anolyte flow rate is increased, and exemplified by the data in table 3.2 and
figs. 3.5 and 3.7 is consistent with the literature [11][13][14][15][16] where more ozone
is entrained in the anolyte at higher flow rates giving higher current efficiencies when
calculated only for the production of dissolved ozone. Flow rates >30 dm® hr* have been
reported as being optimum for maximum ozone efficiency. Cui et al. [16] attributed this
to higher flow rates improving mass transfer and dislodging bubbles. However, it is
more generally accepted that increased flow rates improve ozone dissolution and hence
more ozone is entrained in solution [13][15] relative to that in the gas phase, with the
overall efficiency remaining unchanged [13][15][17].

The data in table 3.2 suggest that predicting current efficiency from the dissolved ozone
absorbance in recycle experiments is not feasible and, perhaps, it is not correct to assign
the same value, or very similar values, to both the gas phase and liquid phase absorption
coefficients. Previous work (see discussion of CCD generator above) and the literature
[18] strongly suggest that the gas phase extinction coefficient is 3000 dm® mol™ cm™,
but the solution value is less certain. Taking an average of the ratios in table 3.1 suggests
& = 1977 dm® mol™* cm™ which does not seem reasonable, as none of the values quoted
in the literature vary by from 3000 + 10% dm® mol™® cm™. Interestingly, however, if the
former value is employed for the dissolved ozone absorbance in fig. 3.5 (a), the current
efficiency estimated via Henry’s Law is 7.8%, matching that calculated from the gas

phase absorbance.

The above discussion of recycle operation suggests that introducing ozone at the inlet of
the electrochemical cell somehow reduces the current efficiency of ozone generation. In
order to test this postulate, the experiment depicted in figs. 3.14 (a)-(c) was carried out.
Thus, fig. 3.14 (a) shows plots of dissolved ozone absorbance at the outlet and inlet of
the electrochemical cell using the single pass system shown in fig. 3.14 (c). At 40
minutes, ozone-containing 0.5 M H,SO, replaced the ozone-free acid in the supply
reservoir, causing ozone to appear at the inlet and a step in ozone absorbance at the

outlet, see fig. 3.14 (a). Figure 3.14 (b) shows a plot of current efficiency from the data
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in fig. 3.14 (a), calculated from the difference in the ozone absorbances. As may be seen

from fig. 3.14 (b), the current efficiency decreased from 22.5% to 20% when the ozone

absorbance at the inlet increased from 0 to 0.17.
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Figure 3.14 Plots of (a) current (m), dissolved ozone absorbance at the outlet to the

electrochemical cell (o) (UV-Vis cell 1 in (c)) and dissolved ozone absorbance at the

inlet of the electrochemical cell (A) (UV-Vis cell 2 in (c)). (b) Plot of current efficiency

(m) vs. time calculated from the data in (a), using the difference between the dissolved

ozone absorbances at the outlet and inlet of the electrochemical cell. (c) Schematic of

the experimental system used in (a) on anode AJED2F.
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The data in figs. 3.14 (a) and (b) prompted a more detailed investigation of the effect of
ozone concentration at the inlet of the electrochemical cell on the ozone current
efficiency using anode AJED2F. A series of experiments were carried out using the

experimental equipments shown in figs. 3.15 (a) and (b).

The equipment shown schematically in fig. 3.15 (a) was essentially a recycle system
with two gas separators; the separator immediately before the electrochemical cell was a
conical flask either with or without anti-bumping granules and either stirred or unstirred.
The presence of anti-bumping granules and stirring enhanced the release/decay of
dissolved ozone and allowed some control over the ozone concentration in the anolyte

(0.5 M H,SQ,) entering the electrochemical cell.

A series of experiments, experiments 15-21 and 23-30, were carried out over a period
covering 3 months. Typical data obtained an anolyte flow rate of 30 cm® min™ and cell
voltage of 2.7 V are shown in figs 3.16 (a) and (b). Figure 3.16 (a) shows the ozone
absorbance at the inlet and after the outlet, and the current, whilst fig. 3.16 (b) shows the
corresponding plot of current efficiency. Figure 3.17 (a) shows current efficiency vs.
experiment number for the various experiments using anode AJED2F; in essence, the x-
axis represents the usage of the anode (the experiments varied between 40 and 120
minutes). As may be seen from the figure, there appears to be no clear correlation
between the use of the anode and current efficiency. However, a plot of current
efficiency vs. the solution ozone absorbance at the inlet of the electrochemical cell (see
fig. 3.17 (b)) does show a clear (negative) correlation, with the efficiency declining from
ca. 27-30% in “pure” (i.e. no Os) single pass system to ca. 8% in “pure” recycle system,
the latter in agreement with the gas phase UV-Vis measurements made in recycle

system.
From all the above, it appears to be fairly clear that ozone at the inlet of the

electrochemical cell has a negative effect upon ozone evolution at the Ni/Sb-SnO,

electrocatalyst.
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Figure 3.15 (a) Recycle equipment employing the conventional, small gas separator and

a 2000 cm® conical flask containing 200 g of anti bumping granules and stirrer bar,

stirred using a magnetic stirrer and (b) Conventional recycle equipment.
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Figure 3.16 (a) Plots of current (m), dissolved ozone absorbance at outlet (e) and at the
inlet (A) of the electrochemical cell vs. electrolysis time obtained using anode AJED2F
at a cell voltage of 2.7 V and anolyte flow rate of 30 cm® min™ using the experimental

equipment in fig. 3.15 (a).
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Figure 3.16 (b) Plot of current efficiency vs. time from the data in fig. 3.16 (a), taking

the difference between the outlet and inlet dissolved ozone absorbances.
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3.2.4 Possible mechanisms for the inhibition of electrochemical ozone generation by
dissolved ozone

In essence, injection of ozonated electrolyte at the inlet at the bottom of the
electrochemical cell reduced the ozone concentration in solution by the time the anolyte
leaving the cell reached the UV-Vis cell after the outlet of the electrochemical cell. This
suggested that either less ozone was generated at the anode surface or the ozone that was
generated decays during travel between the anode and UV-Vis cell. It seems
unreasonable to postulate that the relatively small concentration of ozone at the inlet of
the cell in the experiment in fig. 3.14 (a) above could have any effect relative to the very
high ozone concentration next to the anode. It is also worth noting from fig. 3.14 (a) that
no change in current was determined when the ozone concentration at the inlet to the
electrochemical cell increased from zero. In fact, in general, (i) the currents determined
in single pass and recycle experiments were essentially the same and (ii) did not show
any change when ozonated H,SO,4 was injected at the inlet to the electrochemical cell.
Hence, the detrimental effect of ozone did not affect the rate of electron transfer across
the anode/electrolyte interface; it was either significantly enhanced the decay of ozone,
switched active sites for ozone production over to O, and/or intercepted active

intermediates.

One possible explanation is that it was not ozone that was responsible for the decrease in
current efficiency, but a long-lived intermediate from its decay or a co-product that
could catalyze further ozone decay. Sehested et al. [18] studied the decay of ozone
concentration in pH 2 HCIO, in order to investigate the observation that the decay of
ozone at pH 0-4 is much faster than would be predicted on the basis of the generally-
accepted mechanism involving initiation by OH [19]. Sehested et al. found that, at 22 °C
and pH 2 in the absence of added H,0,, the rate of ozone decay was independent of the
surface area of the reaction vessel, with H,O, being formed as the primary product. The
amount of H,O, produced decreased as the size of the reaction vessel increased. In
contrast, on adding H,O,, the decomposition rate depended both upon peroxide
concentration and the size of the reaction vessel. The authors interpreted their data in

terms of the mechanism depicted in scheme 3.1 with both the initiation reactions (3.46),
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(3.47) and (3.51) and termination reactions (3.54)-(3.56) catalysed by the surface of the

reaction vessel. The authors postulated that H,O, increased the rate of decay of ozone by

reacting to form OH and O, /HO, radicals, equation (3.51), that propagate the surface

catalyzed, chain decomposition process. The work of Sehested et al. [19] suggests that

peroxide, formed in parallel with ozone in the electrochemical cell, would catalyze the

decomposition of ozone when operating the cell in recycle mode.

O3

OorO; +H,0 — 20H or H,0, + O,

OH + O3

OH, + O3

OH,

= 0+0,

— HO, + O,

— OH + 20,

< 0 + H*

H,O, + O3 — OH+ HO,+ 20,

O, + 03

O;5 + H*

OH + OH

OH + HO,

HO, + HO»

- 037 +0,

— OH+ 0O,

—> Hzoz

- H,O0+0,

— H,0,+ 0,
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k =0.025 Mist
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(3.55)
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Scheme 3.1 The mechanism of ozone decay postulated by Sehested and co-workers [19].

3.2.5 The possible role of H,0; in 0zone decay

97



Chapter 3

As a first step in determining if H,O; is produced during recycling experiments, fig. 3.18
shows UV-Vis spectra of a series of H,0, solutions formed by diluting 35% H,0, with
water and H,SO, to give H,0,/0.5 M H,SOy; the UV-Vis spectra were taken using a 1.0
cm path length cuvette. The spectra of H,O, of concentrations >1 mM are showing false
maxima due to light limitations at the detector, and the true band maximum is clearly
below 200 nm. The spectra in fig. 3.18 are in broad agreement with the literature
[20][21] in that they show a steady increase in absorption as the wavelength is decreased

from 350 nm with no maximum at A > 200 nm.

For comparison with fig. 3.18, spectra collected during one of the experiments depicted
in figs. 3.17 (a) and (b) were chosen (experiment 29 using anode AJED2F) and the
equipment in fig. 3.15 (a) without anti-bumping granules. As well as collecting spectra,
the failure of the stirrer gave the opportunity to detect any possible products from the
decay of ozone following a relatively ‘rapid’ increase in ozone at the inlet of the

electrochemical cell.
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&0://
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20:
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Figure 3.18 The UV-Vis spectrum of H,O,in 0.5 M H,SO, at a concentration of (—)

0.18 M, (—) 0.1 M, (—) 0.01 M and (——) 0.001 M.
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Figure 3.19 (a) shows plots of ozone absorbance at the inlet and outlet of the
electrochemical cell and the current, and figs. 3.19 (c) and (d) spectra collected at the
outlet of the cell, from 70 minutes into the experiment (i.e. covering the period before
and after the failure of the stirrer). The spectra suggested a non linear dependence of
absorbance on concentration, which was unsurprising given the high absorbance
involved and the non-linearised nature of the detector of the Astranet. It was not clear
from figs. 3.19 (c) and (d) that H,O, was being formed. As may be seen, the spectra did
not appear to increase linearity with peroxide concentration at any particular
wavelength; this was not unexpected as the Astranet spectrometer showed clear non-
linear behaviour at absorbances > 0.7.

In order to probe this further, recycle experiments were carried out with larger anodes
(6.0 x 4.0 cm) in a polycarbonate electrochemical cell (see figs. 3.20 (a) and (b)) at a
fixed current of 1.3 A (0.2-0.3 A in the experiments employing anodes AJED22 series
above). During the first experiment, using the system shown schematically in figs. 3.15
(@ and (b), the dissolved ozone absorbance was measured at the inlet to the

electrochemical cell, and the gas phase absorbance also measured.

Figures 3.20 (a) and (b) show plot of (a) gas and dissolved ozone absorbances as a
function of time and (b) the corresponding plots of current efficiency (determined from
the gas phase ozone absorbance) and cell voltage. Both dissolved and gas phase
absorbances showed an initial very rapid rise to high values before declining steadily.
Figures 3.21 (a) and (b) show spectra collected at the outlet to the electrochemical cell
(@) during the electrolysis and (b) once the cell was switched to open circuit. During the
electrolysis, fig. 3.21 (a), the decrease in dissolved ozone was clear; however, the
absorbance to the low wavelength side of the ozone peak did not show such a decline.
Once the cell is switched to open circuit, fig. 3.21 (b), the ozone declines to zero, but
there was a clear, residual absorption, see fig. 3.21 (c), consistent with the presence of
H,O,. The half life for the decay was between 3 and 4 minutes, strongly suggesting an
enhanced decay over that expected for the 1% order process [19]. If the decay of the

ozone was being facilitated by the production of H,O, and, as postulated by Sehested et
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al. [19], it is catalysed by the surfaces of the reactor, then we would expect to see some

effects if the tubes to/from the gas separator were shortened, and the gas separator itself

replaced by a smaller unit. To this end, the experiment described below was carried out.
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Figure 3.19 (a) Plots of current (m), dissolved ozone absorbance at the outlet to the

electrochemical cell (o) and at the inlet of the electrochemical cell (A), (b) plot of the

current efficiency as a function of time, (c) and (d) the UV-Vis spectrum of AJED2F

anode experiment 29 at the outlet of the electrochemical cell in 0.5 M H,SO,, 2.7 V, flow

rate 30 and 100 cm®min™ on single pass system.
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Figure 3.21 Spectra of dissolved ozone absorbance at the outlet of electrochemical cell

(a) during electrochemical, (b) after switched to open circuit and (c) dissolved ozone

absorbance consistently declines with H,O, for the experiments in fig. 3.20.
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Figure 3.22 (a) shows a diagram of the modified system, and fig. 3.22 (b) a photograph
of the same. Figures 3.23 (a) and (b) show the corresponding plots of absorbance and
efficiency. Various anolyte and N, flow rates were employed during the experiment
depicted in figs. 3.22 and 3.23, but this does not detract from the general conclusions
that may be drawn. Thus, it is clear from figs. 3.23 (a) and (b) that the dissolved and gas
phase ozone absorbances are significantly lower in the former, suggesting that some
deterioration in the selectivity of the catalyst has taken place (as both experiments were
carried out at 1.3 A), and this is confirmed by fig. 3.23 (b) which shows an efficiency
around 5-6%, (ca. 4% from Henry’s Law calculation using dissolved ozone absorbance).

A\
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5 UV Vis cell
[ | Tap
Cathode = Extraction
@
TV Vis cell
Solution
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Figure 3.22 (a) A diagram and (b) a photograph of the modified system.
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Figure 3.24 (a) shows UV-Vis spectra collected at the outlet of the electrochemical cell
from 0 to 40 minutes during the experiment depicted in figs. 3.22 and 3.23, after which
the cell was switched to open circuit and the spectra shown in fig. 3.24 (b) collected. The
behavior of the O3 peak intensity is shown in fig. 3.24 (c) along with the absorbance at
230 nm; the former shows an initial rise followed by a slow decay. In contrast, the
“H,0; absorbance at 230 nm” to the low wavelength side of the O3 peak remains almost
constant after the initial increase, and does not show the 27% decrease exhibited by the
O peak. This is supported by the difference spectrum in fig. 3.24 (d) which shows the
spectrum collected at 10 minutes in fig. 3.24 (a) subtracted from that taken at 35
minutes. Whilst the decrease in the O3 peak is clear, the curve returns to zero in the low

wavelength region, suggesting no change in H,O, concentration.

Figure 3.24 (b) shows the spectra collected when the cell was switched to open circuit.
Again, a residual absorption due to H,O, may be seen. It is worth nothing that (i) the
apparent, steady state H,O, absorbance at 225 nm during electrolysis, see fig. 3.24 (a), of
0.4 is very similar to that seen in fig. 3.21 (a), (ii) the half life for the decay of the O3 in
fig. 3.24 (c) is 3.5 minutes, the same as that determined in the experiment in fig. 3.21
(b). The similarity of the data obtained using two experimental equipments with such
different characteristics apart from the common electrochemical cell suggests that ozone
decay is taking place in the electrochemical cell rather than in the circuit external to the
cell, and may be due to peroxide formation. However, caution is required as the presence
of an adsorption to the low wavelength side of the ozone peak is not definitive proof of

peroxide formation, particularly as the detector response is poor in this region.

The above data suggest that, in recycle system, the decrease in ozone current efficiency
is due to a process, or processes, which take place in the electrochemical cell, rather than
in the external tubes and glassware. The reduced current efficiency is calculated with
both glass cells and the polycarbonate cell, suggesting the cell material is not

responsible. This leaves the electrode and Nafion polymer electrolyte membrane.
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Figure 3.24 UV-Vis spectra collected at the outlet of the electrochemical cell (a) during
the experiment and (b) after switched to open circuit at 40 minutes depicted in figs. 3.22
and 3.23. (c) The intensities of the ozone bands at (i) 260 nm and (ii) the “H,0;” feature
at 230 nm in (a) and (b) plotted as a function of time. (d) The spectrum collected at 10

minutes in fig. 3.24 (a) subtracted from that taken at 35 minutes.
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3.2.6 The possible effect of Nafion

In order to assess the possible detrimental effect of Nafion, an experiment was
conducted in which a 6.25 cm? anode was tested in single pass system as follows. An
anode (AJED13D prepared by methods ED1 and CC4, see table 4.1-4.3, 6.25 cm?,
Sn:Sh:Ni; 500:8:1) was tested in single pass system in a glass cell, and the results
obtained are shown in figs. 3.25 (a)-(d).

As may be seen from the figures, the anode was very active with a current efficiency for
ozone generation of at least 30%. The electrode was then coated with 5% Nafion
solution using a paintbrush, dried for 1 hour, and then tested in the glass cell in 0.5 M
H,SO, at a cell voltage of 2.7 V and an anolyte flow rate of 30 cm® min™. The electrode
was then soaked in isopropanol for 30 minutes and tested again under the same

conditions.

Figures 3.26 (a)-(d) show data obtained from a repeat of the single pass experiment in
figs. 3.25 (a)-(d) using the Nafion-coated anode. As may be seen from a comparison of
the two sets of data, coating the anode with Nafion did not have a detrimental effect on
the current (see figs. 3.25 (a) and (b) and figs. 3.26 (a) and (b)), but reduces the current
efficiency by ca. 30% (see figs. 3.25 and 3.26 (d)). It is difficult to judge from the UV-
Vis spectra collected during the two experiments (figs. 3.25 (¢) and 3.26 (c)) whether the
Nafion coating enhances the production of H,O, due to the noise in fig. 3.26 (c). The
anode was immersed in isopropanol for 30 minutes, washed with water and the single
pass experiment replaced. This coating/removal procedure was repeated several times

and the results so obtained are summarised in figs. 3.27 (a) and (b) and table 3.3.

It is clear from fig. 3.27 (a) that coating with Nafion reduces current efficiency but, from
fig. 3.27 (b) and table 3.3, has little effect upon the current, strongly suggesting that
Nafion (at least in direct contact with the catalyst) ‘switches over’ to O, evolution a high
proportion (up to 50%) of the active sites for Os. Immersion in isopropanol alcohol

(IPA) to dissolve the Nafion restores some activity, with longer immersion being more
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effective (experiments 11 and 12 cff. 8-10).
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However, there does appear to be an
underlying loss of selectivity in the data in fig. 3.27 (a) and table 3.3.
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Figure 3.25 Plots of (a) current (m), dissolved ozone absorbance (e), (b) plot of current

before (m) and after (e) experiment on polarization curve, (c) UV-Vis spectra and (d) %

current efficiency (¢) of anode AJED13D experiment 3 before coating with 5% Nafion

solution and testing in 0.5 M H,SO, at a cell voltage of 2.7 V and an anolyte flow rate
of 30 cm® min™,
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Figure 3.26 Plots of (a) current (m), dissolved ozone absorbance (e), (b) plot of current

before (m) and after (®) experiment on polarization curve, (c) UV-Vis spectra and (d) %

current efficiency (¢) of anode AJED13D experiment 4 after coating with 5% Nafion

solution and testing in 0.5 M H,SO, at a cell voltage of 2.7 V and an anolyte flow rate

of 30 cm® min™.
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Figure 3.27 Plot of (a) % current efficiency (#) and (b) current (m) vs. time determined

during the testing of anode AJED13D in 0.5 M H,SO, at a cell voltage of 2.7 V and an

anolyte flow rate of 30 cm® min™.
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Exp. | Current | Absorbance D°ss Voltage Flow rate Comment
No. (A) 1% (V) (cm® min®)
1 0.283 0.961 32.60 2.7 30 Single pass system
2 0.250 0.850 32.64 2.7 30 Single pass system
3 0.266 0.834 30.10 2.7 30 Before coating with
5% Nafion solution
4 0.240 0.387 15.48 2.7 30 After coating with 5%
Nafion solution 1 hour
5 0.238 0.536 24.20 2.7 30 After washing with
6 0.227 0.545 23.05 2.7 30 isopropanol 30 minutes
7 0.215 0.373 16.65 2.7 30 After coating with 5%
8 0.210 0.387 17.69 2.7 30 Nafion solution 1 hour
9 0.225 0.432 18.43 2.7 30 After washing with
10 0.223 0.411 17.69 2.7 30 isopropanol 30 minutes
11 0.222 0.471 20.37 2.7 30 After washing with
12 0.214 0.537 24.09 2.7 30 isopropanol 4 nights

Table 3.3 Summary results of the Nafion experiments using anode AJED13D in the glass
cell.

Figure 3.28 (a) and (b) show UV-Vis spectra collected during experiments 11 and 12,
which are representative of all the experiments after those depicted in figs. 3.25 and 3.26
above, in that there was showed the shoulder to lower wavelength tentatively attributed
to H,O,. These data may indicate the participation of Nafion in the production of H,O;;
but the poor detector response in the region < 240 nm complicates interpretation of the
data.

The data above clearly indicate that Nafion in direct contact with the anode has a
detrimental effect on the selectivity towards ozone evolution. In order to determine
whether such direct contact was necessary or whether the presence of Nafion remote
from the anode would also have a detrimental effect (i.e. in recycle system ‘catalysing’
the decay of ozone) a series of experiments were carried out using a battery separator.
Celgard 2400 is a 25 um thick microporous monolayer polypropylene membrane [22].
The membrane has excellent resistance to acids and oxidation, with a uniform pore
structure (41% porosity 0.043 um pore size) and high chemical and thermal stability.
The membrane finds major application in low temperature, primary lithium batteries and
is hydrophobic; hence, prior to use, the membrane was immersed in isopropyl alcohol

for 2 hours and then washed thoroughly with Millipore water.
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Figure 3.28 UV-Vis spectra of anode AJED13D in (a) experiment 11 and (b) experiment

12 after washing with isopropanol and testing in 0.5 M H,SO, at a cell voltage of 2.7 V

and an anolyte flow rate of 30 cm® min™.
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A sample of Celgard 2400 was employed in place of Nafion in the glass cell with anode
AJED2H (6.25 cm?, Sn:Sb:Ni; 500:8:4). Anode AJED2H gave a current of 0.23 A and

an efficiency of 23% prior to the experiments discussed below.

Figures 3.29 (a)-(c) show data from the first experiment using the Celgard membrane,
carried out in single pass system. The current was ca. 0.18 A, ca. 20% less than that
observed with Nafion, and the current efficiency was also ca. 18%, ca. 20% lower.
However, this performance was very encouraging given the fact that it was the first
experiment with the membrane, and suggest that the membrane could be a viable (and
cheaper) alternative to Nafion in acid/acid applications.

Figure 3.29 (b) shows the UV-Vis spectra collected during the experiment in fig. 3.29
(a), the spectra showed the shoulder to lower wavelengths due (possibly) to H,O..

Figures 3.30 (a)-(c) show a recycle experiment carried out after the experiment in figs.
3.29 (a)-(c). As has been consistently determined, the current efficiency calculated from
the ozone gas absorbance in the experiment using the Celgard membrane was
significantly lower (3.5%) than that determined in single pass system (18%, see above).
This suggests strongly that Nafion was not responsible for the reduced efficiency in
recycle system. This leaves either: (1) the anode participating in ozone decay; (2) the
decay being an inherent factor at high solution ozone concentrations or (3) there is a
problem with ozone gas measurements using UV-Vis spectroscopy. Option (2) would
seem to be ruled out by the work of Stucki et al. [6], using a PEM (water/water) cell and
PbO, anode, who showed that injecting electrolyte containing up to 25 ppm Os
(equivalent to an absorbance of 1.6) at the inlet of the anode compartment did not effect

current efficiency.
The ratio between the intensity of the ‘H,O,’ shoulder (taken at 225 nm) and the main

peak intensity seemed to be reasonably consistent around 40%, irrespective of single

pass or recycle modes of operation. Coupled with the very low emission intensity in this

113



Chapter 3

region, the data do not unambiguously support the generation of H,O, or of any species
enhancing the decay of ozone.
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Figure 3.29 Plots of (a) current (m), dissolved ozone absorbance (e), (b) % current
efficiency (#) and (c) UV-Vis spectra collected during the experiment of anode AJED2H
experiment 11 with Celgard membrane in 0.5 M H,SO, at a cell voltage of 2.7 V and

anolyte flow rate of 30 cm® min™.
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membrane in 0.5 M H,SO, at a cell voltage of 2.7 VV and an flow rate of 30 cm®min™.
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It should, of course, be noted that Stucki and co-workers employed water at the anode
rather than aqueous sulphuric acid; however, there are no reports in the literature to my
knowledge of ozone in solution having an adverse effect upon electrochemical ozone

generation.

Having eliminated the possible detrimental role of Nafion, it was decided to check that
the chemical composition of the acid did not affect the efficiency of ozone generation.
To this end, single pass and recycle experiments were carried out in 0.1 M HCIO, and
0.05 M H,SO4, the data are summarised in table 3.4.

EXxp. Electrolyte Current | ®°03/% | ®°0s/% | Intensity at 255 nm/
No. (A) Single | Recycle Intensity at 258 nm
pass

11 0.5M H,SO, 0.17 17 - 0.38

12 | 0.05M H,SO4 0.07 15 - -

13 | 0.05M H;SO, 0.04 - 4.5 0.43

14 | 0.1M HCIO, 0.04 - 55 0.39

15 | 0.1M HCIO, 0.04 19 - 0.44

16 | 0.5M H,SO, 0.17 - 35 0.39

Table 3.4 Summary of Nafion membrane at various concentrations of acid solution.

The data in the table are presented in the order that the experiments were carried out, so
that any underlying decay in anode activity and/or selectivity that may be taking place
was clear; judging by the current and current efficiencies determined, this was not a
problem over the timescale represented by the data in the table. From the table, it is clear
that the efficiencies measured in recycle system are consistently and markedly lower
than those measured in single pass system, irrespective of the nature of the electrolyte
employed. Taken in conjunction with the fact that this was determined generally when
using Nafion as the membrane, these data suggested strongly that the difference in ozone
efficiency measured between single pass and recycle systems under acid/acid operation

is due to the anode in same way.
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3.2.7 A consideration of the ozone evolution mechanism

In order to explain why the presence of ozone in the anode compartment of an
electrochemical cell may inhibit ozone evolution at Ni/Sb-SnO, anodes, it is necessary
to have a mechanism. To this end, the theories of Electrochemical Ozone Production
(EOP to distinguish it from the electrochemical Oxygen Evolution Reaction, OER) in
the literature are all based on the same four steps (see, for example, [23][24][25] and

references therein) irrespective of the chemical nature of the anode:

H,O — (OH)us +H +€ (3.57)
(OH)ags — (O)ags + H + € (3.58)
2(0)ats = (O2)ass (3.59)
(O2)ags — O2 (3.60)
(O)ads + (O2)ags = (O3)ass — O3 (3.61)
(O3)ags — Og (3.62)

Scheme 3.2 The mechanism of electrochemical ozone evolution commonly reported in
the literature [23][24][25].

More sophisticated mechanisms have the (O)ags and (O2)ags Species diffusing to sites

specifically active for O, and O3 evolution (see, for example, [24]).

It is generally accepted that the first step, (3.57), is rate determining. It was generally
determined in all the relevant experiments reported in this thesis that the presence of
ozone in the anolyte had no effect upon the current, including experiments using the
standard recycle equipment shown in fig. 3.15 (b) where the ozone concentration could
be >3.3x10™ M.
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Thus, if the mechanism broadly represented by scheme 3.2 is accepted, it is the
subsequent fate of the (O).gs formed in the rate determining step that is the real issue of
relevance to the work reported in this chapter, as this has no effect upon the current, but
will affect the ratio of O3 to O,, as this will depend critically on what species are
adsorbed on the surface, and where they are adsorbed, given the stringent requirement
that (O)ags and (O5)ags must be adjacent for ozone formation.

The last step in scheme 3.2 (3.62), should more correctly be represented as an
equilibrium (as should (3.60)):

(O3)ags <> O3 (3.63)
In which case, high concentrations of ozone in the electrolyte may be expected to inhibit
the release of free O3 due to Le Chatalier’s principle; but this alone does not explain the
lack of any effect upon the current and, by implication, the switching off of O3 active

sites and switching on of O, active sites.

Under conditions of high concentrations of O3 we may expect reactions such as (3.63)
and (3.64) to occur:

(O')ads'l' (03)ads - 2(OZ)ads - 202 (364)

(O)ags + O3 — 2(02)ats — 20 (3.65)

Which would clearly result in an apparent switchover from O3 to O,, with no change in

current, as would the displacement of (O2)ags by Os:

(O2)ads + O — (Og)ags + O2 (3.66)
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3.3 The anode potential

The two-electrode cells employed during the work reported in this thesis precluded the
application of a reference electrode, and hence typical anode potentials were not
measured. However, it was decided to determine the anode potential under typical
operating conditions to allow comparison with the standard reduction potentials of
couples likely to be present in the electrolyte or generated therefrom.

It is possible to estimate the anode potential, as follows.

The cell voltage Ve comprises several components (see fig. 3.31):

|VceII| = ¢a - ¢c = 5¢a + jReIec,"' jRNafion, + |5¢c| (367)

Anode potential
remod apoie

Distance from anode

Figure 3.31 The potential drops across an electrochemical cell. (1) 64, and (5) ¢ the
Inner Galvani Potential differences across the anode and cathode/electrolyte interfaces
[26], (2) and (4) the IR drop across the electrolyte (total resistance = Rgjec ), and (3) the

IR drop across the Nafion (resistance = Rejec ).
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Where ¢, and ¢, are the Inner Galvani potentials [26], at the anode and cathode, (using ¢
to avoid confusion with the electrode potentials at zero current, see below), o¢, is the
Inner Galvani potential difference across the double layer at the anode and ¢, that at the

cathode.

When no current flows:

Sty = da - doand S = ¢ - ¢ (3.68)

& 1s the Inner Galvani potential of the electrolyte. When current is flowing, the Inner
Galvani potential of the electrolyte near the anode will not be equal to that near the
cathode; the difference will simply be the Ohmic drop across the cell. j is the current
density passing through both electrodes (A cm™), Reec”and Ruafion” are the resistance of

the acid electrolyte and the resistance of Nafion, respectively, in Q cm™. Hence:

5¢a = |Vce||| - jR/eIec - R,Nafion - |§¢c| (3.69)

As the counter electrode reaction is the generation of hydrogen at Pt, it can be assumed
that o¢ = |7¢| the overpotential at the hydrogen-evolving cathode (a correction of 0.018
V should be made to allow for the pH difference between the standard solution pH of 0
and that of the 0.5 M H,SO, of 0.3, but this correction will cancel out overall). ¢ can
be determined by a consideration of the Butler-Volmer equation and the limiting current

density, i cath:

jo[e(ﬂm f )_e[’ﬁcﬂ f )j 570)

joe(ﬂm f) joe(-ﬂcn f)

1+ . -

JL,An JL,Cath
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The derivation of equation (3.70) and the subsequent calculation of &¢, are detailed in

the Appendix.

Using reasonable values of the various experimental parameters gives a value of 2.3 V
for ¢, at a typical current density (38.0 mA cm™) observed at a cell voltage of 2.7 V.
Such a value is clearly sufficient to oxidize water to oxygen, but insufficient to produce
OH radicals (E° = 2.38 V vs. SHE [27]. Hydrogen peroxide could also be produced (E°
= 1.76 V vs. SHE [28]; however, as was stated above, it is not clear that this is has been
observed in the experiments reported in this thesis. Peroxydisulfate (E° = 2.08V vs. SHE
[29]) has also been postulated as a possible product at high current densities in sulphuric
acid (see, for example, [23][30]) but its formation has been discounted [13][31][32][33],
and the experiments described in this thesis were all carried out at significantly lower
current densities (<40 mA cm) than those routinely employed in experiments where

S,05 is a postulated product.

For ozone evolution, 6¢, may be expressed as[26]:

O¢a = (Ea®~ Ec?) + | 772 (3.71)

where E,° and E.°” are the anodic and cathodic potentials observed at zero current,
corrected for the pH of 0.3. E; °~E. ©’= 1.51 V; hence, under these conditions, the anodic

overpotential for ozone ny = 0.79 V.

3.4 The effect of the gas separator

Fujishima’s paper on Boron doped diamond (BDD) anodes generating ozone in single
pass system [34][35] states that bubbles in the solution can lead to an overestimate of
ozone efficiency (presumably due to scattering of light and hence apparent enhancement
of the ozone peak intensity). To assess this, the experimental equipment shown below,
fig. 3.32, was employed, with a glass gas separator immediately after the UV-Vis cell at
the electrochemical cell outlet and a second UV-Vis cell after the separator. The

separator had a volume of ca. 55.0 cm®.
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UV Vis cell 1

— Extraction

UV Vis cell 2 J-
Anode

Reservoir

Figure 3.32 The experimental arrangement employed to assess the effect of the gas

separator.

Plots of the current and dissolved ozone absorbances before and after the gas separator

are shown in fig. 3.33 (a), and the corresponding current efficiencies in fig. 3.33 (b).

From fig. 3.33 (b) it can be seen that ozone gas was released from the separator
amounting to a drop of ca. 20-25% in current efficiency, irrespective of flow rate (i.e.
from 12 or 15% before gas separator at 30 cm® min™ to 15 or 18% after the gas separator
at flow rate 100 cm® min™). However, it was not clear whether this was due to bubbles
enhancing the apparent ozone absorbance, or the real loss of ozone from solution to gas
phase. In any case, in most measurements reported in this thesis, a separator was

employed.
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3.5 Conclusions
The most appropriate extinction coefficient for the UV absorption band of ozone is 3000

dm?®mol™ cm™ for both gas phase ozone and dissolved ozone in aqueous solution.

The electrochemical generation of ozone in single pass and recycle systems were
investigated, the latter aimed at generating high concentrations of gas phase ozone once
the anolyte was saturated with ozone. In general, the current efficiency determined with
recycle system was significantly less than that determined using single pass operation
due to the displacement of key adsorbed intermediates by Os. The possible réle of the
cell material on ozone production was rejected, although the presence of Nafion in direct
contact with Ni/Sb-SnO, anodes was found to cause a switch in active sites from O to
O, evolution. Thus, the catalyst formulation was not suitable for the production of high
concentrations of ozone in the gas phase by operation in recycle system.

Celgard 2400 is a promising alternative to Nafion in acid/acid cells for electrochemical

0zone generation.
In single pass system, current efficiencies up to 50% have been obtained in acid

electrolyte (calculated only from the ozone in solution), with efficiency increasing with

anolyte flow rate due to more efficient entrainment of ozone.
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4. The evolution of the anode synthesis

Undoped SnO;, should be an insulator, and hence its resistivity of ca. 7.25 x 10> Q cm is
taken as evidence for a defect structure incorporating e.g. O vacancies or adventitious
donors [1]. SnO, anodes are usually doped with Sb to improve the conductivity of the
electrodes (resistivities ca. 10°-10 Q cm [1][2]), with the Sb (as Sb") replacing Sn'
due to their similar ionic radii [2]; at higher dopant levels, however, Sb" centres are
incorporated [3][4] which act as trap sites for the e” generated by Sb¥ causing a rise in
resistivity [2].

As was stated in Chapter 1, the project was inspired by the work of K. Y. Chan in Hong
Kong University, and this will be described first.

4.1 The work of K. Y. Chan

Chan employed titanium substrates in the form of meshes and foils due to the good
corrosion resistance and reasonable cost of titanium [5][6]. In the first paper [5], Chan
incorrectly reported that Sb-doped SnO, was active for electrochemical ozone
generation. However, it was reported in a latter paper that the activity of the original Sb-
doped SnO; electrodes was, in fact, due to trace nickel contamination [6] probably from
a nickel-plated spatula [7]. Hence, the details of the anode synthesis will be taken
predominantly from the second paper. However, it should be noted that Foller and
Tobias [8] reported ozone evolution from an Sh-doped SnO, anode in 5 M H,SO,4 at 0 °C
with a short-lived current efficiency of ca. 4%. The authors also reported that the SnO,

coating completely dissolved within a short (unspecified) time.

Chan employed 0.8 cm x 0.8 cm x 0.05 cm Ti foil spot-welded with a 1.0 mm diameter
Ti wire. The foil was etched in 10% boiling oxalic acid solution for 1 hour, and then
rinsed with deionized water and dried. The foil was dipcoated from a mixture of SbCls,
SnCl4.5H,0 and NiCl,.6H,0 in ethanol, dried at 100 °C for 10 minutes and then
calcined at 520 °C for 10 minutes. After the eighth coating, the electrode was dried and
then calcined at 520 °C for 1 hour [5][6].
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During the early stages of the collaboration between Hong Kong and Newcastle, the
synthesis procedure changed quickly in two important respects: the Ti foil was replaced
by mesh (to facilitate application in Membrane Electrode Assembly (MEA) based water-
air cells[9]) and with the introduction of an Electro Deposited Inter Layer (EDIL) to
protect the Ti substrate [10][11]. A summary of the general procedure for synthesising
the ozone anodes is given in fig. 4.1 and 4.2. The mechanism by which Ni/Sh-SnO,

anodes produce ozone has not been investigated to date [5][6].

4.2 Summary of catalyst development

The most significant changes in the synthesis procedure have been in the
electrodeposition and catalyst coating steps; these are summarised in table 4.1 and given
in more detail in tables 4.2 and 4.3. The anodes are numbered sequentially in series,
those involving electrodeposition having electrodeposition before the number. Individual
electrodes within a series are identified by letters: A, B, C or a, b, ¢ etc.

The various steps in the synthesis procedure are discussed in more detail in the section

below.

A very large number of experiments were carried out during the period of my research
project (described in over 80 detailed weekly reports); space does not thus allow an
exhaustive discussion of all the data concerning the catalyst development. Hence, this
section commences with a commentary on the development of the synthetic procedure
summarised in tables 4.1-4.3. Subsequent sections then highlight key aspects of the

various steps in the synthesis.
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Wash Ti mesh with acetone and then Millipore water; repeat 3 times

Y

Etch Ti mesh in boiling 10% oxalic acid for 1 hour until the solution turns brown

A 4

Wash Ti mesh in Millipore water in ultrasonic bath, changing the water every 10
minutes; repeat 3 times or until no oil/grease is obtained on the surface of the water

A 4

Dry Ti mesh at 60 °C for 1 hour and then leave to cool at room temperature

A 4

Electrodeposition: spot weld Ti mesh to Ti connecting wire, and hold vertically in the
electrodeposition solution (Sn:Sb molar ratio of 10:1) in 500 cm? ethanol, co-facial to
a Pt-coated Ti mesh. Deposition is then initiated at a current density of 6.4 mA cm™
for 25 minutes

A 4

Wash Ti mesh with Millipore water and dry at room temperature for 1 hour

A 4

Pre-heat Ti mesh in 100 °C oven for 15 minutes and then heat in 520 °C furnace
for 2 hours

A 4

Catalyst coating: Dip Ti mesh in catalyst solution containing Sn:Sh:Ni in the molar
ratio 500:8:x in 100 cm?® ethanol. For x = 3, 35.8 g SnCl,.5 H,0, 0.3650 g ShCls,
and 0.1426 g NiCl,.6H,0.

A 4

Heat Ti mesh in 100 °C oven for 15 minutes, followed by heating in 520 °C furnace
for 20 minutes

!

The dipping, oven and furnace steps are repeated 18 times. The final (20™) coating is
heated in 520 °C furnace for 75 minutes

Figure 4.1 Summary of the basic steps in the ozone anode synthesis procedure.
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Anode Size ED method Post-heating Catalyst solution, Catalyst Coats Pyrolysis
series fem? and Sn:Sh:Ni:Au coating
configuration (HCI/w) method
(see table 4.2) (see table 4.1)
AJED1 6.25 NED - 500:8:1 [3%] cc1 20 100 °C (15 mins)
and
land1 100 °C (15 mins) 520 °C (20 mins)
and 520 °C (2 hrs)
AJED2 6.25 land1 100 °C (15 mins) 500:8:1 [3%] CC1 20 100 °C (15 mins)
and 520 °C (2 hrs) 500:8:2 [3%] and
500:8:3 [3%] 520 °C (20 mins)
500:8:4 [3%]
AJED3 6.25 land1 100 °C (15 mins) 500:8:0.2, 2.5, CC1 20 100 °C (15 mins) and
and 520 °C (2 hrs) 5.0, 10.0 [3%] 520 °C (20 mins)
AJED4 6.25 2and 1 100 °C (15 mins) 500:8:2 [3%] Cc2 20 100 °C (15 mins) and
and 520 °C (2 hrs) 500:8:3 [3%] 520 °C (20 mins)
500:8:4 [3%]
AJED5 6.25 3and 1 100 °C (15 mins) 500:8:2, 3, 4 [3%] CC3 20 100 °C (15 mins) and
and 520 °C (2 hrs) 520 °C (20 mins)
AJED6 4.00 NED - 500:8:3 [3%] CC3 20 100 °C (15 mins) and
520 °C (20 mins)
AJED7 4.00 NED - 500:8:3 [3%] CC3 20 100 °C (15 mins) and
520 °C (20 mins)
AJEDS 4.00 NED - 500:8:3 [3%] CC3 20 100 °C (15 mins) and
520 °C (20 mins)
AJED9 6.25 land1 100 °C (15 mins) 500:8:1 [5%)] CC4 20 100 °C (15 mins) and
and 520 °C (2 hrs) 500:8:1 520 °C (20 mins)
AJED10 6.25 NED - 500:8:1 [5%)] CC4 20 100 °C (15 mins)
and
land1 100 °C (15 mins) 520 °C (20 mins)
and 520 °C (2 hrs)
AJED11 | 6.25 land1 100 °C (15 mins) 500:8:3 [5%] CC4 20 100 °C (15 mins) and

and 520 °C (2 hrs)

520 °C (20 mins)
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Anode Size ED method Post-heating Catalyst solution, Catalyst Coats Pyrolysis
series fem? and Sn:Sh:Ni:Au coating
configuration (HCI/w) method
(see table 4.2) (see table 4.1)
AJED12 6.25 land1 100 °C (15 mins) and 500:8:1 [5%] Cc4 20 100 °C (15 mins) and
(1)480 °C (20 mins) (1)480 °C (20 mins)
(2)480 °C (40 mins) (2)480 °C (40 mins)
(3)520 °C (20 mins) (3)520 °C (20 mins)
(4)520 °C (40 mins) (4)520 °C (40 mins)
AJED13 6.25 land 1 100 °C (15 mins) 500:8:1 [5%] CC4 (1) 10 | 100 °C (15 mins) and
and 520 °C (2 hrs) (2) 20 | (1) 460 °C (10 mins)
(2) 460 °C (20 mins)
(3) 520 °C (10 mins)
(4) 520 °C (20 mins)
AJED14 | 35.00 NED - 500:8:3 [5%)] CC5 7 100 °C (15 mins) and
500:8:3:3 [5%)] ramp temp 460 °C at
dwell every 20 mins
(2 hrs)
AJED15 | 35.00 NED 100 °C (15 mins) 500:8:1:1.5 [7.5%] CC6 20 100 °C (15 mins) and
4and 1 and 520 °C (2 hrs) 500:8:1:3 [7.5%)] 520 °C (20 mins)
500:8:3:1.5 [7.5%)]
500:8:3:3 [7.5%]
AJED16 | 35.00 4and 1 100 °C (15 mins) 500:8:1 [7.5%)] CC6-CC8 20 100 °C (15 mins) and
and 520 °C (2 hrs) 520 °C (20 mins)
AJED17 | 35.00 NED 100 °C (15 mins) - - - -
4and 1 and 520 °C (2 hrs)
AJED18 | 42.00 5and 1 100 °C (5 mins) 500:8:1 CC9 14 100 °C (5 mins) and
and 390 °C (1 hour) (1) 390 °C (10 mins)
(2) 460 °C (10 mins)
(3) 520 °C (10 mins)
AJED19 6.25 7-10 and 1+2 100 °C (15 mins) 500:8:3 [3%] CC10 20 100 °C (15 mins)

and 520 °C (2 hrs)

and 520 °C (20 mins)
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Anode Size ED method Post-heating Catalyst solution, Catalyst Coats Pyrolysis
series fem? and Sn:Sh:Ni:Au coating
configuration (HCI/w) method
(see table 4.2) (see table 4.1)
AJED20 35.0 6 and 1 100 °C (5 mins) 500:8:3:1.5 [7.5%] CC11 20 100 °C (5 mins)
and 390 °C (1 hour) and 460 °C (10 mins)
AJED21 6.25 7and 1, (1) 100 °C (15 mins) - NCC - -
11-13and 2 and 520 °C (2 hrs)
(2) 100 °C (5 mins)
and 390 °C (1 hour)
AJED22 6.25 12 and 2 100 °C (5 mins) 500:8:3 [3%] CC12 15,20 100 °C (5 mins)
and 390 °C (1 hour) and 460 °C (10 mins)
AJED23 0.64 14-15and 2 100 °C (5 mins) a - NCC - -
nd 390 °C (1 hour)
AJED24 6.25 7and1, 100 °C (5 mins) - NCC - -
12,16 and 2 and 390 °C (1 hour)
AJED25 6.25 17-20 and 1 100 °C (15 mins) - NCC - -
and 520 °C (2 hrs)
AJED25E | 6.25 20and 1 100 °C (15 mins) 500:8:3 CC12 20 100 °C (5 mins) and
and 520 °C (2 hrs) 460 °C (10 mins)
AJED26 0.64 NED - 500:8:0 CC12 20 100 °C (5 mins) and
500:8:3 460 °C (10 mins)
14 and 2 100 °C (5 mins) 500:8:3:0.1
and 390 °C (1 hour)
AJED27 6.25 20and 1 100 °C (15 mins) 500:8:3 CC12 20 100 °C (5 mins) and
and 520 °C (2 hrs) 588228; 460 °C (10 mins)
500:8:3:0.
064 | 2landl 500:8:3:1.5

NED = No electrodeposition step

Table 4.1 Summary of the evolution of the overall anode synthesis procedure.
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ED Composition of ED Descriptions Anodes AJED
Method solution Series
ED1 0.5M Sn:0.05M Sb Ti mesh is connected with connecting wire, co-facial to a 6.0 x 4.0 cm Pt-coated 1,2,3,9,
(10:1), HCI 5 cm®in 500 | Ti mesh. Deposition is fixed at a current density 6.4 mA cm™ (0.040A/6.25cm?) 10, 11,
cm® ethanol for 25 minutes. Wash Ti mesh with DI water and dry at room temperature 1 hour. | 13, 12 (480 °C,
Pre-heat Ti mesh in 100 °C oven for 15 minutes and then heat in 520 °C furnace also)
for 2 hours.
ED2 0.5MSn:0.05MSbh Ti mesh is connected with connecting wire, co-facial to a 6.0 x 4.0 cm Pt-coated 4
(10:1), HCI 5 cm®in 500 | Ti mesh. Deposition is fixed at current density of 6.4 mA cm™ (0.040A/6.25cm?)
cm? ethanol for 24 minutes by 12 minutes for side A and turn on 12 minutes for side B. Wash
Ti mesh with DI water and dry at room temperature 1 hour. Pre-heat Ti mesh in
100 °C oven for 15 minutes and then heat in 520 °C furnace for 2 hours.
ED3 0.5M Sn:0.05M Sb Ti mesh is connected with connecting wire, co-facial to a 6.0 x 4.0 cm Pt-coated 5
(10:1), HCI 5 cm*®in 500 | Ti mesh. Deposition is fixed at current density of 6.4 mA cm™ (0.040A/6.25cm?)
cm?® ethanol for 48 minutes by 24 minutes for side A for 2 times and turn on 24 minutes for
side B for 2 times. Wash Ti mesh with DI water and dry at room temperature 1
hour. Pre-heat Ti mesh in 100 °C oven for 15 minutes and then heat in 520 °C
furnace for 2 hours.
ED4 0.5MSn:0.05M Sb Ti mesh is connected with connecting wire, co-facial to a 6.0 x 4.0 cm Pt-coated 15, 16, 17
(10:1), HCI 7.5 cm® in 500 | Ti mesh. Deposition is fixed at current density of 6.4 mA cm™? (0.224A/35.0cm?)
cm?® ethanol for 25 minutes by 12.5 minutes for side A and turn on 12.5 minutes for side B.
Wash Ti mesh with DI water and dry at room temperature 1 hour. Pre-heat Ti
mesh in 100 °C oven for 15 minutes and then heat in 520 °C furnace for 2 hours.
ED5 1.25M Sn:0.05 M Sh Ti mesh is connected with connecting wire, co-facial to a 6.0 x 4.0 cm Pt-coated 18
(25:1), no HCl in 500 cm® | Ti mesh. Deposition is fixed at current density of 4.8 mA cm™ (0.202/42.0cm?)
ethanol for 1 minute, followed by current density at 2.4 mA cm™ (0.101/42.0cm?) for 20
minutes. Wash Ti mesh with DI water and dry at room temperature 1 hour. Pre-
heat Ti mesh in 100 °C oven 5 minutes and then heat in 390 °C furnace 1 hours.
ED6 1.25M Sn:0.05 M Sb Ti mesh is connected with connecting wire, co-facial to a 6.0 x 4.0 cm Pt-coated 20

(25:1), HCI 10 cm®in 1000
cm® ethanol

Ti mesh. Deposition is fixed at current density of 3.5 mA cm™ (0.147/35.0 cm?)
for 1 minutes followed by current density at 17.2 mA cm™ (0.073A/35.0 cm?) for
20 minutes. Wash Ti mesh with DI water and dry at room temperature 1 hour.
Pre-heat Ti mesh in 100 °C oven 5 minutes and then heat in 390 °C furnace 1
hours.
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ED Composition of Descriptions Anodes AJED
Method ED solution Series
ED7 0.5M Sn:0.05M Ti mesh is connected with connecting wire, co-facial to a 6.0 x 6.0 cm Pt-coated 19A-1, 21A
Sb(10:1), HCI 5 cm®in 500 | Ti mesh. Deposition is fixed at a current density 40 mA cm™ (0.250A/6.25cm?) and 21B,
cm® ethanol for 25 minutes. Wash Ti mesh with DI water and dry at room temperature 1 hour. | 24A and B (100
Pre-heat Ti mesh in 100 °C oven for 15 minutes and then heat in 520 °C furnace | °C 5 mins and
for 2 hours. 390 °C 10 mins)
ED8 0.5M Sn: 0.1 M Sb (10:2), | Ti mesh is connected with connecting wire, co-facial to a 6.0 x 6.0 cm Pt-coated 19a-m,
HCI 5 cm?® in 500 cm® Ti mesh. Deposition is fixed at a current density 40 mA cm? (0.250A/6.25cm?) 19M and N
ethanol for 25 minutes. Wash Ti mesh with DI water and dry at room temperature 1 hour. (0.64 cm?)
Pre-heat Ti mesh in 100 °C oven for 15 minutes and then heat in 520 °C furnace
for 2 hours.
ED9 0.5M Sn: 0.1 M Sb (10:2), | Ti mesh is connected with connecting wire, co-facial to a 6.0 x 6.0 cm Pt-coated 19J-L
HCI 5 cm®in 500 cm® Ti mesh. Deposition is fixed at current density of 2.5 mA cm? (0.016A/6.25cm?)
ethanol for 1 minute followed by current density at 1.25 mA cm™ (0.008A/6.25 cm?) for
20 minutes. Wash Ti mesh with DI water and dry at room temperature 1 hour.
Pre-heat Ti mesh in 100 °C oven for 15 minutes and then heat in 520 °C furnace
for 2 hours.
ED10 0.5M Sn: 0.1 M Sb (10:2), | Ti mesh is connected with double anode cell assembly (two 5.0 x 5.0 cm Pt- 19i-I
HCI 5 cm?® in 500 cm® coated Ti meshes). Deposition is fixed at current density of 20 mA cm?
ethanol (0.125A/6.25cm?) for 25 minutes. Wash Ti mesh with DI water and dry at room
temperature 1 hour. Pre-heat Ti mesh in 100 °C oven for 15 minutes and then
heat in 520 °C furnace for 2 hours.
ED11 0.5M Sn: 0.1 M Sb (10:2), | Ti mesh is connected with double anode cell assembly (two 5.0 x 5.0 cm Pt- 21C
HCI 5 cm® in 500 cm® coated Ti meshes). Deposition is fixed at current density of 2.5 mA cm? and D
ethanol (0.016A/6.25cm?) for 1 minute followed by current density at 1.25 mA cm™
(0.008A/6.25 cm?) for 20 minutes. Wash Ti mesh with DI water and dry at room
temperature 1 hour. Pre-heat Ti mesh in 100 °C oven for 15 minutes and then
heat in 520 °C furnace for 2 hours.
ED12 0.5M Sn: 0.1 M Sb (10:2), | Ti mesh is connected with double anode cell assembly (two 5.0 x 5.0 cm Pt- 22, 21E-)
HCI 10 cm® in 1000 cm? coated Ti meshes). Deposition is fixed at current density of 2.5 mA cm? (*5, 10, 15
ethanol (0.016A/6.25cm?) for 1 minute followed by current density at 1.25 mA cm? | minutes, also),
(0.008A/6.25 cm?) for 20 minutes*. Wash Ti mesh with DI water and dry at room 24C-H
temperature 1 hour. Pre-heat Ti mesh in 100 °C oven 5 minutes and then heat in (*5, 10, 15

390 °C furnace 1 hours.

minutes, also)
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ED Composition of Descriptions Anodes AJED
Method ED solution Series
ED13 No Sn: 0.1 M Sb (0:2), Ti mesh is connected with double anode cell assembly (two 5.0 x 5.0 cm Pt- | 21K-R (*5, 10,
HCI 5 cm®in 500 cm® coated Ti meshes). Deposition is fixed at current density of 2.5 mA cm? | 15 minutes, also)
ethanol (0.016A/6.25cm?) for 1 minute followed by current density at 1.25 mA cm™
(0.008A/6.25 cm?) for 20 minutes* in electrodeposition solution of 500 cm®
Sn:Sbh;0:2 (HCl 5 cm®). Wash Ti mesh with DI water and dry at room
temperature 1 hour. Pre-heat Ti mesh in 100 °C oven 5 minutes and then heat in
390 °C furnace 1 hours.
ED14 0.5M Sn: 0.1 M Sb (10:2), | Ti mesh is connected with double anode cell assembly (two 3.0 x 3.0 cm Pt- 23A-G
HCI 10 cm® in 1000 cm?® coated Ti meshes). Deposition is fixed at a current density 5.0 mA cm™ (*5, 10, 15
ethanol (0.003A/0.64 cm?) for 1 minute followed by current density at 2.5 mA cm? minutes,
(0.002A/0.64cm?) for 20 minutes*. Wash Ti mesh with DI water and dry at room also), 26
temperature 1 hour. Pre-heat Ti mesh in 100 °C oven for 5 minutes and then heat
in 390 °C furnace for 1 hours.
ED15 No Sn: 0.1 M Sb (0:2), Ti mesh is connected with double anode cell assembly (two 3.0 x 3.0 cm Pt- 23H-N
HCI 10 cm® coated Ti meshes). Deposition is fixed at a current density 5.0 mA cm? (*5, 10, 15
in 1000 cm?® ethanol (0.003A/0.64 cm?) for 1 minute followed by current density at 2.5 mA cm? | minutes, also)
(0.002A/0.64cm?) for 20 minutes*. Wash Ti mesh with DI water and dry at room
temperature 1 hour. Pre-heat Ti mesh in 100 °C oven for 5 minutes and then heat
in 390 °C furnace for 1 hours.
ED16 0.5M Sn: 0.1 M Sb (10:2), | Ti mesh is connected with double anode cell assembly (two 5.0 x 5.0 cm Pt- 241
HCI 10 cm? coated Ti meshes). Deposition is fixed at current density of 2.5 mA cm™
in 1000 cm? ethanol (0.016A/6.25cm?) for 20 minutes. Wash Ti mesh with DI water and dry at room
temperature 1 hour. Pre-heat Ti mesh in 100 °C oven 5 minutes and then heat in
390 °C furnace 1 hours.
ED17 0.5MSn:0.05M Sbh Ti mesh is connected with connecting wire, co-facial to a 2.5 x 2.5 cm Pt-coated 25A
(10:1), HCI 10 cm® Ti mesh. Deposition is fixed at a current density 6.4 mA cm™ (0.040A/6.25cm?)
in 1000 cm?® ethanol for 25 minutes. Wash Ti mesh with DI water and dry at room temperature 1 hour.
Pre-heat Ti mesh in 100 °C oven for 15 minutes and then heat in 520 °C furnace
for 2 hours.
ED18 No Sn: 0.1 M Sb (0:2), Ti mesh is connected with connecting wire, co-facial to a 2.5 x 2.5 cm Pt-coated 25B

HCI 10 cm®
in 1000 cm® ethanol

Ti mesh. Deposition is fixed at a current density 6.4 mA cm™? (0.040A/6.25cm?)
for 25 minutes. Wash Ti mesh with DI water and dry at room temperature 1 hour.
Pre-heat Ti mesh in 100 °C oven for 15 minutes and then heat in 520 °C for 2 hrs.
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ED Composition of Descriptions Anodes AJED
Method ED solution Series
ED19 0.5M Sn: 0.1 M Sb (10:2), | Ti mesh is connected with connecting wire, co-facial to a 6.0 x 6.0 cm Pt-coated 25C
HCI 10 cm® Ti mesh. Deposition is fixed at a current density 6.4 mA cm™ (0.040A/6.25cm?)
in 1000 cm?® ethanol for 25 minutes. Wash Ti mesh with DI water and dry at room temperature 1 hour.
Pre-heat Ti mesh in 100 °C oven for 15 minutes and then heat in 520 °C furnace
for 2 hours.
ED20 0.5M Sn: 0.1 M Sb (10:2), | Ti mesh is connected with connecting wire, co-facial to a 2.5 x 2.5 cm Pt-coated 25D-H
HCI 10 cm® Ti mesh. Deposition is fixed at a current density 6.4 mA cm™ (0.040A/6.25cm?) (*5, 10, 15,
in 1000 cm?® ethanol for 25 minutes*. Wash Ti mesh with DI water and dry at room temperature 1 25 minutes,
hour. Pre-heat Ti mesh in 100 °C oven for 15 minutes and then heat in 520 °C also), 27A-L
furnace for 2 hours.
ED21 0.5M Sn: 0.1 M Sb (10:2), | Ti mesh is connected with connecting wire, co-facial to a 1.0 x 1.0 cm Pt-coated 27M-P
HCI 10 cm® Ti mesh. Deposition is fixed at a current density 6.4 mA cm (0.006A/1.0cm?)
in 1000 cm® ethanol for 25 minutes in electrodeposition solution of 1000 cm® Sn:Sb;10:2 (HCI 10
cm®). Wash Ti mesh with DI water and dry at room temperature 1 hour. Pre-heat
Ti mesh in 100 °C oven for 15 minutes and then heat in 520 °C furnace for 2
hours.
NED - No electrodeposition 1,6,7,8,14
(35 cm?)

Table 4.2 The evolution of the electrodeposition step in the anode synthesis.
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Catalyst | Composition of catalyst Descriptions Anodes AJED
Coating solution, Sn:Sb:Ni:Au, series*
Method [[HCI]/v] in 100cm?
ethanol (series)*
CC1 500:8:1:0 [3%)] Ti mesh is dipped into the coating solution for 1 minute and stirred 1 minute 1,2,3
(1), (2) and (3) before withdrawing. Wait for all bubbles to pop by holding to dry around 1
500:8:2:0 [3%] (2) minute. Heat Ti mesh in 100 °C oven for 15 minutes, follow by heating in 520 °C
500:8:3:0 [3%] (2) furnace for 20 minutes. The dipping, oven and furnace steps were repeated 18
500:8:4:0 [3%] (2) times. The final (20™) coating is heated in 520 °C furnace for 75 minutes.
cc2 500:8:2:0 [3%)], Ti mesh is coated with coating solution by a small wood paintbrush both sides for 4
500:8:3:0 [3%], 500:8:4:0 | many dips. Wait for all bubbles to pop by holding to dry around 1 minute. Heat Ti
[3%], mesh in 100 °C oven for 15 minutes, follow by heating in 520 °C furnace for 20
minutes. The dipping, oven and furnace steps were repeated 18 times. The final
(20™ coating is heated in 520 °C furnace for 75 minutes.
CC3 500:8:2:0 [3%] (5) Ti mesh is coated with coating solution by a small wood paintbrush; three strokes 56,7,8
500:8:3:0 [3%)] (6), (7) per side. One ‘dip’ into the coating solution per side. Wait for all bubbles to pop
and (8) by holding to dry around 1 minute. Heat Ti mesh in 100 °C oven for 15 minutes,
follow by heating in 520 °C furnace for 20 minutes. The dipping, oven and
furnace steps are repeated 18 times. The final (20™) coating is heated in 520 °C
furnace for 75 minutes.
CC4 500:8:1:0 (9) Ti mesh is dipped into the coating solution for 40 seconds and stirred 1 minute | 9, 10, 11, 12E-F,
500:8:1:0 [5%] (9), (10), | before withdrawing. Wait for all bubbles to pop by holding to dry around 1 13
(11), (12E-F) minute. Heat Ti mesh in 100 °C oven for 15 minutes, follow by heating in 520 °C
and (13) furnace for 20 minutes. The dipping, oven and furnace steps are repeated 18 times.
The final (20™) coating is heated in 520 °C furnace for 75 minutes.
CC5 500:8:3:0 [5%], Ti mesh is dipped into the coating solution for 40 seconds without stirring or 14

500:8:3:3 [5%)]

shaking. Wait for all bubbles to pop by holding to dry around 1 minute. Heat Ti
mesh in 100 °C oven for 15 minutes, follow by heating in 520 °C furnace 20
minutes. The dipping, oven and furnace steps are repeated 6 times. The final (7™)
coating is set ramp temperature in 460 °C furnace at rate 8 °C/minute and dwell
time every 20 minutes until 2 hours.
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Catalyst | Composition of catalyst Descriptions Anodes AJED
Coating solution, Sn:Sb:Ni:Au, series*
Method [[HCI]/v] in 100 cm?®
ethanol (series)*
CC6 500:8:1:1.5 [7.5%)] Ti mesh is dipped into the coating solution for 40 seconds and withdraw at an 15, 16, 17
(15) and (17) angle, hold with mesh at an angle to allow excess solution to flow back over
500:8:1:3 [7.5%] (15) mesh. Wait for all bubbles to pop by pegging out to dry on line for 2-3 minutes.
500:8:3:1.5 [7.5%] (15) | Heat Ti mesh in 100 °C oven for 15 minutes, follow by heating in 520 °C furnace
500:8:3:3 [7.5%] (15) 20 minutes. The dipping, oven and furnace steps are repeated 18 times. The final
500:8:1:0 [7.5%)] (16) (20™) coating is heated in 520 °C furnace for 75 minutes.
CcC7 500:8:1:0 [7.5%] Ti mesh is dipped into the coating solution for 40 seconds and withdraw at an 16
angle, hold with mesh at an angle to allow excess solution to flow back over
mesh. Wait for all bubbles to pop by hair dryer to dry for 2-3 minutes. Heat Ti
mesh in 100 °C oven for 15 minutes, follow by heating in 520 °C furnace 20
minutes. The dipping, oven and furnace steps are repeated 18 times. The final
(20™ coating is heated in 520 °C furnace for 75 minutes.
CCs8 500:8:1:0 [7.5%] Ti mesh is dipped into the coating solution for 40 seconds and withdraw at an 16
angle, hold with mesh at an angle to allow excess solution to flow back over
mesh. Wait for all bubbles to pop by blowing by mouth to dry for 2-3 minutes.
Heat Ti mesh in 100 °C oven for 15 minutes, follow by heating in 520 °C furnace
20 minutes. The dipping, oven and furnace steps are repeated 18 times. The final
(20™) coating is heated in 520 °C furnace for 75 minutes.
CC9 500:8:1:0 Ti mesh is dipped into the coating solution for 40 seconds and withdraw at an 18
angle, hold with mesh at an angle to allow excess solution to flow back over
mesh. Wait for all bubbles to pop by pegging out to dry on line for 2-3 minutes.
Heat Ti mesh in 100 °C oven for 5 minutes, follow by heating in 460 °C furnace
for 10 minutes. The dipping, oven and furnace steps are repeated 12 times. The
final (14™) coating is heated in 390, 460 and 520 °C for 1 hour.
CC10 500:8:3:0 [3%)] Ti mesh is dipped into the coating solution for 40 seconds and withdraw at an 19

angle, hold with mesh at an angle to allow excess solution to flow back over
mesh. Wait for all bubbles to pop by holding around 2-3 minute. Heat Ti mesh in
100 °C oven for 15 minutes, follow by heating in 520 °C furnace for 20 minutes.
The dipping, oven and furnace steps are repeated 18 times. The final (20" coating
is heated in 520 °C furnace for 75 minutes.
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Catalyst | Composition of catalyst Descriptions Anodes AJED
Coating solution, Sn:Sb:Ni:Au, series*
Method [[HCI]/v] in 100 cm?®

ethanol (series)*

CC11 500:8:3:1.5 [7.5%)] Ti mesh is dipped into the coating solution for 40 seconds and withdraw at an 20
angle, hold with mesh at an angle to allow excess solution to flow back over
mesh. Wait for all bubbles to pop by holding around 2-3 minutes. Heat Ti mesh in
100 °C oven for 5 minutes, follow by heating in 460 °C furnace for 10 minutes.

The dipping, oven and furnace steps are repeated 18 times. The final (20™) coating
is heated in 460 °C furnace for 1 hour.

CCi12 500:8:3:0 [3%] (22) Ti mesh is dipped into the coating solution for 40 seconds and withdraw at an | 22, 25E, 26, 27

500:8:3:0 (25E) angle, hold with mesh at an angle to allow excess solution to flow back over
500:8:0:0 (26), (27) mesh. Wait for all bubbles to pop by blowing my mouth to dry for 2-3 minutes.
500:8:3:0 (26), (27) Heat Ti mesh in 100 °C oven for 5 minutes, follow by heating in 460 °C furnace
500:8:3:0.1 (26), (27) for 10 minutes. The dipping, oven and furnace steps are repeated 18 times. The
500:8:3:0.3 (26), (27) final (20™) coating is heated in 460 °C furnace for 1 hour.

500:8:3:1.5 (27)

CC13 500:8:1:0 [5%)] Ti mesh is dipped into the coating solution for 40 seconds and stirred 1 minute 12A-B (i),
before withdrawing. Wait for all bubbles to pop by holding to dry around 1 12C-D (ii)
minute. Heat Ti mesh in 100 °C oven for 15 minutes, follow by heating in 480 °C
furnace for (i) 20 and (ii) 40 minutes. The dipping, oven and furnace steps are
repeated 18 times. The final (20™) coating is heated in 480 °C furnace for 75
minutes.

CCi14 500:8:1:0 [5%)] Ti mesh is dipped into the coating solution for 40 seconds and stirred 1 minute 12G-H
before withdrawing. Wait for all bubbles to pop by holding to dry around 1
minute. Heat Ti mesh in 100 °C oven for 15 minutes, follow by heating in 520 °C
furnace for 40 minutes. The dipping, oven and furnace steps are repeated 18 times.

The final (20™) coating is heated in 520 °C furnace for 75 minutes.
NCC - No catalyst coating 21,23, 24,25

Table 4.3 The evolution of the catalyst coating step in the anode synthesis.
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Anodes AJED1A-D and AJNED1A-D (i.e. with and without electrodeposition layer)
were tested using the recycle system; one (anode AJNED1B) was tested using single
pass system but showed low current efficiency, 9% at 30 cm® min™. During these tests it
was realised that the efficiencies calculated in single system were significantly higher
than those in recycle, hence single pass system was routinely employed to assess the
activity and selectivity of the anodes from this point on. Anodes AJED2A-H were made
in order to investigate the effect of Ni content, and were generally active, 20-40%, with
some being tested many times (e.g. anodes AJED2F, more than 40 times, giving
efficiencies between 25 and 40% at an anolyte flow rate of 100 cm® min™). Anodes
AJED3A-E were intended to investigate further the effect of Ni content, as a
complement to the 2 series, but all gave low current efficiencies despite currents being
reasonable i.e. 0.3-0.4 A. Anodes AJED4A-C were an attempt to get a reproducible
synthesis, differing from previous syntheses as follows:

e Immersing in acetone to clean meshes replaced by wiping with a tissue soaked in
acetone.

e Immersing in water to wash off acetone replaced by immersion and sonication
for 5 minutes.

e Coating by immersion replaced by brushing.

e Compressed air was also pumped through furnace during pyrolysis.

These anodes gave low currents, 0.03-0.1 A with efficiencies 15-42%, and were not

tested extensively.
Anodes AJED4D-F arose from work by another member of the group who suggested
flowing air through the furnace during the pyrolysis of the catalyst coating could be

beneficial. Other parameters that were changed were:

e 25cm x 2.5 cm Pt/Ti counter electrode replaced 6.0 cm x 4.0 cm electrode in

electrodeposition.
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e The electrodeposition is carried out in four segments of 12 minutes, turning the

Ti mesh each time, instead of a single 25 minute experiment with no turning.

These anodes gave currents of 0.1-0.2 A and efficiencies of 20-33%, which were not a
significant improvement in performance, and flowing air was not employed further.
Anodes AJEDAG-1 were an attempt to backtrack, i.e. keeping the 4-segment
electrodeposition but returning to the original 6.0 cm x 4.0 cm Pt/Ti counter electrode.
Anodes AJEDAG-I gave irreproducible currents between 0.2-0.3 A and efficiencies
between 12 and 23%. Hence, anode AJED4J) was dip-coated and gave more a
reproducible activity and selectivity, of 0.20-0.23 A and ca. 16% (i.e. but low) current

efficiency.

Anodes AJED5A and B explored the use of painting the catalyst coating rather than dip-
coating. The currents were quite high, 0.37-0.44 A, but efficiencies consistently low, 9-
13%.

Anodes AJEDG6-8 series were made to fit a commercial electrochemical ozone cell
imported from China; this aspect of the project was not fruitful in terms of the results it

produced, and will not be discussed further.

Anodes AJED9A-H were made to assess the effect of the presence or absence of added
HCI in the electrodeposition and catalyst solutions, see section 4.4.2. Anodes AJED10A-

H assessed the effect of the electrodeposited interlayer.

Anodes AJED11A-D explored the reproducibility of the Ni content, all being made with
the ‘optimum’ Ni content of 500:8:3 in the coating solution. The results were
disappointing in terms of efficiency, 20-29% on experiment 1 decreasing to 16-22% on
experiment 2, but consistent in terms of the interlayer and catalyst loadings, 1.0 mg cm™
and 5.2 mg cm™. Anodes AJED12A-H and anodes AJED13A-H investigated the effect

of pyrolysis time and furnace temperature, respectively, see section 4.5.3.
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Anodes AJED14 series were made to investigate the effect of ramping of the furnace
temperature during pyrolysis of the catalyst coating. This was based on work by Dr.
Henriette Christensen which resulted in two remarkably active and selective anodes;

unfortunately, these results could not be reproduced and will not be discussed further.

Anodes AJED15-17 series were made in order to: (i) explore the scale up of the anode
synthesis (Anodes AJED15-17 series, the electrodes were 5.0 cm x 7.0 cm to fit the Ti
frames employed in the polycarbonate cells, see section 2.4 and fig. 2.4); (ii) to
investigate the effect of gold (Anodes AJED15 and 17 series, see section 5.2) and (iii) to
investigate the effect of the drying step prior to pyrolysis (Anode AJED16 series, see
section 4.5.2).

The anodes AJED18 series were made according to ED5/CC9 to explore the effect of
pyrolysis (furnace) temperature, based on a literature by Chan et al. [11]. However, the
work added little to the study using the anodes AJED12 and 13 series, and will not be

discussed further.

The anodes AJED19 series were an attempt to replicate the activity and durability of the
anodes AJED? series.

The anodes AJED20 series were prepared on 5.0 cm x 7.0 cm substrates using the (then)
optimum preparation, that of the highly active anodes HCED15 series made by Dr.

Henriette Christensen.

The anodes AJED21-25 series were prepared in an attempt to explore in detail and
improve the electrodeposition step in the synthesis, e.g. looking at the effect of
electrodeposition time, the size of the counter electrode, number of electrodes, role of Sn

in the electrodeposition solution, etc.
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The anodes AJED26 series were prepared on 0.8 cm x 0.8 cm Ti mesh substrates to
allow fundamental investigations and elemental analysis by Time of Fight Secondary
lon Mass Spectrometry, ToF-SIMS, and to study the effect of Au.

The final, anodes AJED27 series were made according to the optimum procedure
identified in the work on the anodes AJED21-25 series.

In the work described in the sections below the anodes were 2.5 cm x 2.5 cm unless

stated otherwise.

4.3 The etching process

Etching of the Ti mesh substrate is routinely performed to remove oxide which would
otherwise inhibit the subsequent coating processes and provide an electronically
insulating layer [3][12][14]. Lipp and Pletcher highlighted the importance of the pre-
treatment of the Ti substrate with respect to the stability of SnO, electrodes, (see [12]
and references therein). After investigating a variety of treatment processes, these
authors concluded that sandblasting was the most effective. However, due to cost
implications and the relatively thin nature of the Ti mesh employed in Newcastle, this
approach could not be employed, and etching in oxalic acid was used. A study of the
effect of etching time was undertaken (in collaboration with Mrs. Amanda Graham of

Clarizon Ltd), and the results so obtained are shown below.

Figure 4.3 (a) shows an SEM micrograph of an unetched mesh and figs. 4.3 (b)-(d)
micrographs of meshes etched boiling in 10 wt% oxalic acid for various times from 15-
120 minutes. The increasing erosion of the Ti surface with etching time is clearly seen in
the figures, and is confirmed by fig. 4.4 which shows a plot of mass loss against etching
time. Etching for 120 minutes caused significant loss of mass and structural integrity,
whilst etching for 60 minutes (see fig.4.3 (c)) resulted in large domains being etched.

Hence, it was decided to etch for 30 minutes.
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Figure 4.3 Micrograph of titanium mesh (a) without etching and after etching in boiling

10% oxalic acid for (b) 15 minutes (c) 30 minutes (d) 60 minutes and (e) 120 minutes.
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Figure 4.4 Plot of % mass loss vs. etching time for the meshes in figs. 4.3 (a)-(e). The

initial masses of the meshes were between 770 mg and 803 mg.

4.4 The electrodeposited interlayer

The use of an Electro Deposited Inter Layer (EDIL) came from previous work on the
lifetime of the ozone anodes prepared according to the method developed by Prof Chan.
Initially, Chan did not employ any form of interlayer to protect the Ti substrate from the
extremely corrosive electrolytes employed, e.g. H,SO4, H3PO4 [5] and HCIO, [5][6], all

containing high concentrations of ozone.

To gain an understanding of the possible failure mechanisms of the Ni/Sb-SnO,
electrodes the most promising starting point is the literature on Sb-SnO,/Ti anodes, see
for example: [3][15][17]. Sb-SnO, anodes are an example of dimensionally stable
anodes (DSAs) employed in the direct oxidation of organics due to their high oxygen
overpotential in, for example, wastewater treatment [19]. Apart from the incorrect report
by Chan [5] and the brief comment in the paper by Foller and Tobias [8] Sb-SnO,
anodes are not considered to be active for ozone generation. The “service life” of Sb-

SnO,/Ti anodes is typically defined as the time taken for the anode potential to rise to
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5.0 V vs. the reference electrodes (e.g. Hg/Hg,S0O4.K;SO, in H,SO, electrolyte). Service
lives of less than an hour have been reported [20]. This limited durability has been
attributed to the oxidation of the Ti substrate to TiO, and consequent spalling of the
catalyst layer [13][19]. Montilla and co-workers [13] found that the service life could be
increased by utilizing thick catalyst layers (20 coats each applied via a brush and
followed by pyrolysis at 400 °C for 19 cycles and a final step at 600 °C, 1.8 mg cm™).
This was postulated by the authors to be due to the complete covering of the Ti substrate
and hence prevention of anolyte ingress. Chan and co-workers employed 8 dip-coats as
this gave the optimum efficiency and EDX showed only a weak Ti peak, suggesting the

Ti substrate was fully covered [12].

From the start of the project, thick Ni/Sb-SnO, films (20 coats) were employed, a
decision later supported by observations linking high catalyst mass to increased activity
(see below). However, previous work by the PAC group and by Montilla et al. [13]

suggests that thick catalyst coatings alone are not sufficient to guarantee durable anodes.

Based on the hypothesis of ‘protecting’ the Ti substrate from oxidation, Correa-Lozano
et al. [3] found that depositing an IrO, interlayer, by thermal decomposition, increased
the service life of Sb-SnO, electrodes by ca. 2 orders of magnitude. The authors
postulated that the corrosion of the Sh-SnO, was due to stress induced by the oxidation
of the non-stoichiometric SnO,.«x exposed to the electrolyte and hence its detachment
(spallation). This exposed the underlying non- stoichiometric coating leading to
progressive, layer-by-layer disintegration. The IrO, interlayer benefitted “...the service
life of the SnO,-based anode due to its high anodic stability and its isomorphous

structure with TiO, and SnO,” [3]; a somewhat vague justification.

More recent theories postulated that the use of an interlayer prevents the oxidation of the
Ti substrate during the pyrolysis of the Sb-SnO, coating and/or during electrolysis
should the Ti be adventitiously exposed to electrolyte due to, for example, cracks in the
coating. Thus, Chen and Nigro [21] employed a sputtered, nanoscale gold film between

the Ti substrate and Sb-SnO, layer. On the basis of SEM and electrochemical
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investigations, the authors postulated that the 12-fold increase in electrode life was due
to protection of the Ti substrate by the Au interlayer from oxidation. As was stated
above, such oxidation leads to an insulating layer between the Ti substrate and the Sh-
SnO; layer [11][21][22], and/or stress-related spallation.

The choice of interlayer material is critical as it must adhere to both catalyst and Ti
substrate, and be electronically conductive and non-porous. It would also be an
advantage (if inhomogeneous catalyst layers are deposited) for it to have a high oxygen
overpotential. In order to address these requirements, the Hong Kong group started using
an EDIL prepared by electrodeposition from a solution of SnCl;.5H,0 + Sh,Cl; + HCI
in ethanol based on the work by Li et al. [24].

4.4.1 The electrodeposition cell

The initial work in Newcastle stemmed largely directly from the ongoing research in
Hong Kong University and/or extensive collaboration between the research groups in the
two Universities. The initial entries in tables 4.2 and 4.3 reflect this, representing
methodology imported from Hong Kong prior to our research and subsequent

improvement/amendment of the synthetic approach.

Early studies on the electrodeposition cell configuration (1 or 2 in figs. 4.2 (a) and (b))
were carried out in collaboration with Ms. Amanda Graham, of Clarizon Ltd. Two sets
of two electrodes each were prepared (without catalyst coating), two using
electrodeposition cell configuration 1 and two employing configuration 2. Electrodes
AGED13 and AGED14 were prepared via ED3, whilst electrodes AGED16 and
AGED17 employed ED3 but using configuration 2 without any turning of the Ti mesh
(employed in ED3/CCL1 to try and ensure an even coating but using the same deposition
time and current [23]). In both configurations, the separation of the electrodes was ca.

1.0cm.

Electrodes AGED13 and AGED16 were not heated in the furnace at 520 °C following
the drying step at 100 °C whilst electrodes AGED14 and AGED17 were heated in the
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furnace. The mass changes determined during the electrodeposition process are
summarised in table 4.4, from which it appeared that configuration 1 resulted in ca. 16%

loss, whilst heating in the furnace at 520 °C resulted in a mass loss of ca. 5-6%.

The voltages across the cells were ca. 2.8 V rising to 3.4 V by the end of each of the four
stages of electrolysis using configuration 1, and ca. 3.2-3.4 V during the

electrodeposition employing the second configuration.

Figures 4.6 (a)-(d) show SEM images of electrodes AGED13, AGED14, AGED16 and
AGEDL17. Taking electrodes AGED13 and AGED14 first, it can be seen that the
coverage of the Ti mesh substrate by the EDIL is inhomogeneous, with a large fraction
of the Ti surface uncoated. Comparison of fig 4.6 (b) with the SEM image of an EDIL-
coated Ti mesh prepared in an identical manner to electrode AGED14, see fig. 4.5,
shows a significantly different morphology after heating in the furnace which results in
globular particles of the EDIL, suggesting that the ED process using the first cell
configuration is somewhat irreproducible; hence the use of configuration 2 in later

experiments.

Figure 45 SEM image (x75; bar = 200 um) electrode AGED9 following
electrodeposition, drying at 100 € and heating in furnace to 520 < for 2 hours;
identical preparation to electrode AGED14.
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Mass or mass change /mg

Electrodes Electro- Post Post Gain | Post heating | Loss Post Loss Nett change
AGED deposition cleaning electro- (b-a) at 100 °C (c-b) | pyrolysis | (d-c) (dorc-a)
configuration (a) depostion 15 minutes at 520 °C
(b) (©) (d)
13 1 296.7 329.6 329 329.2 0.4 n/a n/a 325
14 1 291.2 322.7 315 322.3 0.4 303.1 19.2 11.9
16 2 283.8 309.9 26.1 309.7 0.2 n/a n/a 25.9
17 2 278.2 306.3 28.1 306.2 0.1 290.3 15.9 12.1

Table 4.4 Mass changes derived during the formation of the EDILs on 6.25 cm? Ti mesh electrodes; AGED13, AGED14,
AGED16 and AGEDL17.
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(@) (b)

(d)

Figure 4.6 SEM images (x75; bar = 200 uzm) of electrodes (a) AGED13, (b) AGED14,
(c) AGED16 and (d) AGED17.
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4.4.2 The effect of HCI

The Hong Kong group did not add HCI to the electrodeposition or catalyst coating
solutions [5][6] despite this being done in the paper by Li et al. that inspired the use of
the Sn/Sb EDIL [24]. However, it was noticed in Newcastle that coating and
electrodepostition solutions often become cloudy, most likely due to the reaction of
SbCl; and/or SnCl,4 with adventitious water [25]:

SNCls + H,0 <> SnCls(OH) + HCI (4.1)
SNCI;0H + 3H,0 <> Sn(OH)4 | + 3HCI (4.2)
SbCls + H,0 <> SbOCI | + 2HCI (4.3)

Hence it was decided to investigate whether the addition of HCI, to force the equilibria
in equations (4.1)-(4.3) to the left, had any effect upon the electrodeposted interlayer

and/or the catalyst coating.

Electrodeposition method ED1 was employed (see table 4.2), i.e. differing only in the
addition of 5 cm® HCI. Similarly, catalyst coating method CC4 was employed. The mass
of EDIL and mass of catalyst deposited in four syntheses without HCI in
electrodeposition and catalyst solutions (anodes AJED9A-D), and with HCI added to
both solutions (anodes AJED9E-H) are shown in fig. 4.7. The corresponding plots of

current and ozone efficiency are shown in figs. 4.8 (a) and (b), respectively.

From fig. 4.7 it can be seen that the addition of HCI has no discernible effect on the
mass of the EDIL. In contrast, it clearly reduces the mass of catalyst deposited by ca.
22%, but has no effect upon the current or current efficiency; the latter was 30.9 + 2.4%
(anodes AJED9A-D) and 30.7 + 3.1% (anodes AJED9E-H). Thus it was decided to
employ HCI in the electrodeposition and catalyst solutions to ensure the equilibria in
(4.1) and (4.3) were forced over to SbClz and SnCl,.
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Total EDIL or catalyst mass/mg cm
N
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Figure 4.7 Plots of EDIL mass (red line) and catalyst mass (green line), for anodes

AJEDYA-H; anodes AJED9A-D were made without adding HCI to electrodeposition and
catalyst coating solutions, anodes AJED9E-H with HCI added to both (see text for
details).

0.30 -
0.25 1
0.20 1

0.15 1

Average current/A
|

0.10 -~

0.05 -+

O-OO L] L] L] L] L] L] L] T
A B C D E F G H

Anode AJED9

Figure 4.8 (a) The average current measured during electrolysis of 0.5 M H,SQOy, in the
glass cell using anodes AJED9A-H (6.25 cm?) at 2.7 V and 30 cm® min™ anolyte flow

rate.
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Figure 4.8 (b) The ozone current efficiencies calculated during the experiments depicted
in fig. 4.8 (a).

4.4.3 The effect of Sn in the electrodeposition solution

As was stated above, K. Y. Chan’s group did not employ an EDIL in their initial work,
but research in Newcastle suggested that protecting the Ti substrate enhanced the
durability of the anodes. Chan et al. [11] then employed an electrodepostion solution
consisting of 43.75 g SnCl45H,0 and 1.395 g SbCl; in 500 cm?® ethanol, e.g. 0.25 M
sn': 0.012 M Sh™. The Newcastle group employed 87.5 g SnCl, 5H,0 and 5.7 g ShCl;
in 500 cm? ethanol (with added HCI), i.e. 0.5 M Sn': 0.05 M Sb"".

To investigate the possible effect of the Sn:Sb ratio in the electrodepostion solution, two
series of anodes were prepared: anodes AJED19A-H by electrodeposition method ED7
and anodes AJED19a-h by electrodeposition method EDS (i.e. differing only in the ratio
of Sn:Sb in the electrodepostion solution). Both sets of electrodes were then coated with
catalyst (500:8:3 Sn:Sh:Ni in catalyst coating solution) using catalyst coating method
CC10.

The variation in the mass of the EDIL across the anode series is shown in fig. 4.9.
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Figure 4.9 Plots of the mass of the EDILs of the anodes AJED19 series, showing the

effect of the ratio of Sn:Sb in the electrodeposition solution.

Figure 4.10 shows the variation in the mass of catalyst deposited with the number of dip-
coatings of anodes from the two series. Two electrodes from each series were selected

for a particular number of coats.

From fig. 4.10 it may be seen that there is little or no variation (for a particular number
of dip-coats) between the two sets of electrodes suggesting varying the Sn:Sb in the
electrodeposition solution has no effect upon the subsequent catalyst coating process. As
may be expected, the mass of catalyst deposited increased with the number of dip-

coating. Note the reproducibility within and between series.

Figure 4.11 shows the variation in current of the electrodes in fig. 4.10, taken after 20
minutes during the electrolysis of 0.5 M H,SO, at a cell voltage of 2.7 V in the glass cell
and fig. 4.12 the corresponding plots of current efficiency. From fig. 4.11, it can be seen
that the current appears to vary in a rather random way for the electrodes fabricated from

the 10:1 Sn:Sb solution. In contrast, the electrodes made using the 10:2 electrodeposition
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solution showed a relatively clear increase in current with the number of dip-coats. The
random variation in the data obtained with anodes AJED19A-H most likely simply

reflects the random variation in the EDIL mass across the series, see fig. 4.9.
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Figure 4.10 The variation in the mass of catalyst deposited vs. the number of dip-coats
for the anodes AJED19 series.

Both sets of anodes show (approximately) the same behaviour with respect to the
efficiency of ozone generation, see fig. 4.12, increasing from ca. 15% to ca. 25-30%
with increasing catalyst thickness. In terms of the aims of this part of the research
programme, it was clear that the 10:1 Sn:Sb electrodepostion solution seemed to give a
wider variation in EDIL mass than the 10:2 solution, and also a wider variation in the
current and ozone current efficiency; hence it was decided to use the 10:2 molar ratio in

the electrodeposition solution.
One interesting observation from the data discussed above is that it appears from fig.

4.12 that increasing the thickness of the catalyst layer increased the efficiency with

respect to ozone; i.e. the density of surface active sites for ozone increased with catalyst
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layer thickness. This was also found by Mr. Khalid Zakaria during his studies on small
(0.64 cm?) Ni/Sb-SnO, anodes [26], and was attributed by him to surface enrichment by
Ni.
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Figure 4.11 The current measured after 20 minutes during the electrolysis of 0.5 M

H.SO, at a cell voltage of 2.7 V in the glass cell for the anodes in fig. 4.10.
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Figure 4.12 Plots of ozone current efficiency vs. the number of dip-coats for the anodes
in figs. 4.9-4.11.
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It was decided to explore the effect of the composition of the electrodeposition solution
further by investigating the effect of electrodeposition time in the presence and absence
of SnCl,. A set of anodes, AJED21A-R were made using electrodeposition methods
ED7, ED11, ED13 without a catalyst coating, fig. 4.13 shows plots of EDIL mass vs.
electrodeposition time from solutions with and without SnCl,, and fig. 4.14 shows the

corresponding variation in cell voltage during the electrodeposition process.

From fig. 4.13 it can be seen that the EDIL mass increases with electrodeposition time
from both solutions; however, the solution containing SnCl,; gives a more linear

variation and a large increase overall, than the solution without SnCl,.
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4- |
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Figure 4.13 Plots of the variation in EDIL mass as a result of varying the
electrodeposition time. The 6.25 cm? Ti mesh substrates were electrodeposited from 0.1
M SbCl; in ethanol with (m) or without (¥) 0.5 M SnCl, using electrodeposition
methods ED11-ED13 and cell configuration 2.
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There was remarkably little variation in the cell voltage during electrodeposition from
either solution, see fig. 4.14. Remarkably, the solution without added SnCl, gives a

lower cell voltage, and narrower range of voltages, than the solution with the tin.
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Figure 4.14 Plot of the variation in cell voltage during the experiments depicted in fig.
4.13.

It is clear from figs. 4.13 and 4.14 that omitting Sn from the electrodepostion solution
has an effect, but it is not clear whether this is positive or negative with respect to the
basic aim of using an EDIL. Further insight into the réle of Sn in the electrodeposition
solution came from the EDX spectra on electrodes AGED13, AGED14, AGED16 and
AGED17 (discussed in section 4.4.1 above) see figs. 4.15 (a)-(d). For comparison, an
EDX spectrum of a coated electrode, AJED19H, is shown in fig. 4.15 (e). A comparison
of figs. 4.15 (a)-(d) with fig. 4.15 (e) shows that the AGED electrodes do not contain
any Sn. This was observed generally for all EDILs. The EDX features in figs. 4.15 (a)-
(d), due to Sh,0s [2], are summarized in table 4.5.

In order to investigate the above results further, cyclic voltammograms were measured

using a 1 cm® Ti mesh working electrode immersed in ethanolic 0.05 M SbCl; + 0.5 M
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SnCl4.5H,0, see figs. 4.16 (a)-(c), using a Ag/AgCI reference electrode and Pt foil

counter electrode.
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Figure 4.15 EDX spectra of the electrodes (a) AGED13, (b) AGED14, (c) AGED16 and

(d) AGED17.
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Figure 4.15 (e) EDX spectra of anode AJED19H is shown in for comparison.

Peak/eV Relative intensity
3.62 1.00
3.88 0.39
4.11 1.12
4.37 0.07

Table 4.5 EDX features due to the Sb-containing EDIL.

The marked similarities between figs. 4.16 (a) and (c) support the preferential deposition
of Sb from the SbCl; + SnCl, solution.
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Figure 4.16 Cyclic voltammograms (100 mV s™) of 1 cm? Ti mesh electrodes immersed
in (@) 0.05 M SbCls, (b) 0.5 M SnCl4 and (c) 0.05 M SbCl; + 0.5 M SnCl, in ethanol,

Pt/Ti mesh counter electrode, Ag/AgCI reference electrode.
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The SEM image of electrode AGED?Y, fig. 4.6, suggested that the EDIL can melt under
certain circumstances, and, if the molten layer does not ‘wet’ the underlying Ti (perhaps
due to a thin layer of oxide having reformed) form globules. In order to investigate the
thermogravimetric behaviour of the EDIL on heating, electrodeposition of an EDIL was
carried out in an identical manner to electrode AGED13, without subsequent furnace
treatment at 520 °C. In collaboration with Dr. Ashleigh Fletcher of the School of
Chemical Engineering and Advanced Materials, a 2.0 cm? section of electrode AGED18
was placed in the sample holder of a Stanton Redcroft ST780 thermogravimetric
analyzer and heated in air (flow rate 50 cm® min™) from room temperature to 400 °C at
25 °C per minute, see fig. 4.17, then 10 °C per minute to 500 °C.
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Figure 4.17 The variation in the mass of a 2.0 cm? section of EDIL coated Ti mesh

electrode (electrode AGED18, red line) with temperature (blue line).
Figure 4.17 suggests that the electrodeposited, Sh-containing layer is stable (in terms of

mass) up to ca. 550 °C. Ding et al. [20] postulated that during the electrodeposition Sn

from Sn?*/H,S0, followed by Sb**/citric acid, the metallic elements were deposited on
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the Ti plate electrodes. Metallic Sb does not melt until 631-656 °C and oxidizes very
little at temperatures up to 250 °C, igniting at temperatures around its melting point to
form Sh,03 as a white smoke [27][28]. Thus it may be that the antimony is formed as
the relatively stable metal. However, Bryngelsson and co-workers [29] found that the
chemical and physical nature of Sb electrodeposited onto Ni foil from aqueous
potassium antimony tartrate trinydrate depended strongly on pH. Using SEM, TEM,
Raman, XRD and XPS the authors showed that electrodeposition in the presence of acid
resulted in metallic Sb particles with a thin coating of Sb,0O3 on their surface. However,
if the pH was allowed to rise near the electrode (local pH swing) a mixture of Sh,03 and
metallic Sb was deposited. Antimony(lll) oxide exits in two forms: orthorhombic
Calentinite (0-Sh,0O3) and cubic Senarmontite (c-Sh,03) [28], with ¢c-Sh,03 converting to
0-Sh,03 at ca. 556 °C. Interestingly, [25][28], 0-Sb,0O3 oxidizes in oxygen to Sh,0, at
400 °C, whilst the cubic form sublimes and oxidizes at 460 °C. The oxidation of 0-Sh,03
results in a weight gain of ca. 1 wt%, whilst c-Sb,O3 undergoes a loss of ca. 20 wt%

([28] and references therein).

Given the data and discussion above, and that Ghosh and Kappana [30] found the
physical characteristics of electrodeposited Sb to be strongly dependent upon the
electrodeposition solution, the irreproducibility in terms of the amount and morphology

of the EDIL electrodeposited under identical conditions is not surprising.

4.5 The Catalyst

4.5.1 The effect of Ni

The AJED?2 series of anodes were made with nickel content in the precursor solutions
ranging from 0 wt% to 0.4 wt% (500:8:0 to 500:8:4 Sn:Sh:Ni) in the catalyst coating
solution, using ED1 and CC1. Figure 4.18 shows the current efficiencies at 2.7 V

measured using the glass cell.

In contrast to the results obtained by Wang et al. [10], who found the optimum precursor

ratio to be 500:8:1, it was found that the optimum Ni content corresponded to a ratio of
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between 500:8:2 and 500:8:4 in the precursor mixture; hence 500:8:3 was chosen

generally as the catalyst composition employed in the work reported in this thesis.
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Figure 4.18 Plots of the current efficiencies for ozone measured in single pass system of
the anodes AJED2 series (6.25 cm?) as a function of nickel content in the precursor
solution. Glass cell, anolyte (0.5 M H,SO,) flow 30 cm® min™, cell voltage 2.7 V. Each
point was the average of two experiments.

4.5.2 The effect of drying method after dip-coating

This study was prompted by the work of Dr. Henriette Christensen, who made a highly
active and selective series of anodes (anodes HCED15, see Chapter 6), and postulated
that a significant contributor to the performance of the anodes was the method of drying
after dip-coating and prior to pyrolysis. In order to investigate this further, 6 pairs of
anodes were prepared, the details of which are summarised in table 4.6. The anodes were
prepared using methods ED1 and broadly CC1. The EDIL-coated Ti mesh substrates
(40.0 or 42.0 cm? initially) were dip-coated 5 times (instead of the usual 20 times),
weighed after each dip-coating, and tested in the polycarbonate cell (see section 2.4).
Anodes AJED16A-H were prepared by electrodeposition on 5.0 cm x 8.0 cm substrates.
Contact to the meshes was via two wires spot-welded down the short edges, see fig 4.19.

Anodes AJED16A-D were stood upright in a beaker to dry after dip-coating; anodes
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AJED16A and AJED16B allowed to dry in air whilst anode AJED16C and AJED16D
were heated gently with a hair drier see; fig. 4.19 and table 4.6.

Dip —> —100°C — 520°C —> Weigh
Anodes AJED16A and AJED16B

Dip — — 100°C —— 520°C — Weigh
Anodes AJED16C and AJED16D

J ()

Dip —» — 100°C — 520°C — Weigh
Anodes AJED16E and AJED16F

Dip > o oY —100°C —520°C —— Weigh

Anodes AJED16G and AJED16H

Figure 4.19 Schematic of the arrangement of the wire contacts and the method of drying

employed for the anodes AJED16 series.
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Anodes Area of mesh Area of Area of Drying Connective
AJED16 during mesh during | mesh during procedure wires
electrodeposition catalyst testing/cm? after
fem? coating/cm? facing dip-coating
Nafion
membrane
A 40.0 40.0 35.0 Stood, mesh 8.0 cm x
B 40.0 40.0 35.0 uppermost in | 5.0 cm,
beaker. two wires
C 40.0 40.0 35.0 Stood, mesh running
D 40.0 40.0 35.0 uppermost in | down 5 cm
beaker and sides.
dried with
hair drier.
E 40.0 350 35.0 Wires clipped
40.0 35.0 35.0 off. Pegged on
line
G 40.0 35.0 35.0 Wires clipped
H 40.0 35.0 35.0 off. Pegged on
line and dried
with hair
drier.

Table 4.6 The characteristics of the anodes AJED16 series of anodes and the

methodologies employed to dry the anodes after each dip-coat with catalyst solution

prior to pyrolysis.

The strategy underlying the synthesis of the anodes AJED16 series was as follows. Pairs

A/B and C/D compared the effect of air drying in a beaker, mesh uppermost, to drying

with a hair drier. Pairs E/F and G/H compare air drying with drying using a hair drier

when the electrodes have the wires removed and the meshes pegged out on a “washing

line”. Clearly, comparing A/B with E/F and C/D with G/H explores the differences

between drying the catalyst coating by standing upright in a beaker to drying on the

“washing line”.
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Unfortunately, as may be seen from fig. 4.20, the strategy was undermined from the start
by the irreproducibility of the electrodeposition step (which was common to all the
anodes AJED16A-H); thus, all these anodes should have ca. the same EDIL loading,
which was clearly not the case. The EDIL loading varied from 0.25 mg cm™ to 0.8 mg
cm™. However, the variation in EDIL provided an opportunity to investigate its effect
upon the catalyst coating and hence its possible effect upon current and ozone current

efficiency, as may be seen below.
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Figure 4.20 The EDIL loading determined during the experiments depicted in fig. 4.19.

Figure 4.21 shows a plot of the catalyst loading after the 1* dip-coating for the anodes
AJED16 series. At first sight, there appeared to be a broad trend as the catalyst loading
decreased as the EDIL loading increased. If the two subgroups of anodes are now
labelled on the plot, see fig. 4.22, then clear patterns emerge. Thus, there is indeed a
reproducible inverse relationship between EDIL and catalyst loadings, and this seems to
dominate any differences due the variation in drying method; i.e. anodes with similar
EDIL loadings take up similar loadings of catalyst. In terms of the total catalyst loading

after 5 dip-coats see, fig. 4.23, there may have been a maximum in catalyst uptake
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around an EDIL loading of ca. 0.35 to 0.40 mg cm™, and there was certainly still an
overall downward trend at higher loadings.
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EDIL loading/mg cm™

Figure 4.21 Plot of the catalyst loading after the 1% dip-coating vs. EDIL loading for the
anodes AJED16 series.

Figures 4.22 and 4.23 suggested that the EDIL is a significant factor in determining the
catalyst loading even up to 5 dip-coats. Data obtained by Dr. Henriette Christensen
supports the latter observation: thus, fig. 4.24 (a) shows an analogous plot to that in fig.
4.23 using her anodes HCED16 series (7.0 cm x 6.0 cm, ED1 and CC1, 500:8:3:1.5).
The electrodes were all prepared using the same electrodeposition and dip-coating
methods. Again, the variability in EDIL loading allowed a comparison between the latter
and catalyst uptake, and a clear, inverse relationship can be seen in fig. 4.24 (a). The
anodes in series HCED16 were dip-coated until a loading of ca. 100 mg was attained,
which required 19 dip-coats. Figure 4.24 (b) shows that there EDIL loading still

influences the catalyst uptake, showing again an inverse relationship.
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Figure 4.22 The variation in the catalyst loading after 1 dip-coat vs. the EDIL loading

on anodes AJED16 series. See label for details.
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Figure 4.23 The variation in the catalyst loading after 5 dip-coat vs. the EDIL loading

on anodes AJED16 series.
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Figure 4.24 (a) The effect of EDIL loading on the catalyst loading after 5 dip-coats vs.
the EDIL loading on the anodes HCED16 series.
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Figure 4.24 (b) The variation in the catalyst loading after 19 dip-coats vs. the EDIL
loading on the anodes HCED16 series.
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Taking the comparisons further, fig. 4.25 shows a plot of EDIL loading vs. the current
density measured after 20 minutes electrolysis at 2.7 V in the polycarbonate cell for the
anodes AJED16 series. At first sight, whilst anodes AJED16E-H showed a smooth trend,
anodes AJED16A-D appeared to show a clear maximum. However, it is clear from the
work discussed in previous sections that the current density increases with catalyst
loading. In addition, intuitively, it would be expected that the catalyst coating should
dominate the electrochemical response of the anodes (rather than the EDIL) once
complete coverage of the Ti substrate was attained and at a certain thickness. Thus, fig.
4.26 shows a plot of current density vs. catalyst loading for the electrodes in fig. 4.25.
The expected increase in current density with catalyst loading was apparent.
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Figure 4.25 Plot of the current density vs. EDIL loading on anodes AJED16 series

measured after 20 minutes electrolysis at 2.7 V in the polycarbonate cell.

Finally, fig. 4.27 shows a typical SEM micrograph of the anodes AJED16 series taken
from the lower edge of the anode defined as it stood in the beaker, or was pegged on the
line, to dry and fig. 4.27 an EDX spectrum from the same region (see red cross in fig.
4.27 (a)). The Sn, Sb and Ti features can be seen clearly in fig. 4.27 (b).
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Figure 4.26 Plot of current density vs. catalyst loading for the anodes AJED16 series in
fig. 4.25.

Finally, fig. 4.27 shows a typical SEM micrograph of the anodes AJED16 series taken
from the lower edge of the anode defined as it stood in the beaker, or was pegged on the
line, to dry and fig. 4.27 an EDX spectrum from the same region (see red cross in fig.
4.27 (a)). The Sn, Sb and Ti features can be seen clearly in fig. 4.27 (b).

Figure 4.27 is a SEM micrograph (x5000) (a) and an EDX spectrum (b) of anode
AJED16A both taken from the lower edge of the anode. The red cross in (a) marks the
region where the EDX spectrum was taken. Figure 4.28 (a) and (b) show plots of (a) the
4.5 keV Ti feature and (b) the 3.45 keV Sn band from the middle and bottom edges of
the anodes AJED16 series.

Broadly speaking, the meshes left in a beaker to dry after each dip-coat showed more
catalyst coating (and hence less Ti) at the bottom edge of the anode than at the middle,
as would be expected from gravity exerting an effect. Heating with a hairdryer did not
appear to have a clear effect. In contrast, the reverse appeared to be true for the anodes

pegged out to dry on the line.
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Figure 4.27 (a) SEM micrograph (x5000) and (b) EDX spectrum of anode AJED16A

both taken from the lower edge of the anode.
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Figure 4.28 Plot of (a) the 4.5 keV Ti feature and (b) the 3.45 keV Sn band from the
middle and edges of the anodes AJED16 series.
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4.5.3 The effect of furnace temperature

In order to explore the effect of the pyrolysis temperature, two anode series (2.5 cm X
2.5 cm) were fabricated. The anodes AJED12 series were made to explore the effect of
furnace temperature and pyrolysis time, and the anodes AJED13 series to investigate, in
addition to temperature and time, the catalyst coating thickness. The characteristics of
the two anode series are summarised in tables 4.7 and 4.8.

Anode Area Furnace Pyrolysis
AJED12 lem? temperature/°C time/minutes
A 6.25 480 20
B 6.25 480 20
C 6.25 480 40
D 6.25 480 40
E 6.25 520 20
F 6.25 520 20
G 6.25 520 40
H 6.25 520 40

Table 4.7 Details of the pyrolysis conditions employed in the synthesis of the anodes
AJED12 series. All the anodes employed ED1, electrodeposition configuration 1 and
CC4, the latter modified according to the table.

Figure 4.29 (a) and (b) show plots of the mass change vs. the number of dip-coats of the
anodes AJED12 series. The mass changes at dip-coats = 0 is the mass of the EDIL
immediately prior to the start of the catalyst coating process. As may be seen from the
figure, the electrodeposition step is somewhat irreproducible, giving a range of EDIL
masses. In particular anodes AJED12C and AJED12D had significantly higher EDIL
masses, and this gave (at least in the case of anode AJED12C) lower catalyst loading.
Otherwise, the catalyst uptake following each group of 5 dip-coats was remarkably
similar; see figs. 4.29 (a) and (b), following a “saw tooth” pattern. The reason why this

should be the case remains unclear.
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AJED13 Area Number of Furnace Pyrolysis
anode fem? dip-coats temperature/°C time/minutes
A 6.25 10 460 10
B 6.25 10 460 10
C 6.25 20 460 20
D 6.25 20 460 20
E 6.25 20 520 10
F 6.25 20 520 10
G 6.25 10 520 20
H 6.25 10 520 20

Table 4.8 Details of the pyrolysis conditions employed in the synthesis of the anodes
AJED13 series. All the anodes employed ED1, electrodeposition configuration 1 and

CC4, the latter modified according to the table.

In terms of the final catalyst mass, fig. 4.30 shows the total mass changes for the anodes
AJED12 series. From the plot it appears that varying the furnace temperature between
480 °C and 520 °C did not have a significant effect upon the total mass of catalyst
deposited, but the higher temperature does (apparently) give a more reproducible uptake.

In order to probe the effect of furnace temperature further, the activity and selectivity of
the anodes AJED12 series were determined by electrolysis in the glass cell at a voltage
of 2.7 V, and typical data are shown in fig. 4.31.

In general, during electrolysis, the anodes AJED12 series showed reasonably stable
ozone absorbances and current, with current efficiencies between ca. 25 and 35%
(measured on the basis of the dissolved zone absorbance alone and hence neglecting any
gas phase ozone); fig. 4.32 shows plots of current and current efficiency of the anodes

AJED12 series. Each point was the average of two separate experiments.
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Figure 4.29 Plots of the uptake of catalyst (mg) vs. the number of dip-coats on 2.5 cm x
2.5 cm anodes AJED12 series by (a) anodes AJED12A-D were pyrolysed at 480 °C;
anodes AJED12A-B for 20 minutes, anodes AJED12C-D for 40 minutes and (b) anode
AJED12E-H were pyrolysed at 520 °C; anodes AJED12E-F for 20 minutes, anodes
AJED12G-H for 40 minutes.
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Figure 4.31 Plots of current (m) and dissolved ozone absorbance (e) during the
electrolysis of 0.5 M H,SO,4 using anode AJED12H at a cell voltage of 2.7 V and flow

rate of 30 cm® min in the glass cell.
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From fig. 4.32, there does not appear to be any clear relationship between the furnace
temperature/pyrolysis time and the current or current efficiency. The AJED13 series of
anodes also did not show any clear relationships between the catalyst pyrolysis
temperature, time and current or current efficiency. The anodes gave currents between
0.22 and 0.28 A and efficiencies between 20 and 33%.
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Figure 4.32 Plots of current (m) and ozone current efficiency (m) for the anodes AJED12
series measured as per the experiment depicted in fig. 4.31. Each point was the average

of two separate experiments.

4.5.4 EDIL revisited

Section 4.4 and 4.5.3 strongly suggested that the EDIL was a significant influence on the
update of catalytic activity of the coating. Hence it was decided to investigate this in
more detail. To this end, 24 (2.5 cm x 2.5 cm) anodes were fabricated (anodes
AJED19A-L and AJED19a-1) by varying the electrodeposition conditions and (to assess
the ‘penetration depth’ of any potential effect of the EDIL) varying the thickness of the
catalyst coating. The synthesis conditions of the various anodes are summarised in table
4.9. All anodes were of nominal composition 500:8:3 and were prepared by CC10.

Pyrolysis after electrodeposition was at 520 °C for 20 minutes.

183



Chapter 4

The catalyst coating method employed was CC10, 2.5 cm x 2.5 cm Ti mesh substrates,

500:8:3 Sn:Sh:Ni in catalyst coating solution.

Anode | Electrodeposition | Eectrodeposition | Composition of | Number of
AJED19 method cell electrodeposition | dip-coats
configuration solution, Sn:Sh

A ED7 1 10:1 20
B ED7 1 10:1 20
C ED7 1 10:1 20
D ED7 1 10:1 20
E ED7 1 10:1 20
F ED7 1 10:1 20
G ED7 1 10:1 20
H ED7 1 10:1 20
a EDS8 1 10:2 20
b EDS8 1 10:2 20
c EDS8 1 10:2 20
d EDS8 1 10:2 20

EDS8 1 10:2 20
f EDS8 1 10:2 20
g ED8 1 10:2 20
h EDS8 1 10:2 20

Table 4.9 The conditions varied during the synthesis of the AJED19 series of anodes.

As usual, a wide range of EDIL loadings were observed, and table 4.10 summarises

these.

The anodes were tested for activity in the glass cell by electrolysing 0.5 M H,SO, at a

cell voltage of 2.7 V and anolyte flow rate of 30 cm® min™, and the data so obtained are

presented in figs. 4.33 (a)-() and figs. 4.34 (a)-(d). The data are grouped into narrow

ranges of EDIL mass.
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Anodes | Electrodeposition | Eectrodeposition | Composition of EDIL
AJED19 method cell electrodeposition mass
configuration solution, Sn:Sb /mg

A-1 ED7 1 10:1 0.7-6.7

a-h, m EDS8 1 10:2 1.1-4.3

J-L ED9 1 10:2 0.9-1.8

i-l ED10 2 10:2 14-1.9

Table 4.10 Summary of the range of EDIL masses of the AJED19 series of anodes.

Figures 4.33 (a)-(f) show the variation in the average current measured during
electrolysis in the glass cell vs. catalyst loading for EDIL masses of 1.05 £ 0.35, 1.75 +
0.15, 2.35 + 0.15, 3.25 # 0.25, 4.05 + 0.25 and 5.85 + 0.85 mg cm, respectively. The
data in fig. 4.33 (a) are fairly scattered, perhaps reflecting the inhomogeneous nature of
the EDIL at such coverage. Otherwise, from 1.75 + 0.15 to 3.25 + 0.25 mg cm™ the
current showed a general increase with catalyst loading. However, at an EDIL mass of
4.05 + 0.25 mg cm? (i.e. 4.65 + 0.04 mg cm™), the current shows a decrease with
increased catalyst loading, which is more pronounced in fig. 4.33 (f). It is also worth
noting that the catalyst uptake was significantly lower on the meshes with the highest
EDIL mass than on the meshes with lower EDIL loadings, in broad agreement with
previous results. Figures 4.34 (a)-(f) show the corresponding plots of current efficiency
vs. catalyst loading. If the point at the highest catalyst loading in fig. 4.34 (h) is
disregarded, and if the lack of data at loadings <5 mgem™ in fig. 4.34 (e) is taken into
account, then figs. 4.34 (a)-(f) appear to show a general increase in ozone current
efficiency with catalyst loading, as was also observed in section 4.4.3

Figure 4.35 (a) to (d) show the variation in current and current efficiency vs. EDIL mass
with ca. constant catalyst loading (3.15 + 0.15 mg cm™ and 5.8 + 0.1 mg cm™). There do
not appear to be any clear trends in the figures; apart from an apparent decrease in
current with increasing EDIL mass, consistent with the resistive nature of antimony
oxides [25]..
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AJED19 series with ca. constant EDIL loading of (a) 1.05 = 0.35, (b) 1.75 = 0.15, (c)
2.35+0.15, (d) 3.25 + 0.25, (e) 4.05 + 0.25 and (f) 5.85 + 0.85 mg cm.
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Figure 4.35 (a) and (b) Plots of the variation in current vs. EDIL mass and (c) and (d)
Plots of the variation in current efficiency vs. EDIL mass of the anodes AJED19 series
with ca. constant catalyst loading of 3.15 + 0.15 mg cm™ ((a) and (b)) and 5.8 + 0.1 mg
cm?((c) and (d)).

From table 4.10 it can be seen that ED10 using cell configuration 2 and 10:2 Sn:Sb gave

the narrowest distribution of EDIL masses, in agreement with the results in section 4.4.3.
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4.6 Conclusions

The electrodeposition of the EDIL is a major source of irreproducibility in the anode
synthesis. In the paper by Li et al. which was the inspiration for the Hong Kong group
seeking to electrodeposit a Sn + Sb interlayer, no characterisation of the EDIL was
carried out. It has shown that Sn does not deposit, only Sb, and that the Sb does not
generally form a homogeneous layer upon the Ti mesh substrate, nor does it deposit
reproducibly in terms of mass per unit area. My work did not show any advantage in
terms of durability of employing the Sb EDIL, and its use has been abandoned in favour

of alternative protective coatings.

The irreproducibility of the mass and morphology of the Sb EDIL rendered the search
for structure/activity correlations very challenging, as it is clear from the work in this
chapter that the EDIL has a significant effect upon catalyst uptake, even up to 20 dip-
coats, with catalyst loading generally decreasing as EDIL mass increases. However, the
large number of experiments carried out allowed data across the anode series
investigated to be grouped according to ca. constant EDIL and constant catalyst loading
and hence some correlations made. Thus, at EDIL loading < 4 mg cm™ the loading of
catalyst generally increased with the number of dip-coats, and current (measured at cell
voltage of 2.7 V) also increases with loading, suggesting a porous/3D anode structure.
Surprisingly, the ozone current efficiency also increased (i.e. the ratio of O3 to O,
evolving sites increases), suggesting (perhaps) an enrichment of Ni at the electrode
surface. At EDIL > 4 mg cm™ the situation is less clear-cut. At constant catalyst mass,
current and current efficiency decrease with EDIL mass. The former could simply be
due to the resistance of antimony oxides; however, the latter is less straightforward to

explain.

There appeared to be no difference in terms of catalyst uptake, current or current
efficiency between anodes pyrolysed at 480 °C and 520 °C, irrespective of whether they
were pyrolysed for 20 or 40 minutes. In general, it was routinely possible to make

anodes having ozone current efficiencies between 25 and 35% at current densities of 30-
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50 mA per (geometric) cm? of mesh at a cell voltage of 2.7 V in the glass cell. The

optimum ratio of Sn:Sh:Ni in the catalyst solution is 500:8:3.
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5. Anode Durability

5.1 Introduction

It was clear from the studies on the Ni/Sb-SnO, anodes (Chapter 4) that, whilst some
remained active (in terms of current and current efficiency) over many months of
intermittent use before failing (e.g. the anodes AJED2 series, see Chapter 4), other
anodes lost activity in days or even hours. The deactivation of Ni/Sb-SnO, electrodes
could be due to, in broad terms, to one or all of three processes:

(1) Physical loss of catalyst due to (i) spallation (stress cracking from formation of TiO,
under the coating [1]) and/or (ii) corrosion (etching away of the surface as observed by
Foller and Tobias [2]);

(2) Formation of a resistive layer due to (i) complete oxidation of the (Sb¥ — Sb" + ¢)
near the catalyst surface to (Sb¥ + Sb') and/or (ii) oxidation of the Ti substrate to TiO,
or

(3) Loss of active sites through (i) dissolution of Ni or (ii) passivation.

It was hoped that the combination of thick catalyst coatings and the use of an EDIL
would address failure mechanisms 1 (i) and 2 (ii). The dissolution of Ni via 1 (ii) and 3
(i) could be a very real problem as metallic Ni would be expected to be unstable under
strongly oxidising conditions in acidic solution [3] and Foller and Tobias [2] reported
that thin Sh-SnO; anodes dissolved during operation. However, as well as the Newcastle
group, the Hong Kong group also determined Ni/Sb-SnO, anodes that survived many
weeks or months of (intermittent) operation in aqueous acid electrolyte. Furthermore, the
Hong Kong group conducted experiments in which the electrolyte was analyzed by
GCMS following electrolysis without appreciable concentrations of Ni** being detected
[4]. In addition, Professor Geoff Kelsall of Imperial College in London produced the
phase (Pourbaix) diagram in fig. 5.1 [5] based on thermodynamic calculations using the
potentials for the various Ni redox couples in [3][6][7]; (note: reference [3] gives the
Ni"' species as Ni(OH)s; this is more likely to be NiOOH [8]).
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As can be seen from fig. 5.1, at pH 0.3 (the typical pH of the experiments reported in
this thesis) and at a cell voltage of 2.7 V vs. the counter electrode (which evolves Hy), Ni

would be expected to be in the form of the stable Ni"" species.
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Figure 5.1 Pourbaix diagram for Ni, calculated by Prof. G. Kelsall. See text for details

[5].

Section 5.2 deals with spallation and physical loss of catalyst section 5.3 with

passivation.

5.2 Physical loss of catalyst and reactivation
In order to explore the durability of the Ni/Sb-SnO, anodes, three 2.5 cm x 2.5 cm
electrodes were subjected to a series of experiments involving electrolysis and heating in

the furnace for 30 minutes (reactivation) interspersed with SEM and EDX measurements
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and the measurement of ozone activity in the glass cell, see fig. 3.8. The reactivation

steps were included on the advice of Prof. Chan who found that heating at 460 °C for 30

minutes in air could restore all or some of the ozone activity of deactivated electrodes.

The electrodes chosen for the durability experiments were anodes AJED4F, AJED9F

and AJED12E which were made according to electrodeposition and catalyst coating
methods ED2/CC2, ED1/CC4 and ED1/CC4 (see table 4.2 and 4.3), respectively. The
experimental protocols employed using anodes AJED4F and AJEDYF are detailed in

tables 5.1 and 5.2. The protocol employed with anode AJED12E was essentially the

same as that in table 5.1.

Experiment No. Experiment AJEDAF
Experiments 1 and 2 | O3 measurement 3/11/08
SEM 1 SEM/EDX 3/11/08
F1 Reactivation in furnace at 460 °C for 30 minutes 3/11/08
SEM2 SEM/EDX 5/11/08
Experiments 3and 4 | O3 measurement 6/11/08
E1l Electrolyse in 0.5 M H,SO, for 8 hours 7/11/08
Experiments 5 and 6 O3 measurement 10/11/08
SEM 3 SEM/EDX 13/11/08
F2 Reactivation in furnace at 460 °C for 30 minutes 14/11/08
Experiments 7 and 8 O3 measurement 14/11/08
F3 Reactivation in furnace at 460 °C for 30 minutes 17/11/08
Experiments 9 and 10 | O3 measurement 18/11/08
SEM 4 SEM/EDX 19/11/08
E2 Electrolyse in 0.5 M H,SO, for 8 hours 19/11/08
Experiments1l and 12 | O3 measurement 21/11/08
SEM 5 SEM/EDX 2/12/08

Table 5.1 The experimental protocol employed using anode AJED4F. Experiment =

ozone measurement, E = electrolysis (in 0.5 M H,SO, at cell voltage 2.7 V), F = furnace

and SEM = analysis.
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Experiment No. Activity AJEDI9F
Experiment 1 O3 measurement 3/11/08
SEM 1 SEM/EDX 3/11/08
F1 Reactivation in furnace at 460 °C for 30 minutes | 3/11/08
SEM 2 SEM/EDX 5/11/08
Experiments 2 and 3 O3 measurement 6/11/08
El Electrolyse in 0.5 M H,SO, for 8 hours 10/11/08
Experiment 4 O3 measurement 11/11/08
SEM 3 SEM/EDX 13/11/08
F2 Reactivation in furnace at 460 °C for 30 minutes | 14/11/08
Experiments 5 and 6 O3 measurement 14/11/08
F3 Re-heat in 460 °C for 30 minutes 17/11/08
Experiments 7 and 8 O3 measurement 18/11/08
SEM 4 SEM/EDX 19/11/08
E2 Electrolyse in 0.5 M H,SO, for 8 hours 19/11/08
Experiments 9 and 10 | O3 measurement 21/11/08
SEM 5 SEM/EDX 2/12/08

Table 5.2 The experimental protocol employed using anode AJED9F. Experiment =
ozone measurement, E = electrolysis (in 0.5 M H,SO, at cell voltage 2.7 V), F = furnace

and SEM = analysis.

Figure 5.2 (a) and (b) show plots of (a) current and (b) current efficiency vs. experiment
number for anodes AJED4F and AJED9F, obtained using the glass cell at a cell voltage
of 2.7 V.

Taking anode AJEDAF first, the current determined at 2.7 V increased from experiment
1 to experiment 2 and then shows a small decline over the next two experiments,
apparently unaffected by the furnace treatment (see fig. 5.2 (a)). The current decreased
significantly after the first electrolysis, suggesting deactivation, recovers somewhat after
the second and third furnace treatments before decreasing significantly again following
the second electrolysis. Overall, fig. 5.2 (a) suggests that the activity of anode AJED4F
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Is decreased with use from experiment to experiment; some fraction of the activity was
restored during furnace treatment, but a decreasing fraction with each re-activation.
Electrolysis accelerated the decline in activity. The first reactivation had no effect

perhaps because the anode was still wholly active.

The variation in the ozone current efficiency essentially supports the observations above,
a key difference being the behavior of the anode over the first four experiments. In
complete contrast to the current, the current efficiency decreased significantly over the
first two runs before being restored by the first reactivation step. This suggests that the
ozone active sites switch to O, (rather than switching off or being lost) and that this
process is reversed by the furnace treatment. Such behavior is consistent with the loss of
Ni, perhaps via dissolution, and replenishing of the surface by diffusion of Ni from the
bulk. The first electrolysis causes a large drop in efficiency as well as current which
were essentially irreversible, suggesting physical loss of active sites for both O, and O3

by erosion or spallation.

Anode AJED9F shows somewhat different behavior to anode AJEDA4F, see figs. 5.2 (a)
and (b) on red line. Following the first furnace treatment, the current decreased by ca.
30% but the current efficiency increased by ca. 15%. The current then steadily increased
over experiments 2-5, unaffected by the first electrolysis and (apparently) the second
reactivation. In contrast, the current efficiency decreased by 44% after electrolysis,
recovering to ca. 90% of the efficiency determined during experiment 3 prior to the first
electrolysis step. This suggests that the decline in efficiency is again due to the switching
of active sites from O3 to O, (rather that physical loss of catalyst) and that this can be
reversed by furnace treatment. Both current and current efficiency decreased between
experiments 5 and 6, with the decrease in current exacerbated by the third furnace
treatment, which (in contrast) restored the current efficiency to ca. 36%, suggesting
physical loss of catalyst but a switching of active sites to O3 of the remaining catalyst.
The second electrolysis restored some current, but results in a significant (ca. 50%)

decline in efficiency.
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Figure 5.2 Plot of (a) current and (b) current efficiency vs. experiment number for
anode AJEDAF (m, blue line) and anode AJEDOYF (e, red line). The anodes (2.5 cm x

2.5 cm) were tested in single pass system using the glass cell in 0.5 M H,SO, at a cell

voltage of 2.7 V and anolyte flow rate of 30 cm® min™

(furnace, i.e. reactivation) labels correspond to the entries in table 5.1 and 5.2.

. The E (electrolysis) and F
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In order to gain more insights into the processes taking place during the experiments
depicted in figs. 5.2 (a) and (b), SEM and EDX measurements were taken at regular
intervals, and the SEM images are presented in figs. 5.3 and 5.4. The SEM images were

taken of the same area of each electrode.

It can be seen from figs. 5.3 (a) and (b) that there was very little difference between the
electrode before and after activation. However, following the first electrolysis (fig. 5.3
(©)), the catalyst structure clearly visible at the intersection of the strands in figs. 5.3 (a)
and (b) has disappeared, and there appears to be significant loss of catalyst coating from
the strands (compare the two right-hand strands in figs. 5.3 (b) and (c)). The catalyst
appears to have been removed as a whole layer, rather than as fragments spalling off.
That catalyst remains on the Ti mesh may be deduced from a comparison of figs. 5.3 (c)
and (d), the former taken after the second and third reactivation following experiment 8,
where dark spots indicate further localized loss of catalyst (or possibly attack on the Ti
substrate). The physical loss of catalyst from anode AJEDA4F is supported by the catalyst
mass loss of 80% determined between the start and end of the experiments depicted in
figs. 5.2 and 5.3 and by the SEM data, see fig. 5.4. The latter figure shows plots of the
intensities of the 3.48 keV Sn and 4.52 keV Ti EDX peaks of anodes AJED4F and
AJED9F obtained from the EDX spectra collected at the specified points during the
durability experiments. Figure 5.5 shows the ratio of the intensities of the 3.48 keV
(Sn+Sb) peaks and the 3.93 keV (Sb) peak, and figure 5.6 shows a typical EDX

spectrum.

From fig. 5.4 it can be seen that, for both anodes, there was a slow decrease in the
intensity of the EDX Sn feature, which accelerated after the second electrolysis. In the
case of anode AJEDA4F, this was accompanied by a significant increase in the intensity
of the Ti feature as the substrate is exposed by removal of the catalyst layer. Figure 5.5
shows that the ratio of the 3.48 keV feature (Sn + Sb) to the 3.93 keV feature
(predominantly Sb) does not change for either anode during the durability studies,
suggesting that the relative composition of the anodes in terms of the major constituents

does not change. Anode AJEDYF loses less of the catalyst coating than anode AJEDA4F,
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26%, during the durability experiments and this seems to be reflected in the lower

intensity of the Ti feature in fig. 5.4.

@) O

Figure 5.3 SEM images (x150) of anode AJED4F taken (a) before experiment 1; (b)
after the first reactivation (F1); (c) after experiment 6; (d) after experiment 10 and (e) at

the end of the durability experiment.
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Figure 5.4 Plots of EDX intensity of the 3.48 keV Sn peak of anodes AJED4F (m),
AJEDIF (A) and the 4.52 keV Ti peak of anodes AJEDA4F (e), AJED9F (V) in the EDX
spectra obtained at various times during the experiments in fig. 5.2. The labels

correspond to the entries in table 5.1 and 5.2, the E (electrolysis) and F (furnace, i.e.

reactivation).

2.2 1
2.0 -
1.8+
1.6 1
1.4 1
1.2 4
1.0
0.8 -
0.6 -
0.4 -
0.2 -

3.48 keV/3.93 keV intensity ratio

0.0

—A— 3.48 keV Sn/3.93 keV (Sn+Sb) peak of AJED4F
—w— 3.48 keV Sn/3.93 keV (Sn+Sb) peak of AJED9F

F1 El F2,F3 E2
SEM/EDX between

Figure 5.5 Plots of the ratio of the intensity of the 3.48 keV Sn peak to that of the 3.93
keV (Sn + Sb) peak in the EDX spectra of anodes AJED4F (A) and AJEDYF (V) in fig.

5.4.
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Figure 5.6 Typical EDX spectrum of an area of anode AJEDA4F taken after the third

furnace reactivation carried out after experiment 8.

Figure 5.7 shows the SEM images taken of the same region of anode AJED9F during the
durability experiment. As may be seen from the figure, in this region at least, the
degradation of the catalyst coating was somewhat different to that of anode AJEDA4F.
Before the experiment commenced, fig. 5.7 (a), it was clear that there were pits/defects
in the catalyst coating. After the first activation, there appeared to be very little
difference between the images apart from some loss of catalyst from the lower left-hand
strand in fig. 5.7 (b). This could simply be due to poor adhesion. However, after the first
electrolysis, fig. 5.7 (c), it was clear that large areas of catalyst had spalled off. Those
damaged areas on the lower left and top right strands seemed to have their origins in the
damaged/incomplete areas of coating visible in fig. 5.7 (a). The losses from the lower
right and upper left strands did not seem to originate from such defects; however, the
catalyst had clearly fallen away in ‘lumps’ rather than been eroded layer-by-layer.
Following the third reactivation and testing, fig. 5.7 (d), more of the coating seemed to
have spalled away from the strands, with no additional damage obvious in the SEM

taken at the end of the durability experiment.
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Figure 5.7 SEM images (x150) of anode AJEDYF taken (a) before experiment 1 in fig.

5.2 (a); (b) after the first reactivation (F1); (c) after experiment 4; (d) after experiment 8

and (e) at the end of the durability experiment.
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Anode AJED12E has elements of the behavior of both anodes AJED4F and AJEDYF.

The current, see fig. 5.8 (a), behaved as was determined for anode AJED4F in fig. 5.2
(a); i.e. overall, a steady decline.
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Figure 5.8 Plots of (a) the current (m) and (b) current efficiency (A) during an
analogous experiment to those in figs. 5.2 (a) and (b) using anode AJED12E.
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However, electrolysis did not result in any significant decline in current, nor did the
reactivations give any improvement (although F2 did appear to result in a small
increase). In contrast, the efficiency showed the large, discontinuous variation observed
using anode AJED9F. All the reactivations resulted in increased efficiency and both
electrolyses in large decreases. As was the case with anode AJED9F, the first furnace
treatment causes a small increase, whilst F2 and F3 result in significant recovery of
efficiency. The analogous plots to those in figs. 5.5 showed identical behavior, except no

Ti features were determined in the EDX spectra.

Figures 5.9 (a)-(e) show the SEM images collected during the durability experiment on
anode AJED12E. The behavior of anode AJED12E seemed to resemble that of anode
AJEDA4F. There is no obvious cracking/spalling away of the catalyst from the Ti
substrate; however, the catalyst structure between the two top strands (visible in figs. 5.9
(@) and (b)) disappeared following the first electrolysis, as have the surrounding ‘flakes’
of coating. No significant changes may then be discerned until the image taken at the
end of the experiment where a dark spot due to localized loss may be seen. The total
catalyst loss during the durability experiment was ca. 13%, comparable to that
determined with anode AJEDAF rather than anode AJED9F.

5.3 Passivation/corrosion and the addition of Au

In searching for strategies to improve the durability of the Ni/Sh-SnO, anodes, Prof.
Christensen was severely restricted by the novelty of the electrochemical system. The
most logical starting point was studies on methods to enhance the durability of Sb-SnO,
anodes. Thus, it was believed that the resistance to corrosion of such electrodes could be

improved if metal oxides (such as PtO) were added [9].
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Figure 5.9 SEM images (x150) of anode AJED12E taken (a) before experiment 1 in fig.
5.8 (a); (b) after the first reactivation (F1); (c) after experiment 5; (d) after experiment 9

and (e) at the end of the durability experiment.
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Vicent, Morallon and co-workers [10] investigated the stability of Sb-SnO, and Pt-
doped Sb-SnO, anodes with the aim of developing stable electrodes for the direct
oxidation of organic molecules. Oxygen evolution was employed to probe activity and
stability. The authors found that the deactivation of the anode (determined as a sudden,
large increase in anode potential) could be delayed significantly by doping with Pt.
Thus, doping with Pt (0.42-2% H,PtClg in coating solution), whilst reducing the oxygen
overvoltage by ca. 0.5 V, improved the lifetime of the anodes from a few hours up to
760 hours, see figs. 5.10 and 5.11. The authors did not consider the possible role of Pt or
PtO in preventing corrosion of the Sh-SnO, and hence increasing the lifetime of the
anodes; instead, the authors cited a theory reported by Kotz et al. [11] in 1991 that

electrode deactivation was due to hydration of the SnO, surface, and hence passivation.
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Figure 5.10 The difference between the anode potential at any time t and the anode
potential at the start of the experiment, E(t) —E(t=0), against electrolysis time in 0.5 M
H,SO, for SnO, electrodes doped with antimony with: five spray-pyrolysis sequences
( m), nine spray-pyrolysis sequences ( +). Current density (j) = 10 mA cm™. Taken from
[10].
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Figure 5.11 The difference between the anode potential at any time t and the anode
potential at the start of the experiment, E(t) —E(t=0), against electrolysis time for SnO,
electrodes doped with antimony and platinum with: five spray-pyrolysis sequences (e)
from a 10% SnCl,; + 1% SbCl; + 0.42% H,PtClg in ethanol + HCI solution in 0.5 M
H.SO,, fifteen spray-pyrolysis sequences (A) from a 10% SnCl, + 1% SbCl; + 2.1%
H,PtClg in ethanol + HCI solution in 0.5 M H,SO, and fifteen spray-pyrolysis sequences
() from a 10% SnCl, + 1% SbCl; + 2.1% H,PtClg in ethanol + HCI solution in 0.5 M
K,SO,. Current density (j) = 40 mA cm™. Taken from [10].

In 2004, in a series of papers [12][13][14], Morallon developed the passivation model
through a detailed investigation of the failure of Sh-SnO, anodes undoped and doped
with Pt, using electrochemical techniques [12], XRD and EXAFS [13] and XPS and
SIMS [14]. The authors found that addition of Pt up to an optimum concentration of 3

atom% increased the service life of Sb-SnO, anodes by up to 2 orders of magnitude.

Both Montilla et al. [12] and Correa-Lozano and co-workers [1] derived that thicker
anodes exhibited a ‘typical’ cracked mud morphology and that this changed on adding Pt
to a more compact structure. However, the roughness factor R¢ increased on adding Pt

by a factor of ca. 2.
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Montilla and co-workers [12] found that both unused and deactivated Sb-SnO; anodes
showed capacitive behaviour, whilst the latter clearly showed a higher potential onset for
oxygen evolution than the former in cyclic voltammetry experiments; the R values of
new anodes were slightly lower than those of the deactivated electrodes. In contrast,
Pt/Sb-SnO, anodes showed capacitive behaviour when new, but the deactivated
electrodes exhibited non linear current density vs. scan rate plots, suggesting poor
capacitive charge transfer between the Ti substrate and the catalyst coating (due to
oxidation of the Ti), and a different deactivation route for the Pt-containing electrodes

compared to the Pt-free.

In XPS, the O 1s transition overlies the Sb 3ds,, peak in XPS spectra; however, the ratio
of the latter and the Sb 3ds, feature is well known (1.44 [14]) and hence the Sb and O
feature can be deconvoluted. The O 1s feature can be resolved into two contributions: a
peak at 531.0 eV which may be attributed to metallic oxide (M-O) and a peak at 532.4
eV attributed to M-OH or hydrated surface species ([14] and references therein). On
deactivation of Sb-SnO,, the ratio of the intensity of the latter peak to the former
increased from 0.71 to 1.24; the Sh-SnO, anode doped with 3 atom% Pt showed a
decrease in the same ratio on deactivation: from 0.67 to 0.51.

The XPS data, taken together with the results of the electrochemical experiments, were
taken by Montilla as strong evidence for the deactivation of Sh-SnO, via the formation
of a passivating OH-containing layer at the SnOy/electrolyte interface. Pt was postulated
as preventing this, and hence significantly extending the service life; with added Pt,
deactivation was postulated as occurring through long term attack on the Ti substrate

and the formation of a passivating layer at the Ti/catalyst interface, possibly TiO..

Although Montilla et al. have focussed on the passivation theory, they also obtained
XRD data showing marked effects on deactivation, and a significant impact of the
addition of Pt on these effects which may point to alternative mechanisms for
deactivation. Thus, SnO, cassiterite exhibits a rutile type structure. Sb forms a solid

solution with Sn, resulting in a decrease in the unit cell volume on doping [13]. The
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authors found that Sb-SnO, doped with 3 atom% Pt had a larger crystallite size than in
the absence of Pt, 59 A cff. 45 A, whilst the unit cell volume in the presence of Pt was
69.00 A compared to 70.22 A. On deactivation, the unit cell volume of Sbh-SnO,
decreased by 2% whilst the crystallite size decreased by 36%; in contrast, the Pt-doped
anodes showed little change in these parameters, suggesting that the Pt prevents the
structural changes associated with the deactivation of the Sb-SnQO..

Professor Christensen postulated that Montilla’s ‘surface disruption’ strategy, whether
preventing passivation or structural change, was worth pursuing. Reasoning, that Pt
would increase the current efficiency of O, evolution to an unreasonable extent if
included in the catalyst coating, he suggested the use of Au and Pb as possible dopants

[15] and part of my project was to investigate the use of Au.

5.3.1 Initial studies using Au

The initial work on gold-containing Ni/Sb-SnO, anodes (‘PC series’) was carried out
immediately before my arrival in Newcastle. A ratio of 500:8:1:1.5 was chosen for the
mole ratio of Sn:Sh:Ni:Au in the dip-coating solution (AuCl; was employed as the
source of Au). The electrodeposition and catalyst coating methods employed were

closest to ED1 and CC4, respectively. 6.25 cm? Ti mesh substrates were employed.

The initial studies were carried out before the routine use of the glass cell, and the
electrochemical cell and system employed is shown in figs. 5.12 (a) and (b).

The data was promising, as may be seen from figs. 5.13 (a) to (d). Figures 5.13 (a) and
(b) show plots of the ozone solution absorbance vs. time for anode PC6 and figs. 5.13 (c)
and (d) for anode PC8, respectively, both prepared on 2.5 cm x 2.5 cm Ti mesh
substrates. The plots were obtained in the large glass cell after the specified, continuous,
periods of electrolysis cell depicted in figs. 5.12 (a) and (b). After each electrolysis, the
anolyte and catholyte were replaced and the experiments in the figures carried out
typical currents were ca. 0.2 A. Figures 5.13 (b) and (d) show plots of (dissolved ozone

absorbance/current) for the experiments in figs. 5.13 (a) and (c).
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As may be seen, there appears to be a steady activation of the anodes; both anodes show
very little ozone activity when freshly prepared, but activate steadily with electrolysis

time.

Power supply

o o O

@ UV Vis cell

Cathode

(b)
Figure 5.12 (a) Photograph and (b) Schematic of the electrochemical cell employed in
the initial studies on the activation of Au-containing Ni/Sh-SnO, anodes. Anolyte and
catholyte 350 cm® (each) 0.5 M H,SO,, anolyte flow rate 90 cm® min™, cell voltage 3.0
V.
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Figure 5.13 Plots of (a) ozone absorbance vs. time, and (b) ozone absorbance/current at

wavelength 258 nm obtained in figs. 5.12 (a) and (b), a cell voltage was 3.0 V, 0.5 M

H,SO, anolyte and catholyte, at a flow rate of 90 cm® min™ in recycle mode of (i) freshly

prepared (m), (ii) after 2 days electrolysis at 3.0 V (e), (iii) after 4 days (A), (iv) after 6
days (V), (v) after 19 days (+) and (vi) after 25 days (<) anode PC6. See text for

details.

213



Chapter 5

44
g A
o] /<
|-
o
(72}
o
©
2 e S
o v
N
o
= /
(5]
= ‘n
o
a3
[a) ° ° °

60 80 100 120 140
Time/Minutes

(c)
L 40- _
< | =0
= ] ——a <
F o —
s ) <«
£ 25{ W P¥
< : <
g <
2 154 /< y—v—7"
S ] v—
S 104 # v/
g ] /
- -a
§ 0.53#:¥/‘. ® ° °
0.0 L] L] 1 1

0 20 40 60 80 100 120 140
Time/Minutes

(d)

Figure 5.13 Plots of (c) ozone absorbance vs. time, and (d) ozone absorbance/current at
wavelength 258 nm obtained in figs. 5.12 (a) and (b), at a cell voltage was 3.0V, 0.5 M
H,SO, anolyte and catholyte, at a flow rate of 90 cm® min™ in recycle mode of (i) freshly
prepared (m), (ii) after 2 days electrolysis at 3.0 V (e), (iii) after 4 days (A), (iv) after 6
days (V), (v) after 19 days (+) and (vi) after 25 days (<) anode PC8. See text for
details.
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5.3.2 The “Purple of Cassius” problem
The work on the Au-containing anodes was carried out in collaboration with Dr.

Henriette Christensen and was led by Clarizon.

It was soon found that the dip-coating solution containing AuCl; often turned purple
over a relative short period after preparation. Dr. Christensen realised that if the dip-
coating solution was prepared without AuCl; and allowed to stand overnight before
adding the gold salt, the purple solution often did not form. Further investigation by Dr.
Christensen indentified the purple solution as “Purple of Cassius”, finely dispersed
metallic Au adsorbed on insoluble SnO, [16]. This is produced by the reaction of AuCl;
and SnCl,, and is one of the earliest qualitative, colorimetric methods for the detection
of small quantities of Au. The discovery of Purple of Cassius is wrongly credited to Dr.
A. Cassius in Leyden in 1663; in fact a detailed method of preparing the compound had
been published by 1659 [17]. Dr. Christensen reasoned that SnCl,, present as an
impurity in the SnCl,, was reducing the AuCls. Various methods were employed to
ensure oxidation of the SnCl, and it was found that either heating the dip-coating
solution for 5 hours at 60 °C or bubbling O, gas through the solution for 2-3 hours
before adding the AuCl; gave solutions that did not turn purple, and one of these method

were generally used in the preparation of the gold-containing anodes.

5.3.3 Overview of the studies on the Au-containing anodes

As may be seen from tables 4.1-4.3, AJED series 14, 15 and 17 all contained gold.
However, all the coating solutions turned purple and the work was abandoned. The
anodes were made before the pre-treatment to prevent the formation of the Purple of

Cassius were devised.

Later in the project, the protocols to avoid the formation of the “Purple of Cassius” were
developed. Hence, a project was initiated to identify a reproducible synthesis and it was
decided to start with the synthetic procedure employed to make the most active and
durable anodes to date, the anode AJED2F. The strategy was to start with the essentials

of the etching, electrodeposition and catalyst coating methods employed to make the
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anodes AJED2 series, modifying where necessary based on the experience since
acquired. Particular attention would be paid to investigating the electrodeposition step
with the aim of making it more reproducible in terms of the loading structure and
morphology of the EDIL. The most effective method would then be employed to make
electrodes coated with catalyst based on the series AJED2 process. If this resulted in
active and selective anodes the effect of the addition of gold would then be investigated.

The results so obtained are presented in the next section.

5.3.4 Anodes AJED25E and the anodes AJED27 series: investigating the effect of Au

The first stage of the strategy outlined above was to investigate the electrodeposition
step. Thus, 8 x 6.25 cm? Ti meshes were flattened in the Chauffante Elcometer press,
washed and etched in oxalic acid exactly as had been carried out for the anodes AJED2
series. Electrodeposition was carried out on anode AJED25A from a 10:1 Sn:Sb solution
using a single Pt/Ti counter electrode at 6.4 mA cm™ for 25 minutes, as per the anodes
AJED2 series. However, based on the work in section 4.4.3, electrodeposition of the
EDILs on the remaining meshes was from 10:2 Sn:Sb solutions. Electrodes AJED25C
and AJED25D explored the effect of the area of the counter electrode (36.0 cm? and 6.25
cm?, respectively) and anodes AJED25D-H investigated the effect of electrodeposition
time (25, 20, 15, 10 and 5 minutes respectively, 6.25 cm? counter electrode). Based on
the work in section 4.4.3, the EDIL-coated Ti meshes were heated at 520 °C in the

furnace.

Unfortunately, with the exception of anode AJED25E, electrodeposition resulted in very

low and inhomogeneous coverage by Sh, see figs. 5.14 (a) and (b).

The EDIL loading of anodes AJED25A-D and AJED25F-H was 0.27 + 0.13 mg cm™. In
contrast, the loading on anode AJED25E was 0.99 mg cm?, and it was decided to
proceed to the coating step with this electrode, despite the ongoing problems with the

reproducibility of the electrodeposition step.
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Figure 5.14 (a) Typical SEM image (x2000, bar = 10 um) and (b) EDX spectra of anode

AJED25A.
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As with the anode AJED25E, the catalyst coating solution contained Sn, Sb and Ni in
the ratio 500:8:3. The EDIL-coated Ti mesh was dip-coated 20 times and the catalyst
uptake is shown in table 5.3. Based on the work in section 4.5.3, the dip-coated

electrodes were pyrolysed at 460 °C.

EDIL Catalyst uptake/mg after Total Catalyst
loading 5 10 15 20 catalyst loading
/Imgem? | cycles | cycles | cycles cycles /mg /mg cm™

0.99 5.8 5.8 6.3 7.5 25.4 4.1

Table 5.3 EDIL and catalyst uptake by anode AJED25E.

Anode AJED25E was tested in the glass cell, in single pass and recycle systems, in 0.5
M H,SQO,, then SEM and EDX measurements before and after testing. Typical data from

a single pass system (experiment 2) are shown in figs. 5.15 (a) and (b).

In total, 15 experiments were carried out using anode AJED25E and these are
summarized in table 5.4. All but experiment 3 were carried out in single pass system
(experiment 3 was recycle system). Experiments 1-6, 8 and 15 were conducted at 2.7 V
and experiments 7, 9-14 at a constant current of 0.625 A (100 mA cm™), the latter to

provide some insight into durability. Each experiment lasted 20 minutes.

As can be seen from the figure, the first two experiments gave current efficiencies of ca.
41%. Following the recycle experiment (3, which gave the usual current efficiency of
6% when calculated from the gas phase ozone absorbance) the current efficiency,
running at 0.625 A (ca. 2x the current determined at 2.7 V) did not seem to increase the
decline in current efficiency, the latter stabilising at ca. 22-23% after experiment 11.
Furthermore, in the constant current experiments, the cell voltage remained reasonably
constant at ca. 3.03 + 0.04 V, suggesting little change in the nature of the ozone-active

sites. The current in the constant voltage experiments also remained fairly stable.
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Figure 5.15 (a) Plots of current (m) and cell voltage () measured during the single pass

(flow) experiments using anode AJED25E in 0.5 M H,SO, in the glass cell. The

experiments were conducted at 2.7 V (experiments 1-6, 8 and 15) or 0.625 A
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Figure 5.15 (b) Plot of the current efficiencies determined during the experiments in fig.

5.15 (a).
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The mass of the anode was measured before experiment 1 and after experiments 5, 7 and

15, see table 5.4. As can be seen, ca. 25% of the catalyst coating had been lost by the

end of experiment 5, perhaps accounting for the decrease in current efficiency from (and

including) experiment 4. This does not correlate with a similar decrease in current,

suggesting that the catalyst lost was rich in ozone-active sites perhaps due to etching of

the surface during the recycle experiment. A further 3% of the remaining coating was

lost by the end of experiment 7 and a total of 50% by the end of experiment 15. This

latter loss was not reflected in the current.

Experiment Cell Current | Dissolved CDZs Mass change after
No. voltage /A ozone 1% experiment/mg
Y, absorbance (mg cm™)
1 2.70 0.32 0.68 40.8
2 2.70 0.26 0.59 42.4
3 2.70 0.19 0.14 (gas) | 6.0 (gas)
4 2.70 0.27 0.44 30.5
5 2.70 0.20 0.31 29.6 6.7 (1.7)
6 2.70 0.34 0.54 30.8
7 3.09 0.625 0.83 25.6 0.7 (0.11)
8 2.70 0.36 0.48 25.3
9 2.97 0.625 0.83 25.4
10 2.99 0.625 0.83 25.4
11 3.03 0.625 0.74 22.8
12 3.04 0.625 0.73 22.4
13 3.05 0.625 0.72 22.1
14 3.06 0.625 0.74 22.7
15 2.70 0.29 0.34 22.5 5.3 (0.85)

Table 5.4 Summary of the experiments carried out on anode AJED25E.
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The SEM data supported the mass and efficiency data above to some extent. Thus, figs.
5.16 (a)-(c) show micrographs (x150) of anode AJED25E (a) before any testing and
after (b) experiment 3 and (c) after experiment 5. Unfortunately, the images in the
figures are all from different regions of the anode. If fig. 5.16 (a) is taken as
representative, then the coating is free from any large defects. As usual, the coating on
the crossing points of the wires shows a “cracked mud” morphology, significantly
different to that on the strands, as was noted in section 5.2. This can be seen more
clearly in figs. 5.17 (a) and (b) which show SEM images at a higher magnification
(x5000) from the crosswire and strand regions, respectively of the image in fig. 5.16 (b).
As can be seen from figs. 5.17 (a) and (b), the coating on the strands is more compact
and lacks any of the crevices characteristic of the crosswire region. The “cracked mud”
morphology could provide access to the underlying Ti substrate and hence be at risk of
spallation. However, as may be seen from the EDX spectra in figs. 5.18 (a)-(g), the
catalyst coating is sufficiency thick that no signal due to Ti is derived even after the 15"

experiment.

Returning to the SEM images in figs. 5.16 (a)-(c), fig. 5.16 (c) clearly shows the loss of
large areas of the coating from the upper and lower left strands and the upper right
strand, consistent with the significant mass loss and decrease in efficiency (fig. 5.15 (b))
determined after experiment 5. Given the clear discontinuity between 1 and 2 on one
hand, and experiments 3-5 on the other, it does not seem unreasonable to postulate that
the damage and loss of efficiency occurred during the recycle experiment, experiment 3.
Interestingly, physical loss of catalyst would be expected to be accompanied by a

decrease in current; this was not the case as can be seen from fig. 5.15 (a).

From figure 5.16 (c), it can be seen that damage consistent with spalling occured in other
areas of the anode. In addition, figs. 5.19 (a) and (b) show SEM images of the crosswire
areas of anode AJED25E (x5000) after experiments 5 and 15, respectively, both of
which suggest etching/erosion of the catalyst coating had taken place, as the large
‘flakes’ comprising the ‘cracked mud’ morphology evident in fig. 5.17 (a) have clearly
been eroded in figs. 5.19 (a) and (b).
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256 1150 N - 100 ym

(b)

(©
Figure 5.16 SEM images (x150) of anode AJED25E (a) before testing, (b) after

experiment 3 and (c) after experiment 5. The image in (a) was taken at a different

location to those in (b) and (c). The bar = 100 um.
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Figure 5.17 SEM images (x5000) taken from (a) the crosswire region and (b) the area
marked by a red circle of anode AJED25E in fig 5.16 (b). The bar = 5 um.

223



Chapter 5

The EDX spectra in figs. 5.18 (a)-(g) suggest the coating had not spalled off or been

eroded sufficiently to expose the Ti mesh. However, the SEM images in figs. 5.16 (a)-

(c) and 5.19 (a) and (b) do suggest significant catalyst loss (as does the total mass loss of

50% after experiment 15) and spalling of the coating. Either the spalling of the coating

was not complete or damage and loss of catalyst was not distributed evenly across the

anode. This still leaves the fact that the current did not decrease in line with the mass

loss unexplained. If it is accepted that high concentrations of ozone inhibit ozone

evolution (see Chapter 3), then areas of anode will be deactivated by rising bubbles of

ozone, and it may be that only the lowest regions of the (vertical) anodes are active. If it

is accepted that these will also be the areas to suffer damage and catalyst loss, then the

next lowest region would become active, and so on. However, this would have required

the higher regions still to be active for O, evolution and hence loss of catalyst to cause a

decrease in overall (O, + Og3) current.
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Figure 5.18 (a) EDX spectra of anode AJED25E before
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Figure 5.18 EDX spectra of anode AJED25E after experiment 3 at (b) the crosswire
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Figure 5.18 EDX spectra of anode AJED25E after experiment 5 at (d) the crosswire
region and (e) the strand in fig. 5.16 (c).
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Figure 5.19 SEM images (x5000) of crosswire regions of anode AJED25E (a) after

experiment 5 and (b) after experiment 15. Bar =5 um.
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The results using anode AJED25E were extremely promising, and consistent with the
activity, selectivity and durability of the anodes AJED?2 series. Hence, it was decided to
make a batch of anodes to explore the reproducibility of the synthesis and the effect of
Au (i.e. to explore the “surface disruption strategy”). Thus, anodes AJED27A-L were
made exactly as anode AJED25E, except that HAuCl, was added to the dip-coating
solutions of anodes AJED27D-L after heating the latter at 55 °C for 5 hours to ensure
that all Sn" was converted to Sn', see section 5.3.2. Table 5.5 summarises the
composition and the EDIL and catalyst uptake of the anodes AJED27 series. As may be
seen from the table, the distribution of EDIL loading is, as usual, quite broad given this
step was identical for all of the anodes prepared.

Anode | 500:8:3 | EDIL | Catalyst | Catalyst | Catalyst | Catalyst | Total
AJED27 :Au loading | uptake | uptake | uptake | uptake | catalyst
/mgem™ | after5 | after 10 | after 15 | after 20 | loading

coats coats coats coats | /mgem

/mg /mg /mg /mg

A 0 1.71 1.7 7.2 6.8 8.6 4.85

B 0 0.37 7.0 6.5 8.2 6.9 4,58

C 0 0.42 6.6 7.2 7.5 6.7 4.48

D 0.1 0.29 6.8 8.5 7.3 7.1 4,75

E 0.1 0.24 7.0 6.3 7.2 5.8 4.21

F 0.1 0.58 5.8 6.4 6.9 6.1 4.03

G 0.3 0.64 7.3 7.2 7.6 7.0 4.65

H 0.3 0.30 6.1 6.1 6.7 6.6 4.08

I 0.3 0.42 5.9 6.6 6.5 6.9 4,14

J 15 0.32 4.8 7.1 6.6 1.7 4.19

K 15 0.21 6.3 7.4 6.4 7.1 4.35

L 15 0.19 6.2 6.8 55 7.0 4.08

Table 5.5 The composition of the dip-coating solution and the uptake of EDIL and
catalyst for the anodes AJED27 series.

The catalyst deposition is shown more clearly in figs. 5.20 and 5.21; figs. 5.20 (a)-(d)
show the mass of catalyst deposited every five dip-coats and fig. 5.21 the total loading of
catalyst across the anodes AJED27 series. As may be seen from figs. 5.20 (a)-(d) within
each sub-series (i.e. A-C =0 Au, D-F = 0.1 Au, G-H = 0.3 Au and I-L = 1.5 Au) the
deposition process is reasonably reproducible, despite the very marked variation in

EDIL (“0 dip-coats” on the figure). The total loading of catalyst was 4.37 £ 0.27 mg, i.e.
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+ 6% a very satisfactory range, suggesting good reproducibility. Figure 5.21 supports
this.
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Figure 5.20 The variation in catalyst uptake with the number of dip-coats (0 = mass of
EDIL) for anodes AJED27series at (a) 0, (b) 0.1, (c) 0.3 and (d) 1.5 wt% Au.
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Figure 5.21 The total catalyst loading of the anodes AJED27 series.

The anodes were tested in single pass in the glass cell at 2.7 VV and 0.625 A in 0.5 M
H,SO, at an anolyte flow rate of 60 cm® min™ (static catholyte). Each anode was tested
at least 3 times (at 2.7 V, 0.625 A and 2.7 V) and one anode from each batch was used to
electrolyse for 8 hours in 0.5 M H,SO,4 at 2.7 V, tested (experiment 4) then used in
electrolysis again for 8 hours and retested (experiment 5). A typical set of data is shown
in figs. 5.22 (a)-(c) and the results using all the anodes are summarised in table 5.6 and
figs. 5.23-5.25.

The apparatus employed to test the anodes AJED27 series is shown in fig. 5.26; the use
of the gas separator, whilst resulting in an underestimate of current efficiency where the
gas phase ozone was not measured (usually due to demand on equipment), clearly
resulted in stable absorbances, as may be seen from fig. 5.22 (b), which was typical of

the series.
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Figure 5.22 Plots of (a) current, (b) dissolved ozone absorbance and (c) current
efficiency of anode AJED27A in 0.5 M HS0y, static catholyte, anolyte flow 60 cm® min®
Lin the glass cell; Pt/Ti mesh counter electrode; experiment 1 (m), experiment 2 (o) was
carried out at constant current (0.625 A), experiments 3 (A ) and experiment 4 (V) after
the anode was employed to electrolyse 0.5 M H,SO, for 8 hours and Experiment 5 ( ¢)

at 2.7 V again. See table 5.6 detail.
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Anode Experiment | Current CDe Mass before Mass Am Comments
(Sn:Sb:Ni:Au) No. IA 03 | experiment After /mg
1% experiment
AJED27A 1 0.41 36.7 275.5 275.9
(500:8:3:0) 2 0.625 32.0 Fix current density 100 mA cm™
3 0.38 34.9
4 0.27 31.3 275.7 0.33-0.23 A
5 0.26 21.2 275.1 0.6
AJED27B 1 0.41 41.2 250.9 251.1
(500:8:3:0) 2 0.625 35.9 Fix current density 100 mA cm™
3 0.38 41.2
AJED27C 1 0.48 39.9 251.2 251.8
(500:8:3:0) 2 0.625 33.2 Fix current density 100 mA cm™
3 0.44 34.7
AJED27D 1 0.35 38.4 253.5 252.7 0.8
(500:8:3:0.1) 2 0.625 33.2 Fix current density 100 mA cm™
3 0.32 37.7
4 0.24 34.4 253.0 0.31-0.20 A
5 0.17 20.8 252.4 0.6
AJED27E 1 0.33 43.1 245.8 246.3
(500:8:3:0.1) 2 0.625 34.4 Fix current density 100 mA cm™
3 0.30 43.4
AJED27F 1 0.34 41.7 247.4 248.1
(500:8:3:0.1) 2 0.625 32.6 Fix current density 100 mA cm™
3 0.28 37.3
AJED27G 1 0.38 37.0 248.5 248.4 0.1
(500:8:3:0.3) 2 0.625 35.4 Fix current density 100 mA cm™
3 0.35 37.3
4 0.31 33.4 248.3 0.24-0.11 A
5 0.24 24.0 247.8 0.5
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Anode Experiment | Current CDe Mass before Mass Am Comments
(Sn:Sb:Ni:Au) No. IA 03 | experiment After /mg
1% experiment
AJED27H 1 0.40 38.5 242.3 242.7
(500:8:3:0.3) 2 0.625 334 Fix current density 100 mA cm™
3 0.36 35.6
AJED271 1 0.36 38.2 248.3 248.9
(500:8:3:0.3) 2 0.625 33.7 Fix current density 100 mA cm™
3 0.33 35.1
AJED27) 1 0.40 21.5 248.8 249.7
(500:8:3:1.5) 2 0.625 21.1 Fix current density 100 mA cm™
3 0.37 21.6
AJED27K 1 0.41 19.4 250.9 251.8
(500:8:3:1.5) 2 0.625 20.4 Fix current density 100 mA cm™
3 0.38 20.6
4 0.25 22.0 251.7 0.26-0.24 A
5 0.21 5.5 250.5 1.2
AJED27L 1 0.38 23.9 239.9 240.9
(500:8:3:1.5) 2 0.625 16.5 Fix current density 100 mA cm™
3 0.34 17.6

Table 5.6 Summary of the experiments carried out using the anodes AJED27 series in the glass cell. Cell voltage 2.7 V or

constant current (0.625 A, 100 mA cm™), 0.5 M H,S0y, static catholyte, anolyte flow 60 cm® min™. Pt/Ti counter electrode.
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Figure 5.23 and 5.24 show the average current efficiencies determined for experiments 1
and 3 (at 2.7 V) and during experiment 2 (at 0.625 A) for each of the anodes AJED27
series. It is clear that very high current efficiencies were determined for the electrodes
with 0, 0.1, and 0.3 mole ratio Au in the dip-coating solution, ca. 35-45% at 2.7 V and
30-35% at 0.625 A. However the presence of 1.5 Au in the dip-coating solution reduced
the current efficiencies very significantly, to ca. 20% at 2.7 V and 15-20% at 0.625 A. In
terms of the current, the addition of Au up to and including Sn:Sbh:Ni:Au 500:8:3:0.3 had
no effect (fig. 5.25 (a)). Thus, up to 0.3 Au, Au appears to have no detrimental effect,
but (in terms of current and current efficiency i.e. ozone activity and selectivity), no
beneficial effect either. As was discussed in section 5.3, the strategy behind the addition
of Au was to improve durability; the preliminary experiments (see figs. 5.13 (a)-(d))
showed that gold-doped Ni/Sbh-SnO, anodes initially showed low current efficiencies
that improved with electrolysis time; this clearly was not derived with the anodes
AJED27 series since the efficiencies calculated were very high from the start. In
addition, all the anodes selected for the additional electrolysis experiments (anodes
AJED27A, D, G and K, see figs. 5.25 (a) and (b)) behaved in the same manner. Thus the
anodes (anodes AJED27D, G, K containing Au, A without Au) all showed a steady
decrease in current in the constant voltage experiments, fig. 5.25 (a), whilst current
efficiencies decreased slowly between experiments 1, 3 and 4 (i.e. including the first 8
hours electrolysis, experiment 4, see fig. 5.25 (b)) and then showed a large drop between
experiments 4 and 5, i.e. following the second electrolysis. Thus, it appears that the
addition of gold had no beneficial effect.

As an additional check on the validity of the comparison of the anodes AJED27 series
given the concerns over the potential effect of the variation in EDIL loading on catalyst
uptake, the current and current efficiencies determined in the first experiments
employing anodes AJED27B, D, H and J are shown in fig. 5.27. These anodes were
chosen as having similar EDIL loading (0.37, 0.29, 0.30 and 0.32 mg cm?, respectively).
As may be seen from the figure, the results follow almost exactly the trends obtained in
figs. 5.25 (a) and (b).
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Figure 5.23 The average of the current efficiencies determined for experiments 1 and 3

across the anode AJED27 series. Experimental conditions as in fig. 5.26.
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Figure 5.24 The current efficiencies determined for experiment 2 (constant current)

across the anode AJED27 series. Experimental conditions as in fig. 5.26.
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Figure 5.25 Plots of (a) current and (b) current efficiency determined for the
experiments using the anodes AJED27 series. Experimental conditions as in fig. 5.26;
experiment 1 (m), experiment 2 (o) was carried out at constant current (0.625 A),
experiments 3 (A), experiment 4 (V) after the anode was employed to electrolyse 0.5 M
H.SO, for 8 hours and experiment 5 («) at 2.7 V. See table 5.6 detail.
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Figure 5.26 The apparatus employed in anodes AJED27 series.
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Figure 5.27 Plots of current (e) and current efficiency (m) determined for the first
experiments using anodes AJED27B, AJED27D, AJEd27H and AJED27J. Experimental

conditions as in fig. 5.26. The anodes had similar EDIL loadings.
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5.4 Overview of the change in the reproducibility of the catalyst synthesis

Given the significant effort invested in the synthesis methodology to try and improve the
reproducibility of the process (see tables 4.1-4.3), it is appropriate to review the progress
made. Table 5.7 presents a summary of EDIL and catalyst loadings and current density

and current efficiency for all the anodes AJED series including standard deviation.

Figure 5.28 (a) and (b) plot the essential data from the table. Thus fig. 5.28 (a) shows a
plot of mean EDIL loading for the 6.25 cm? AJED anodes made using 500:8:3 mole
ratio of Sn:Sh:Ni in the coating solution, ED1 cell 1 i.e. following the methods
employed to make the anodes AJED2 series. The plot represents clearly the EDIL

problem in that the electrodeposition proved irreproducible.

Figure 5.28 (b) shows mean values of the catalyst loading, current density and current
efficiency for the 6.25 cm? anodes AJED series (500:8:3) which the catalyst 20 coats in
total were pyrolysed at 460 °C or 520 °C. As may be seen from the figure, the
reproducibility in terms of catalyst loading appears to improve, but the total loading
declines by ca. 20% towards the end of the series. Both current and current efficiency
improve across the series, but reproducibility did not show such a clear change.

Figure 5.29 shows analogous plots to those in fig. 5.28 (b) for the AJED anodes
prepared using a 500:8:1 molar ratio of Sn:Sh:Ni in the coating solution and pyrolysis of
the catalyst coats for 10 minutes at 460 °C or 20 minutes at 520 °C. As with the data in
fig. 5.28 (b), there appeared to be a gain in current density as the synthesis was
‘improved’, but no real change in reproducibility. There appeared to be no change in

catalyst loading or current efficiency, nor of reproducibility.

239



Chapter 5

Series | Area | Number EDIL 500:8: Catalyst Current CI)e 1% Comments
fem? of loading | Ni(Au) loading density 03
anodes | /mgcm™ /mg cm /mA cm™

1 6.25 8 NED 1 - 50.60 + 3.91 6.75+1.09 NED and ED1and 1, CC1
4 - 1 - 51.20 £ 4.80 7.50 £ 0.50 NED, CC1
4 - 1 - 50.00 + 2.62 6.00 £ 1.00 EDland 1, CC1

2 6.25 2 - 1 - 44.80 + 0.00 10.55+0.25 EDland 1, CC1
2 - 2 - 49.60+3.20 | 15.55+0.85
2 - 3 - 44.00 + 0.80 16.60 £+ 2.40
2 - 4 - 35.20 + 1.60 16.50 £1.50

3 6.25 2 - 0.2 - 48.80 + 0.80 4,10 £0.20 EDland 1, CC1
2 - 2.5 - 62.40 £ 4.80 9.25+0.25
2 - 5.0 - - -
2 - 10.0 - - -

4 6.25 2 0.77 £ 0.26 2 6.14+0.12 32.80 +0.80 22.60 = 0.60 ED2 and 1, CC2 (paint brush)
4 3 5.34+1.00 25.60 £ 6.79 28.48 +9.78
3 4 4.63+0.76 24.50 £ 20.50 | 20.80 +8.21

5 6.25 2 0.13+0.04 2 0.55+0.03 67.20+1.60 | 13.05+0.35 ED3 and 1, CC3

6 4.0 8 NED 3 350+0.25 | 67.50+ 1250 | 11.76 +3.45 NED, CC3

7 4.0 8 NED 3 3.15+0.50 | 58.21+8.84 | 6.49+247 NED, CC3

8 4.0 8 NED 3 276 £0.41 54.38 + 9.08 6.84+4.21 NED, CC3

9 6.25 8 0.85+0.17 1 5.98 £ 0.81 28.60+ 353 | 30.23+2.12 | EDland 1, CC4 (HCI and no HCI)
4 0.87 £0.15 1 6.78 £0.11 30.40 + 3.39 30.59+1.78 ED1 and 1, CC4 (no HCI)
4 0.84£0.19 1 5.19+0.21 26.80 + 2.62 29.86 £ 2.37 ED1 and 1, CC4 (HCI)

10 6.25 8 0.52+0.11 1 4.67 £0.45 32.60 + 3.99 21.99+1.82 NED and ED1 and 1, CC4
4 NED 1 446+041 | 30.40+358 | 22.44+1.76 NED, CC4
4 0.52+0.10 1 4.89 +0.38 34.80 + 3.07 2154+ 178 ED1 and 1, CC4

11 6.25 4 0.92 +0.35 3 5.33+0.35 33.20 £ 4.98 23.47 £3.55 ED1and 1, CC4

12 6.25 8 0.44 + 0.28 1 4.85 + 0.40 44,08 = 2.80 31.19+£2.98 ED1 and 1, CC4
2 0.19 £ 0.00 1 490+ 0.35 42.88 £ 2.08 32.11+1.48 ED1 and 1, CC4, 480 °C, 20 mins
2 0.28 +0.24 1 4,56 £0.59 48.00 + 1.60 27.72+2.23 ED1land 1, CC4, 480 °C, 40 mins
2 0.35+£0.11 1 4.80 +0.05 42.24 +0.96 32.37+£3.40 ED1land 1, CC4, 520 °C, 20 mins
2 0.37£0.00 1 5.13+0.11 43.20+£1.60 32.57+0.86 ED1land 1, CC4, 520 °C, 40 mins
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Series | Area | Number EDIL 500:8: Catalyst Current ® s Comments
fem? | of anodes loading Ni(Au) loading density CDOS 0
/mg cm™ /mg cm™? /mA cm™
13 6.25 8 0.50 £ 0.37 1 440+ 1.59 4254 +356 | 24.84+4.30 ED1and 1, CC4
2 1 2.66 £0.12 37.20+1.52 | 21.07+0.28 | EDland1,CC4,10dips,460°C,10 mins
2 1 5.75+0.31 43.28+2.00 | 31.19+1.41 | EDland1,CC4,20dips,460°C,20 mins
2 1 6.18 +0.18 4400+0.96 | 26.04+0.76 | EDland1,CC4,20dips,520°C,10 mins
2 1 3.01+1.59 4568+ 3.56 | 21.05+4.30 | EDland1,CC4,10dips,520°C,20 mins
14 35.0 8 NED 3 1.19+0.32 11.86+1.29 | 11.15+0.35 NED, CC5, (7 coats and ramp)
8 NED 3(3) 1.46 £ 0.33 10.14+0.14 | 12.40+0.50
15 35.0 1 NED 1(1.5) 1.83 - - NED, CC6
1 0.06 2.49 - - ED4 and 1, CC6
1 NED 1(3) 1.79 - - NED, CC6
1 0.08 2.05 - - ED4 and 1, CC6
1 NED 3(1.5) 2.35 - - NED, CC6
1 0.07 2.20 - - ED4 and 1, CC6
1 NED 3(3) 2.17 - - NED, CC6
1 0.09 2.68 - - ED4 and 1, CC6
16 35.0 8 0.42+0.16 1 0.45+ 0.08 4.46 + 0.47 7.14+1.33 ED4 and 1, CC6-8 (5 coats)
2 1 0.46 + 0.02 4.14+0.14 6.96 + 0.29 Uppermost in beaker
2 1 0.49 + 0.07 4.29+0.29 7.01+0.82 Uppermost beaker and hair drier
2 1 0.36 £ 0.04 4.29+0.29 7.12+0.01 Pegged on line
2 1 0.51 +0.08 5.14 +0.47 7.47 +3.52 Pegged on line and hair drier
17 35.0 4 NED NCC NCC - - NED, NCC
4 0.53+0.16 NCC NCC - - ED4 and 1, NCC
18 35.0 3 0.62+£0.10 1 4.33+0.15 11.71£1.07 16.70 + 3.69 EDS5 and 1,CC9 (14 coats,390 °C)
3 1 2.51+£0.30 17.81+4.81 10.93 £2.42 ED5 and 1,CC9 (14 coats,460 °C)
3 1 1.93+0.13 23.33+1.28 413+1.76 EDS5 and 1,CC9 (14 coats,520 °C)
19 6.25 2 0.60+0.32 3 1.01+£0.19 | 45.60+10.40 | 16.75+2.15 ED7 and 1, CC10 (5 coats)
2 3 2.97+0.19 26.40+8.80 | 19.75+0.55 ED7 and 1, CC10 (10 coats)
2 3 3.92+0.48 35.20+1.60 | 24.30+0.30 ED7 and 1, CC10 (15 coats)
2 3 6.27 £ 0.32 41.60+3.20 | 19.50+ 3.60 ED7 and 1, CC10 (20 coats)
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Series | Area | Number EDIL 500:8: Catalyst Current ® s Comments
fem? | of anodes loading Ni(Au) loading density CDOS 0
/mg cm™ /mg cm™? /mA cm™

19 6.25 1 0.29 3 2.19 33.60 17.20 ED9 and 1, CC10 (10 coats)
2 0.16 +0.02 3 5.71 £ 0.05 36.00+0.80 | 30.60+0.70 ED9 and 1, CC10 (20 coats)
2 0.43+0.16 3 142+0.11 23.20+4.00 | 15.60+0.20 ED8 and 1, CC10 (5 coats)

19 6.25 2 0.43+0.16 3 2.88 £ 0.05 28.80+4.80 | 23.40+0.10 ED8 and 1, CC10 (10 coats)
2 3 4.03+0.56 35.20+0.00 | 26.65+0.35 ED8 and 1, CC10 (15 coats)
3 3 5.71+0.12 36.80+3.46 | 2540+241 ED8 and 1, CC10 (20 coats)
1 0.27 3 1.15 22.40 16.70 ED8 and 2, CC10 (5 coats)
1 0.22 3 1.47 35.20 22.90 ED8 and 2, CC10 (10 coats)
1 0.26 3 5.86 35.20 27.60 ED8 and 2, CC10 (15 coats)
1 0.30 3 4..82 35.20 32.20 ED8 and 2, CC10 (20 coats)

0.64 2 1.80£0.71 3 8.44+0.63 | 100.00+0.00 | 23.52+0.30 ED8 and 1,CC10

20 35.0 8 0.46+010 | 3(15) | 4.07£0.18 | 260.20+29.13 | 23.38 +2.84 ED6 and 1, CC11

21 6.25 2 7.94+1.33 3 0.94 +0.00 37.60+8.80 | 28.60+1.49 ED7 and 1 (10:1,40 mA)
2 0.17 £ 0.06 3 0.55+0.70 42.40+4.00 | 15.40+0.50 ED12 and 2 (10:2, 5 minutes)
2 0.27 £0.05 NCC NCC - - ED12 and 2 (10:2, 10 minutes)
2 0.45+0.02 NCC NCC - - ED12 and 2 (10:2, 15 minutes)
2 0.65+0.05 NCC NCC - - ED11 and 2 (10:2, 20 minutes)
2 0.16 £ 0.08 NCC NCC - - ED13 and 2 (no Sn, 5 minutes)
2 0.32£0.02 NCC NCC - - ED13 and 2 (no Sn, 10 minutes)
2 0.38+0.01 NCC NCC - - ED13 and 2 (no Sn, 15 minutes)
2 0.45+0.02 NCC NCC - - ED13 and 2 (no Sn, 20 minutes)

22 6.25 4 0.53+0.08 3 2.95+0.19 39.2+7.02 28.60+1.49 ED12 and 2, CC12, 15 coats
4 3.71+£0.08 33.6+1.96 25.48 + 1.58 ED12 and 2, CC12, 20 coats

23 0.64 2 1.25+0.45 NCC NCC - - ED14 and 2 (10:2, 5 minutes)
2 0.70+0.20 NCC NCC - - ED14 and 2 (10:2, 10 minutes)
1 1.2 NCC NCC - - ED14 and 2 (10:2, 15 minutes)
2 0.95+045 NCC NCC - - ED14 and 2 (10:2, 20 minutes)
2 0.55 +0.25 NCC NCC - - ED15 and 2 (no Sn, 5 minutes)
2 0.50 + 0.00 NCC NCC - - ED15 and 2 (no Sn, 10 minutes)
1 0.9 NCC NCC - - ED15 and 2 (no Sn, 15 minutes)
2 2.00+0.30 NCC NCC - - ED15 and 2 (no Sn, 20 minutes)
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Series | Area | Number EDIL 500:8: Catalyst Current cI)e 1% Comments
/em® | of anodes loading Ni(Au) loading density 03
/mg cm™ /mg cm™? /mA cm™
24 6.25 2 10.71+1.83 | NCC NCC - - ED7 and 1 (10:1,40mA)
1 0.08 NCC NCC - - ED12 and 2 (10:2, 5 minutes)
1 0.26 NCC NCC - - ED12 and 2 (10:2, 10 minutes)
1 0.46 NCC NCC - - ED12 and 2 (10:2, 15 minutes)
24 6.25 2 0.45+0.10 NCC NCC - - ED12 and 2 (10:2, 20 minutes)
1 0.80 NCC NCC - - ED12 and 2 (10:2, 30 minutes)
1 1.15 NCC NCC - - ED16 and 2 (10:2, 20 minutes)
25 6.25 1 0.21 NCC NCC - - ED17 and 1 (10:1), 6.25cm’ Pt/Ti
1 0.38 NCC NCC - - ED18 and 1 (no Sn,)
1 0.54 NCC NCC - - ED19 and 1 (10:2, 36 cm” PU/Ti)
1 0.14 NCC NCC - - ED20 and 1 (10:2, 5 minutes)
1 0.13 NCC NCC - - ED20 and 1 (10:2, 10 minutes)
1 0.24 NCC NCC - - ED20 and 1 (10:2, 15 minutes)
1 0.99 NCC NCC - - ED20 and 1 (10:2, 20 minutes)
1 0.27 NCC NCC - - ED20 and 1 (10:2, 25 minutes)
25E 6.25 1 0.99 3 4.06 0.32 40.8 ED20 and 1, CC12
26 0.64 3 0.89+0.45 0 6.41+0.34 | 126.17+58.83 | 2.12+0.97 ED14 and 2, CC12
4 1.25+0.16 3 6.30+041 | 78.63+34.63 | 11.68+6.72 NED, ED14 and 2, CC12
2 NED 3 6.19 £ 0.54 81.95 + 5.55 11.61 £9.06 NED, CC12
2 1.25+0.16 3 6.41+£0.16 75.31+48.44 | 11.75 + 2.86 ED14 and 2, CC12
5 1.15+041 3(0.1) 5.84 £ 0.29 85.66 = 80.18 | 23.63 +11.03 NED, ED14 and 2, CC12
2 NED 3(0.1) | 5.94+0.32 26.25+0.63 | 24.92+15.46 NED, CC12
3 1.15+041 | 3(0.1) 578 +0.25 | 145.08 +13.52 | 22.33+0.99 ED14 and 2, CC12
27 6.25 3 0.83+0.62 3 4.64+0.16 69.30 + 5.28 39.27 £1.89 ED20 and 1, CC12
3 0.37£0.15 3(0.1) 4.33+0.31 54.40+1.31 41.07 +£1.97
3 045+0.14 | 3(0.3) | 429+0.26 60.80+2.61 | 37.90+0.65
3 0.24+0.06 | 3(15) | 421+0.11 63.47+2.00 | 21.60+1.84
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Series | Area | Number EDIL 500:8: Catalyst Current ° 1o Comments
fem? | of anodes loading Ni(Au) loading density CDOS
/mg cm™ /mg cm™? /mA cm™
27 0.64 1 0.05 3 6.72 - - ED21 and 1, CC12
1 0.21 3(0.1) 6.41 - -
1 0.11 3(0.3) 5.94 - -
1 0.06 3(1.5) 6.25 - -

Table 5.7 Overview of the EDIL loading, catalyst loading, current density and efficiency derived at the end of the first

experiment for the anodes investigated during the work in this thesis. In each case, the anodes were employed to electrolyse

0.5 M H,SO4 in glass cell at a cell voltage of 2.7 V in single pass system.
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Figure 5.28 (a) A plot of the mean EDIL loadings of the anodes AJED series prepared at

520 °C and utilising ED1 and cell configuration 1.
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Figure 5.28 (b) Plots of current density (e), current efficiency (A) and catalyst loading

(m) of the 6.25 cm® anodes AJED series (500:8:3) anodes prepared by pyrolysis the

catalyst coating for 10 minutes at 460

°C or 20 minutes at 520 °C.

245



Chapter 5

50' - 7
> 1 .
S 45 l .
S 40 : 16
= T )
: . J\ 4 . 5 £
g { i I's
5 %0 {>< 1 {4 ©
(&) 1 g
2 20- 1 13 &
2 | 5
g 17 12 8
é 10- —e— Current density ‘_bﬂ
5 ' —A— 9% Current efficiency 41 =
3 ° ] —=— Catalyst loading

0 . . . . . i . : i 0

8 9 10 11 12 13
Anodes AJED series

Figure 5.29 Plots of current density (e), current efficiency (A ) and catalyst loading (m)
of the 6.25 cm® anodes AJED series (500:8:1) anodes prepared by pyrolysis of the

catalyst coating for 20 minutes at 520 °C.

5.5 Conclusions

The Ni/Sb-SnO, anodes deactivated by two primary mechanisms: (1) physical loss of
bulk catalyst (i.e. spallation), possibly associated with defects in the coating, leading to a
decrease in current and current efficiency, and (2) dissolution of Ni (and possibly Sb and
Sn) leading to a switch from ozone to oxygen but no decrease in current. The latter can
be ameliorated by heating the anode to promote diffusion of Ni from the bulk to

replenish the surface.

The catalyst development represented by tables 4.1 to 4.3 did not result in an
improvement of ozone selectivity or activity or in an improvement in the reproducibility
of the synthetic procedure. However, modification of the synthesis employed to produce
the anodes AJED?2 series anodes did give highly active and selective anodes, and did
give good reproducibility in terms of the catalyst loading, current and ozone current
efficiency. However, the EDIL loading remained irreproducible, and the addition of Au

to the catalyst resulted in no beneficial effect.
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6. Scale up

6.1 Introduction

This chapter reports data obtained using 24 cm? and 35 cm? Ni/Sb-SnO, electrodes in
0.5 M H,SO, the glass and polycarbonate cells, respectively, in single pass system (see
fig 3.8), and also in single pass system in the water/air cell. The first scale up was to 6.0
cm x 4.0 cm, and these anodes were tested in the glass cell as an intermediate step to the
polycarbonate cell. Anodes for the latter (both for acid electrolyte and water/air tests)
were usually > 35 cm? to allow for the removal of the wire contacts for deposition and
then cut to 7.0 cm x 5.0 cm and spot-welded to a Ti frame (aperture 6.0 cm x 4.0 cm, see
fig 2.4 (h)). The regions to be spot-welded were gently sanded to remove the catalyst

coating.

The work reported in this chapter was carried out in collaboration with Dr. Henriette
Christensen and employing primarily anodes made by her as part of the Clarizon

development programme.

6.2 Fabrication and testing of 24-35 cm? anodes in acidic electrolyte

6.2.1 Anodes HCED?2 series

The first, scaled-up batch of electrodes made by Dr. Christensen (6.0 cm x 4.0 cm,
anodes HCED?2 series prepared by ED1/CC4) were tested in the glass cell for ozone
activity at a cell voltage 2.7 V using the experimental system shown in fig. 3.8. The
characteristics of the anodes and the ozone activities derived in the first experiment on

each electrode are shown in table 6.1.

As well as investigating the potential challenges of scaling up the preparation of the
anodes, the series was also intended to confirm the effect of adding HCI to the
electrodeposition and catalyst coating solutions. The results so obtained did confirm the

findings in section 4.4.2 in that the addition of HCI reduced the average catalyst loading.
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From table 6.1 it can be seen that the electrodeposition process resulted in a relatively
wide variation in EDIL loading within the ‘no HCI’ and ‘added HCI’ sub-series. The
catalyst loading also showed some irreproducibility, particularly in the case of anodes
HCED2E-H. The current efficiencies determined in 0.5 M H,SO, were fairly
reproducible for anodes HCED2A-D, but less so for anodes HCEDZ2E-H, possibly
reflecting the variation in both EDIL and catalyst loadings of the latter anodes.

Anodes EDIL Catalyst Current Current Comments
HCED2 loading loading at2.7Vv efficiency
/mg cm™ /mg cm IA 1%

A 0.55 3.1 0.40 25

B 0.75 34 0.50 25

C 0.74 3.4 0.45 24 NoHcl

D 0.74 3.4 0.45 22

E 1.25 2.8 0.40 24 HCI

F 1.55 3.0 0.50 22

G 0.97 2.9 0.35 20

H 0.92 24 0.45 15

Table 6.1 The characteristics of the 6.0 cm x 4.0 cm anodes HCED2 series (500:8:1
Sn:Sh:Ni in the coating solution). The anodes were tested in the glass cell at a cell
voltage of 2.7 V, anolyte and catholyte 0.5 M H,SO,.

6.2.2 Anodes HCED15 series

The anodes HCED15 series were the first attempt to make anodes for use in the
polycarbonate water/air cell. The mole ratio in the catalyst coating solution was
500:8:1:1.5 Sn:Sh:Ni, and the electrodes were fabricated using ED1 and CC6.
Electrodeposition and catalyst coating was carried out using 5.0 cm x 8.0 cm mesh
substrates, after which the wires were cut off to leave 7.0 cm x 5.0 cm meshes which
were then spot-welded into Ti frames for use in the polycarbonate cell, see section 2.2.2
and 2.4.
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The work described in section 4.4 suggested that furnace temperatures < 400 °C should
be employed to avoid excessive EDIL loss during furnace treatment; this was supported
by Prof. K. Y. Chan who stated the temperature monitoring system on his furnace during
his early work [1][2][3] had been faulty, reading high. He reduced the post-ED furnace
temperature to 390 °C [4] in his subsequent work. Hence, the EDIL-coated series 15 Ti
meshes were heated at 390 °C. In addition, the catalyst-coated anodes HCED15A-D
were pyrolysed at 520 °C, whilst anodes HCED15E-H were pyrolysed at 460 °C. Table
6.2 summarises the EDIL and catalyst loadings of the series 15 anodes. The mole ratio in
the coating solution was 500:8:1:1.5 Sn:Sh:Ni:Au.

Anodes EDIL loading Catalyst loading Comments
HCED15 /mg cm™ /mg cm™
A 1.1 3.0 Catalyst coating
B 1.1 2.8 pyrolysed at 520 °C
C 1.1 2.8
D 11 2.8
E* 0.4 3.1 Catalyst coating
F 1.1 3.0 pyrolysed at 460 °C
G 1.0 2.8
H 0.9 2.8

Table 6.2 The EDIL and catalyst loading of the anodes HCED15 series. The EDIL was
heated at 390 °C in the furnace. The geometric area of the Ti mesh used to calculate the
EDIL and catalyst loadings was 40.0 cm?. The area of the mesh in the Ti frame was 35.0

cm?. (*During the electrodeposition of the EDIL on anode E, the electrodes touched)

As may be seen from the table, the lower furnace temperature resulted in a more
reproducible EDIL loading of ca. 1.1 mg cm™. In addition, the catalyst loadings only
varied to within + 10%. However, there was no discernible difference between the
anodes pyrolysed at 520 °C and those pyrolysed at 460 °C (anodes HCED15A-D and
HCED15E-H, respectively). Despite the more reproducible EDIL loading derived with

the anodes series 15, the coverage of the Ti substrate was poor, as may be seen from the
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typical SEM images of anode HCED15F in figs. 6.1 (a) and (b), and the corresponding
EDX spectrum in fig. 6.1 (c).
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Figure 6.1 SEM micrographs of anode HCED15F (a) x50 and (b) x5000, and (c) an

EDX spectrum of the anode, taken from the spot marked with an “X” in (a).
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This poor coverage by the EDIL did not seem to affect the catalyst coating process, as
may be seen from figs. 6.2 (a)-(c) which show plots of the catalyst mass after 5, 10 ,15
and 18 cycles for (a) anodes HCED15A-D and (b) anodes HCED15E-H, and (c) the total
catalyst mass. The plots for anodes HCED15A-D show remarkable reproducibility,
whilst those for anodes HCED15E-H still show good reproducibility when allowance is
made for the electrodeposition problem with anode HCED15E.

The anodes HCED15 series were tested for activity with respect to ozone generation in
the polycarbonate cell using aqueous 0.5 M H,SO, as the anolyte and catholyte. Initial
experiments showed low currents, typically ca. 0.6 A, suggesting the current was scaling
with perimeter rather than area. Typical data are shown in fig. 6.3 for the current (a) and
current efficiency (b) observed during an electrolysis experiment employing anode
HCED15B.

The design of the polycarbonate cell was such that the geometric areas of cathode and
anode are < 35 cm?in total, with the aperture of the Ti frames employed (see fig. 2.4 (h))
being 24 cm?. The maximum anode area of 35 cm? was employed by Clarizon meaning
that the maximum counter electrode area was also 35 cm® Hence, unless the Pt/Ti
counter electrode had a significantly higher surface roughness than the ozone anode, the
electrolysis could be counter electrode limited. In order to test this, a new, freshly
prepared Pt/Ti counter electrode was employed, the electrolysis repeated and the data
plotted also in figs. 6.3 (a) and (b).

As may be seen, the replacement of the counter electrode had a marked effect, and one
that was observed with all the anodes HCED15 series, upon both the current and current
efficiency. Typically, at a cell voltage of 2.7 V, currents around ca. 2.0 A were
determined (greater than would be expected on scaling the currents typically derived
with the 6.25 cm? anodes in the glass cell), but some of this enhancement was almost
certainly due to the uniform and smaller electrode separation in the polycarbonate cell
compared to the glass (cell). In addition, very much higher current efficiencies were

determined, particularly with anodes HCED15E-H. The significantly higher currents and
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ozone current efficiencies required much higher anolyte flow rates, and the former led to

significant instabilities in the ozone UV absorbance due to vigorous bubble formation, as

may be seen in the plots of current and efficiency obtained.
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Figure 6.2 Plots of the catalyst mass deposited after 5, 10, 15 and 18 dip-coats for the
(a) anodes HCED15A-D and (b) anodes HCED15E-H. The mass at 0 dip-coats is the

mass of the EDIL.
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Figure 6.2 (c) Plot of the total catalyst mass deposited for the anodes HCED15 series.

The problem of gas bubbles occurred despite using a gas separator, see fig. 6.4. The
ozone gas was not measured; hence the current efficiencies so obtained are very likely to

be underestimates. The currents and current efficiencies derived for the anodes HCED15

series are summarised in table 6.3.

In general, the anodes HCED15 series did not show degradation after ca. 2 days
electrolysis in 0.5 M H,SO,4 at 3.0 V, see figs. 6.5 (a) and (b). As may be seen from the
figure, electrolysis did not affect the current, ca. 2.0 A at 2.7 V. Gas evolution was

vigorous, suggesting that the 10% current efficiency measured from the dissolved ozone

was a significant underestimate.
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Figure 6.3 Plots of (a) current and (b) current efficiency obtained during the
electrolysis of 0.5 M H,SO, in the polycarbonate cell at a cell voltage of 2.7 V using
anode HCED15B. The anode was tested twice: once using an old 5.0 cm x 7.0 cm Ti
frame-mounted Pt/Ti counter electrode, (aperture 6.0 cm x 4.0 ¢m) (m) and then again

using a freshly prepared counter electrode (e).
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Figure 6.4 The experimental system employed to measure the ozone activity of the

anodes HCED15 series. The anti-siphon device was employed to prevent the sucking

back of electrolyte from the reservoir.

Anode HCED15 Currentat 2.7 V /A Current efficiency /%
A 1.9 25
B 2.1 15
C 24 12
D (1) 1.4 6
D (2) 2.0 10
E 1.7 30
F 2.0 30
G 2.0 30
H 2.0 40

Table 6.3 The currents and current efficiencies for ozone determined using the anodes

HCED15 series in the polycarbonate cell and the system in fig. 6.4 cell voltage 2.7 V,
flow rate 240 cm® min™ 0.5 M H,SO, (static catholyte).
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Figure 6.5 Plots of (a) current and (b) current efficiency during three experiments using
anode HCED15D to electrolyse 0.5 M H,SO, in the glass cell. Experimental conditions
as shown on the figure. Experiment 1 (m), experiment 2 (e) and experiment 3 (A);
between experiments 1 and experiment 2 the anode was employed to electrolyse 0.5 M

H»S0O, in a beaker for 48 hours at 3.0 V. Counter electrode was Pt/Ti mesh.
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6.2.3 The anode Magneto series

Clarizon approached Magneto, a specialist electrode company located in The
Netherlands [5], to manufacture a batch of anodes according to the methodology
developed in Newcastle. The primary aims of this were to gain access to the company’s

expertise and to see if the technology developed in Newcastle could be transferred.

Twenty 7.7 cm x 6.0 cm etched and EDIL-coated Ti meshes were sent to Magneto
(cleaned and etched in Newcastle as per the procedures in Chapter 2), along with the
metal salts and instructions. In essence, the Magneto (MAGED1-20) anodes were
prepared via ED1/CC3; however, the catalyst coating was brushed on and the Sn" was
oxidised to Sn' prior to adding the AuCls by bubbling oxygen through the catalyst
coating solution for 2 hours. The target catalyst loading was 125 + 0.5 mg, before
removing the Ti wires and hence trimming the mesh to 7.0 cm x 5.0 cm ready for spot-
welding to the Ti frame. The characteristics of the anodes are shown in table 6.4.

Magneto anodes EDIL loading / mg cm™ Mass of catalyst / mg
1 0.79 126
2 0.75 127
3 1.06 125
4 0.84 127
5 0.98 128
6 0.72 125
7 0.78 127
8 0.70 126
9 1.02 126
10 0.95 124

11 1.04 129
12 1.03 125
13 1.08 128
14 1.03 128
15 1.05 128
16 0.94 126
17 1.17 128
18 1.17 129
19 1.23 125
20 1.12 126

Table 6.4 The EDIL and catalyst loading of the anodes Au/Ni/Sh-SnO, (MAGED series)
prepared by Magneto.
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Despite employing the lower furnace temperature, as may be seen from the table, the
EDIL loading showed a wide variation, i.e. from 0.70 to 1.23 mg cm™. However, the
distribution of the catalyst mass was very narrow indeed 124-129 mg, an excellent

result.

SEM and EDX were employed to characterize representative anodes from the Magneto

series, and compared to similar data obtained using HCED18N (prepared via ED1/CC4).

Figures 6.6 (a) and (b) show typical SEM images of anode HCED18N at x50 and x5000
magnification, respectively. The morphology was of the usual ‘cracked earth’ form, see
fig. 6.6 (b). As may be seen from fig. 6.6 (a), there seems to be significant difference
between the coating where the strands cross and on the strands themselves. This was
confirmed by EDX spectra taken where the crosses are in fig. 6.6 (a); see figs. 6.7 (a)
and (b).

Given the assignments of the EDX peaks of Ti, Sn and Sb (see table 4.5 and discussion)
it was clear that the catalyst coating was significantly thinner on the strands compared to
the crossing points since, at the former the peak due to Ti at 4.52 keV is clear, and the
Sb peaks due to the underlying EDIL dominate (3.62 keV, 3.88 keV, 4.11 keV and 4.37
keV). This was quite often found to be the case, irrespective of who made the anodes in

Newcastle.

For comparisons, figs. 6.8 and 6.9 show analogous data to those in figs. 6.6 and 6.7 for
anode MAGED3 which were typical of the series. As may be seen from fig. 6.8 (a), the
anode presents a more uniform topography than anode HCED18N, with no difference
between strands and crossing points. This was supported by the EDX spectra in figs. 6.9
(@) and (b). Figure 6.8 (a), however, suggests a more granular structure of the catalyst
than anode HCED18N. The layer appears to be continuous, with no cracks or crevices
and hence may provide a more effective barrier to electrolyte penetration. The EDX
spectra apparently show a 30% thicker catalyst layer on the crossway in agreement with
the SEM image in fig. 6.9 (a), but the relative intensities of the Sn and (Sn+Sb) peaks
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are 2.0:1 at the crossway and 1.8:1 on the strand, which were relatively close (especially
when compared to fig. 6.7 (b) where the ratio is 1:1). There were no significant Au
features. Thus it appears that the catalyst layer was more uniformly distributed across

the mesh, and more homogeneous in composition than was routinely obtained with the

Newecastle anodes.

18N x 50 spats 8 500 pm

18N 5000 ] 5ym

(b)
Figure 6.6 Typical SEM images of anode HCED18N (a) x50 and (b) x5000. The bars =
(@) 500 pm and (b) 5 pm.
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Figure 6.7 EDX spectra of anode HCED18N on (a) crosswire and (b) strand from the

locations marked with the X’s in fig. 6.6 (a).
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Figure 6.8 Typical SEM images of anode MAGED3 (a) x50 and (b) x5000. The bars =
(a) 500 um and (b) 5 um.
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Figure 6.9 EDX spectra of anode MAGED3 on (a) crosswire and (b) strand from the

locations marked with the X'’s in fig. 6.8 (a).
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Time did not allow all the nodes MAGED series to be tested for ozone activity; those
that were investigated were tested in the polycarbonate cell in the system depicted in fig.
6.10, which allowed both gas phase and liquid phase ozone to be monitored. Data typical
of those anodes that were investigated are shown in figs. 6.11 (a) and (b), which show
plots of current, solution absorbance and gas absorbance, fig. 6.11 (a), and efficiencies,
fig. 6.11 (b), obtained with anode MAGED13. The data were obtained using new
prototype software developed by Clarizon for controlling both the Hameg power supply

and the Astranet spectrometer.
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Figure 6.10 The experimental system employed to measure the ozone activity of the
anodes MAGED series.

As can be seen form figs. 6.11 (a) and (b), the current observed at the cell voltage of 2.7
V falls from ca. 2.9 to 1.8 A over the 12 minutes of the experiment, and was fairly
unstable. Such high currents clearly generate very high volumes of gas, 11.0 cm® per
minute (assuming 100% current efficiencies for O, evolution, for convenience) in a
solution volume of 200 cm®. The presence of such bubbles will cause fluctuations in the
solution resistance, as shown by the variation in the current; accumulation of bubbles in
the cell can cause blockage of the anode, which may be the reason for the fall in current

over the timescale of the experiment. Bubbles bursting will cause fluctuations in the gas
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phase O3 absorbance and light scattering by bubbles in solution will similarly cause
fluctuations in the solution phase measurements, hence the variations in the relevant
plots in fig. 6.11 (a).
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Figure 6.11 Plots of (a) current, dissolved and gas phase absorbance. (b) Dissolved, gas
and total ozone current efficiencies measured during the electrolysis of 0.5 M H,SO,4 by
anode MAGED13 at 2.7 V in the system in fig. 6.10. The anolyte flow rate was 200 cm®
min™ and the N, flow rate 40 cm® min™ (to dilute the gas phase, see Chapter 3). The
counter electrode was a Ti frame-mounted 7.0 cm x 5.0 cm Pt/Ti mesh, frame aperture

6.0 cm x 4.0 cm.
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Figure 6.12 show plots of current and total ozone current efficiency vs. the number of
experiments, such as that depicted in figs. 6.11 (a) and (b), measured at the end of the

experiments.
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Figure 6.12 The current (m) and total (gas + solution) current efficiency (A) measured
during five successive electrolyses analogous to the experiment depicted in figs 6.11 (a)
and (b), except employing anode MAGED13. The current and current efficiency was

measured at the end of each experiment.

The data are promising, but incomplete. The currents are very high (at 2.7 V cell
voltage) and efficiencies around ca. 10% at such currents yield large amounts of ozone.
However, whilst the data in fig. 6.12 are encouraging in terms of the durability of the

anodes, significantly more characterisation of the anodes is required.
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6.3 Preliminary studies on water/air cells

6.3.1 Previous work on polymer electrolyte membrane zero gap cells

The use of Nafion as the polymer electrolyte membrane in a zero-gap cell for
electrolysing water without added electrolyte was first reported by Stucki and co-
workers in 1985 [6]. In essence, ionic contact between the electrodes of such cells was
maintained by pressing the mesh or otherwise porous electrodes tightly either side of the
Nafion membrane. Studies using such zero gap cells to generate ozone have been
reported by Babak and co-workers [7], Katoh et al. [8], Onda et al. [9], Wang and co-
workers[3], Han et al. [10], Arihara and co-workers [11][12], Kraft et al. [13], Franco et
al. [14] and Cui et al. [4]. Most reports concern work using the configuration employed
in the Membrel Ozoniser reported by Stucki [6][15] and Babak [7] where a substrate
(typically porous Ti plate or mesh) coated with B-PbO is employed as the ozone anode
and Pt directly deposited on the Nafion membrane or on carbon cloth or Ti mesh as
cathode [9][10]. Boron doped diamond (BDD) electrodes have also been employed in
such zero gap cells to produce ozone directly into water [11][12][13] as have Ni/Sb-
SnO; anodes by the Hong Kong group [3][4].

The ‘Membrel’ type zero gap cells, using -PbO, and Pt electrodes pressed firmly either
side of the Nafion, generally give current efficiencies of 12-18% at room temperature, at
cell voltages of ca. 3.0 V [6][9][15]. The same cell configuration employing BDD
anodes give 24-47% current efficiency, but require significantly higher cell voltages, up
to 25 V [11][12][13]; all these systems employ high water flow rates through the anode

compartments of up to 24 dm® min™.

In the zero gap cells reported in references [3-15], oxygen and ozone are produced via

the electrolysis of water at the anode:

2H,0 — O, +4H" +4e (6.1)

3H,0 — O +6H" + 6¢ (6.2)
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and the protons pass through the Nafion to the cathode where they are reduced to

hydrogen gas:
2H " +2¢" > H, (6.3)

Such gas evolution may not be desirable in, for example, domestic applications. Thus,
Katoh and co-workers [8] were the first to report the use of an air, gas diffusion
electrode (GDE) as the cathode, as routinely employed in low temperature fuel cells

[16], where the cathode reaction is the reduction of oxygen to water:
0, +4H" + 4¢" — 2H,0 (6.4)

This has the added advantage of decreasing the cell voltage, and hence reducing the
power consumption, as E° for (6.4) is +1.23 V compared to 0 V for reaction (6.3).
Again, the anode and cathode were pressed firmly either side of the Nafion membrane to
ensure ionic contact between the electrodes and membrane. The authors achieved a
current efficiency of ca. 19% at a cell voltage of 2.2 V, although no details of the water

flow rate were provided.
A common factor of all the above studies is high current densities, up to 2.0 A cm™.

Professor Chan reported studies using a 6.0 cm x 4.0 cm Ni/Sb-SnO,/Ti anode in an air
breathing cell (i.e. passive air rather than flowing oxygen fed to the cathode as in the
work by Katoh et al. [8]) and using static water in the anode compartment [3]. He
obtained a maximum current efficiency of 15.2% at a cell voltage of 2.0 V. In a later
paper [4], Chan and co-workers reported work using 104 cm? Ni/Sb-SnO,/Ti anodes and
air breathing, porous carbon/Pt cathode which were hot-pressed either side of the Nafion
membrane to form a Membrane Electrode Assembly, prior to assembling the electrolysis
cell. 5% Nafion solution in alcohol was employed to facilitate good ionic contact
between the electrocatalysts and the Nafion membrane. In addition, Prof. Chan’s group

were the first to report studies on a cell stack (of 4 individual cells), each comprising 104
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cm? anodes. With a single cell, at a cell voltage of 3.0 V and water flow of 4.0 dm®min™,
Chan obtained an ozone current efficiency of 17%. Using the 4 cell stack at 3.0 V and
5.4 dm® min™, obtained 21%.

6.3.2 The fabrication of the first Membrane Electrode Assembly

The methods employed by Dr. Henriette Christensen to make the first MEA were
adapted from those developed in Newcastle to make MEAs for the Direct Methanol Fuel
Cell.

The air breathing cathode was prepared as follows: 1.2 g of XC-72R porous carbon was
added to 80-100 cm® of isopropanol in a 250 cm?® beaker and stirred for 2 minutes, after
which it was sonicated for 15 minutes. 20 g of 60 wt% PTFE emulsion (equivalent to 1.2
g of dry PTFE) was added with stirring for 2 minutes, followed by sonication for 30
minutes. One side of a 5.2 cm x 7.2 cm piece of Toray 90 (20 wt% PTFE) carbon paper
was coated with the carbon/PTFE slurry and left to dry in air for 1 hour. The loading of
carbon in this the Gas Diffusion Layer (GDL) was calculated by weighing the carbon
paper before and after addition. More slurry was added (and left to dry) as necessary to
attain a loading of 4.0 mg cm™.

The coated carbon paper was placed in a pre-heated furnace at 360 °C under N, for 15
minutes after which the furnace was turned off and allowed to cool to room temperature

before the carbon paper was removed.

Platinized carbon ink was prepared by adding a few drops of Millipore water to wet 1.5
g of 60 wt% Pt on porous carbon in a 100 cm® beaker, after which 60 cm® of ethanol was
added and the slurry stirred for 15 minutes. 5% Nafion solution was added slowly to
give a weight ratio of Nafion: Pt/C of 1:4 (ca. 45-50 cm®) with stirring. When the
addition was complete, the mixture was stirred for a further 2 minutes and then sonicated

for 30 minutes.
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The GDL was painted with catalyst ink and allowed to dry in air, after which it was
weighted. More catalyst ink was added until the target loading of ca. 3-5 mg cm™ Pt was

attained. The actual Pt loading was 3.7 mg cm™.

The Gas Diffusion Electrode (GDE, i.e. the cathode) and ozone anode were pressed onto
a Nafion membrane to form an MEA as follows. A 8.0 cm x 5.0 cm piece of Nafion 117
membrane was soaked in 5% H,O, solution for 60 minutes, washed thoroughly in
Millipore water and then boiled in 0.5 M H,SO, for 30 minutes, after which it was
washed again. The Nafion was blotted dry using Whatman filter paper and then placed
between anode HCEDS5A (mounted in a Ti frame) and the GDE; the catalyst coated Ti
mesh contacted one face of the Nafion membrane and the platinized carbon of the GDE
the other face. The anode/Nafion/cathode sandwich was then placed between the plates
of the Chauffante Elcometer press: to prevent adhesion to the plates of the press they
were covered with silicone-coated grease proof paper. The MEA was prepared by
pressing at 1000 kg and 130 °C for 3 minutes, after which it was removed from the press

and allowed to cool.

6.3.3 Testing of the first MEA and subsequent experiments

The apparatus employed to test the HCED5A MEA in single pass system is shown in
figs. 6.13 (a) and (b). The polycarbonate cell was laid flat, cathode uppermost, on the
Masterflex pump with the UV-Vis cell placed (vertically) immediately after the outlet
from the anode compartment. Figure 6.13 (b) shows the cell placed on its side to reveal

the ventilation holes to the air breathing cathode.

As may be seen from the fig. 6.13 (c), the onset potential for anodic current was ca. 1.0
V, ca. 1.0 V lower than observed in anodic electrolyte with hydrogen evolution as the
counter electrode reaction. This is somewhat more anodic than would be expected on the
basis of an E° of 1.23 V vs. NHE for oxygen reduction. Taking ca. 1.5 V as equivalent to
the usual cell voltage of 2.7 V employed in acid/acid experiments, it can be seen from
fig 6.14 that the current obtained at this cell voltage is only ca. 0.2 A; significantly less

than observed using the anode HCED15A in the acid/acid experiments (see section
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6.2.2), and very much smaller indeed than the ~2.0 A expected with an effective Pt/Ti
counter electrode. This suggests a high resistance somewhere in the cell, possibly due to

in sufficient compression.

HCED5A MEA Reservoir
Waste TN =T ' /

/

- - uvCent
A

MRSV s,
Power supply

Reservoir

(b)
Figure 6.13 Photographs of the apparatus employed to test the first Membrane
Electrode Assembly (MEA, employing anode HCED5A); (a) showing all the equipment
employed and (b) with the cell placed on its side to show the ventilation holes to the air

breathing cathode.
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Figure 6.13 (c) Current/voltage plot obtained using the water/air cell and system shown
in figs. 6.13 (a) and (b). Millipore water was pumped through the anode compartment

at 30 cm® min™.

Millipore water was pumped through the anode compartment at 30 cm® min™, and a
current/voltage plot obtained by changing the cell voltage on the Hameg power supply

and noting the current, see fig 6.14.

Figure 6.14 shows plots of (a) the current and absorbance, and (b) the current efficiency
observed during the single pass experiment using the HCED5A MEA. As may be seen
from the figures, the current efficiency at 1.6 V looked to be >10%; unfortunately, the
cell voltage was increased to 2.0 V and then 2.2 V, at both of which the efficiency was
ca. 5%, before steady state was reached. A second experiment showed very little current,
suggesting damage to the MEA had occurred, possibly delamination. To test this, a
single pass experiment was carried out using 0.05 M H,SO;, as the anolyte. If the anode
alone had delaminated, the use of a conducting electrolyte should restore activity. The

results are shown in figs. 6.15 (a) and (b).
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Figure 6.14 Plots of (a) current (m) and dissolved ozone absorbance (e) and (b) the
corresponding current efficiency () derived during the experiment employing the
HCEDS5A MEA. Millipore water was pumped through the anode compartment at 30 cm®
min™ and the cell voltages employed are as shown in the figures.
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Figure 6.15 Plots of (a) current (m) and dissolved ozone absorbance (e) and (b) the
corresponding current efficiency (#) measured during a second experiment employing
the HCED5A MEA. 0.05 M H,SO, was pumped through the anode compartment and the

cell voltages and anolyte flow rates employed are as shown in the figures.
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As may be seen, the current measured using the acid electrolyte (note: 10x more dilute
than normally employed in acid/acid experiments) was ca. 0.4 A at 1.6 V. The current
efficiency increased with anolyte flow rate (as was discussed in section 3.2.3)
presumably due to the entraining of more ozone into solution. At a flow rate of 250 cm®
min, a perfectly acceptable efficiency of ca. 22% was calculated. This fell to ca. 13%
at2.0Vv.

The data in figs. 6.14 and 6.15 support the postulate that delamination of the anode has
taken place. There may have been some delamination of the cathode, but this would
have required 0.5 M H,SO,4 to have been employed in the experiment in fig. 6.15 to
allow direct comparison with the current typically observed in acid/acid runs, and this
experiment was not carried out. However, when the cell was disassembled, delamination
of both the anode and cathode was observed, as shown in figs. 6.16 (a) and (b).

Delamination is evident from the pale areas indicating detachment had taken place.

Delamination remained a problem, and this appears to be inherent in the prototype
water/air cell design. A number of MEAs were made using AJ, MAG and HC series
anodes. In each case, initial experiments showed currents up to 1.5 A at 1.6 V and
efficiencies up to ca. 15%. However, with each subsequent experiment, the current
decreased, as did efficiency. Figures 6.17 to 6.19 show typical data; the figures show
results from, three sequential runs using an MEA fabricated using anode HCED22 series
(ED1/CC4) and air breathing cathode supplied by Johnson Matthey. The anode and
membrane were sent to Dr. Martin Hogarth at Johnson Matthey, and they were
laminated with the JM cathode at the company. This was carried out as part of
Clarizon’s strategy to identify potential sub-contractors to manufacture the components

of the Clarizon cells.

Figures 6.17 to 6.19 (a) show plots of current and dissolved ozone absorbance with time
and (b) the corresponding plots of current efficiency. The first two experiments (figs.
6.17 and 6.18) were carried out using Millipore water and the third (fig. 6.19) using tap

water passed through a domestic ‘Brita’ filter unit (see fig. 6.20).
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(b)

Figure 6.16 Photographs of (a) the anode and (b) the cathode side of the HCED5A MEA

after the completion of the tests on its activity.
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Figure 6.17 (a) Plots of current (m) and dissolved ozone absorbance (e) and (b) the
current efficiencies (#) on the successive experiment 1 carried out using a
polycarbonate cell employing an MEA comprising anode HCED22 (7.0 cm x 5.0 cm in
Ti frame), Nafion and a Johnson Matthey air breathing cathode. The experiments were
carried out in single pass experiment at 60 cm® min™ using Millipore water. Cell

voltages were as shown.
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Figure 6.18 (a) Plots of current (m) and dissolved ozone absorbance (e) and (b) the

current efficiencies (#) on the successive experiment 2 carried out using a

polycarbonate cell employing an MEA comprising anode HCED22 (7.0 cm x 5.0 cm in

Ti frame), Nafion and a Johnson Matthey air breathing cathode. The experiments were

carried out in single pass experiment at 60 cm® min™ using Millipore water. Cell

voltages were as shown.
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Figure 6.19 (a) Plots of current (m) and dissolved ozone absorbance (e) and (b) the
current efficiencies (#) on the successive experiment 3 carried out using a
polycarbonate cell employing an MEA comprising anode HCED22 (7.0 cm x 5.0 cm in
Ti frame), Nafion and a Johnson Matthey air breathing cathode. The experiments were
carried out in single pass experiment at 60 cm® min™ using tap water passed through a

Brita filter. Cell voltages were as shown.
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Figure 6.20 Photograph of the domestic Brita filter unit [18][19].

A Brita filter was employed to provide water typical of the quality that would be treated
by a domestic ozoniser. Such water would require treatment to remove Ca**, Mg®* and
other polyvalent cations (which cause ‘hard water’ responsible for deposits that block
plumbing) as these will reduce the conductivity of the Nafion membrane [16][17]. The
application of such a pretreatment system would not add significant complexity or cost

to the ozone unit.

As shown in figs. 6.17 to 6.19, for example from the regions of the plots where the cell
voltage was 1.6 V, there was a marked decrease in current over the experiments, from
ca. 0.75 A in experiment 1 to 0.3 A in experiment 3, and a concomitant decrease in
current efficiency from ca. 12% to ca. 3%. The decline appears to be more marked in
experiment 3 using Brita filtered water. This may be due to incomplete removal of
polyvalent ions or to delamination. Unfortunately, time did not allow this to be
investigated further.
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It is interesting to note that the majority of the studies on electrochemical ozone
generation using zero gap cells employ very high water flow rates e.g. up to: 1 dm® min™
[5], 33 dm® min™ [8], 2 dm® min™ [11], 667 cm® min™ [12] and 4 dm® min™ [4]. Given
that the solubility of ozone decreases as pH increases (see section 3.2.6), and f-PbO, and
BBD anodes demand high current densities (>1.0 A cm™) [5][6][71[8][9][10][11][14],
such high flow rates may be necessary simply to dissolve/entrain the ozone. However,
Kraft [12] suggests that high flow rates are necessary to minimize local heating effects
and the concomitant thermal decay of ozone. Cui et al. [4], who employ Ni/Sh-SnO,
anodes and current densities <60 mA cm™ [4], state that high flow rates ensure good
mass transport and the removal of products, particularly bubbles of O, and O3 which

would otherwise block active sites.

6.4 Conclusion

The data reported in this chapter are preliminary and it is clear that there is a significant
design flaw in the prototype water/air cell, in that there appears to be insufficient
compression of the MEA. This leads to high internal resistance, and hence low current
densities, and delamination. However, current efficiencies up to 22% were determined,
which is very encouraging and compares favorably to the 21% reported by Prof. Chan
using the same type of anode and cell [4]. This performance is generally superior to that
observed using B-PbO, in water/water and water/air cells, of 18%, although the current
densities employed in the latter systems are significantly higher [5][6][7]1[8][9][14]. It is
clear that higher current densities are possible with the Clarizon/Newcastle cell (see fig.
6.17 (a)), and hence higher ozone production rates should be possible once the design

flaws are remedied.

The current efficiency derived by Fujishima et al. [11] using a BDD anode, 47%, cannot
be matched (as yet) by the prototype cell developed in Newcastle. However, BDD
anodes in general require much higher cell voltages than Ni/Sh-SnO, electrodes and this
leads to significantly higher energy consumption; e.g. 140 kWh kg™ compared to 24
kWh kg™ for the data in fig. 6.15 (b). Furthermore, with the exception of the reports by
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Fujishima and co-workers, such high efficiencies have not been obtained using BDD

anodes.
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7. Conclusions and future work

7.1 Conclusions

The objective of this chapter was to explore the conclusions shown previously in each
chapter into one coherent argument and also to suggest the further work that would be
worth conducting on the basis of the results presented here.

A value of 3000 dm® mol™ cm™ was chosen as the most appropriate for dissolved ozone
and gas phase ozone at 255 nm and 258 nm, respectively, as recommended by the
International Ozone Association.

Cells and systems were commissioned successfully to allow the measurement of ozone
evolved in both single pass and recycle systems using Ni/Sh-SnO, anodes. In the latter,
it was found that ozone at the inlet of the electrochemical cell inhibits the evolution of
ozone. Thus, ozone current efficiencies of 30-40% could be routinely achieved in
aqueous sulfuric acid in single pass system at a cell voltage of 2.7 V, with efficiencies
up to 50% also determined. The optimum catalyst composition was found to be that
resulting from a 500:8:3 mole ratio of Sn:Sh:Ni in the catalyst coating solution. In batch
recycle system, current efficiencies were typically <10%; this was attributed to the
removal of key intermediates (Ozags, O'ags) from the anode surface as the components of
the electrochemical system (e.g. the membrane, cell material etc.) did not have an effect
with respect to the possible decay of ozone. Celgard 2400 cell separator was found to be
a promising alternative to Nafion when operating with agqueous acid anolyte and
catholyte.

When operating in single pass system, it was generally found that increasing the anolyte
flow rate resulted in a larger fraction of the evolved ozone dissolving in the anolyte, as

opposed to the gas phase.

After detailed investigation of the anode synthesis, it was found that the

electrodeposition step, to form the protective Electro Deposited Inter Layer (EDIL)
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around the Ti mesh substrate was a significant source of irreproducibility. However, the
remaining steps in the synthesis were refined successfully resulting in a reproducible

specify here (in terms of current, current efficiency and catalyst loading).

The Ni/Sb-SnO; anodes showed marked variations in durability, even within a particular
series; some anodes showed a stable performance over many experiments, others were
inactivated in hours. The deactivation appeared to be due to one or more of three
principle mechanisms: physical loss of catalyst (spalling); dissolution of Ni and
switching of ozone sites to oxygen evolution. In some cases, the anodes could be
reactivated by heating, presumably due to Ni diffusing to the surface from the bulk. In-
depth study of the active sites responsible for ozone generation was hampered by the
very low Ni content of the catalyst; this meant that the Ni content could not be
investigated by EDX or even XPS. Towards the end of the project it was found that ToF-
SIMS was sensitive enough to detect Ni, but time did not allow the approach to be
investigated in any detail. The use of Au as a means of improving durability was
investigated, based on reports in the literature that showed that adding Pt to Sb-SnO,
anodes improved durability by disrupting the surface and hence preventing passivation.
However, no beneficial effect was derived with additions of Au.

The synthesis of the Ni/Sb-SnO. anodes was scaled up successfully from 6.25 cm? to
35.0 cm® and the latter anodes were employed in preliminary experiments using
membrane electrode assemblies, or MEAs. The MEAs consisted of a Ni/Shb-SnO, anode
and Pt/porous carbon, air breathing cathode hot-pressed either side of a Nafion
membrane. These allow ozone to be injected directly into water (with no added
electrolyte) with oxygen reduction, rather than hydrogen evolution, taking place at the
cathode. Promising current efficiencies of up to 22% were derived, but the cell required
significant redesign to overcome problems associated with poor compression, and hence

a high internal resistance.
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7.2 Future work

In terms of future work, the nature of the active site requires urgent investigation using
ToF-SIMS, and a structure/composition-activity correlation established. A detailed,
mechanistic study of the effect of ozone on ozone generation should be carried out using
a rotating disk, or rotating ring disc, electrode, looking at Tafel slopes etc. as a function
of the dissolved ozone concentration. Similarly, a detailed study of the
failure/deactivation of the Ni/Sb-SnO, anodes should be carried out and hence the
reason why some anodes are durable established and exploited. Finally, MEA

fabrication and the water/air cell design should both be optimized.
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Calculation of the Inner Galvani potential difference, é¢,, across the anode/electrolyte
interface.

From Section 3.3, the Inner Galvani potential difference [1] at the anode ¢, is given by:
0 = |VceII| - jReIec - jRNafion - |770| (D)

Where the resistance R’ (€2 cm?) of a medium of thickness x and conductivity « (Qcm™

1 is given by [2]:
R'=x/k @)
In order to determine the overpotential at the cathode, n, it is necessary to calculate the

current density at the cathode, jcam, for a set of typical experimental parameters; this is

obtained from a consideration of equation (5) and the limiting current density, ji_cath:

j 71 pt) ©)

joe(ﬂm f) joe(-ﬂcn f)

1+ . -

JL,An JL,Cath

Equation (3) is derived in order to remove the indeterminate concentration terms in the
Butler-Volmer equation (see equation (8) below), and this is achieved as follows (for

simplicity, micro-convection effects due to bubble evolution are neglected).

Taking the limiting current density first, a typical electrolysis reaction involves the
transfer of charge between an electrode and a species in solution. Consider a current
density j passing through the glass cell where O is being reduced to R at the cathode in a

1-electron process:
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K
Reactant (O) + € <> Product (R) 4)
W

At a sufficiently high cathodic potential to neglect the reverse reaction, a diffusion
gradient will be set up between the bulk and surface concentration of O, Co,° and Coy’,
respectively, see fig. Al. The diffusion layer thickness oy is the distance from the

electrode beyond which convection maintains the concentration of O at the bulk value.

0

Cox
=
=
£
=
]
=
=
=]
&

S

Cox

0 w aN

0 Distance from electrode

Figure Al The diffusion layer.

The cathodic current density for the reduction of O to R will be given by

 —F D.(c3-C3) (5)
Jcath - Sy

Where Doy is the diffusion coefficient of Ox. The highest, or limiting, cathodic current

density obtainable, jican, Will be when Co,® = 0, hence:
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| _=F Do.Co (6)
L,Cath 5N
At a Pt/Ti cathode:
H™ +e- — ¥H;, @)

o is rather indeterminate, and a number of values are quoted in the literature, see for
example [3]. An intermediate value of & was chosen of 5 x 10 cm; using Cox° = 0.5 X
10 mol cm™, F = 96485 C mol™ and the diffusion coefficient of the proton, Doy = Dy
=7.80 x 10° cm? 5™ [4] gives ji cath = -0.75 A cm™.

The equation relating current density (j) to the forward and reverse reactions of a redox

couple under mass transport control is the Butler VVolmer equation [5]:
=k Cael?1 |-k Cael P 7| ®

Where ks and k; are the forward and reverse rate constants, Creq®, Cox are the surface
concentration of reactant and product, respectively. S, and fg are the anodic and
cathodic transfer coefficients, which can be approximated to 0.5. 7 is overpotential (7 =
E - Eeq Where E is the electrode potential and Eeq the potential defined by the Nernst
equation at zero net current) and f = F/RT = 38.9 V™.

At equilibrium, j = 0, and hence:
j=0={kCi.e” |- k.Cog P '] ©)

Also at equilibrium, Creq® = Crea” and Co,® = Cox’, hence;
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K:Cres = J, =k.Cox (10)

Taking the ratio of (5) and (6):

| {FDJC&—CQ}
i

_ O (11)
Jican [Fmﬁﬂ
O
and re-arranging:
o ce-c:) (12)
JL,Cath ng

In terms of the net current density, the electrochemical process at the surface will be the

algebraic sum of the anodic and cathodic current densities jcam and jan.

From (12):
- Cal JJ e 1) (13)
Similarly: c: :Cgeu(hm‘ j) (14)
e jL‘An

Replace (13) and (14) into (8) and remembering that jca iS @ negative number.

@%“ﬁymw—de

L,An JL cath

(j L Cath ™~ j)e(_ﬂcn ") (15)

J=K:Crea
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From equation (12):

K(Crs= J,=k.Ca. (10)

(15) becomes:

j_{J(JLAnJ)[MfJHJ(JLmJ)(ﬂm] (16)

JiAn JLcath

d o dem_ T gt || deew d | gt (17)
J0 J L,An J L, An JL,Cat JL,Cath
_j:e[ﬁm f)_ Je(ﬁnfj _e(—ﬁcn f, Je[_ﬁ77fj (18)
Jo JL,An JL,c th
f
_J JeW ) . je At _gBat) -pat) (19)
Jo I Jocan
ESCLEANN AN NP AT 20
Jo J L,An -l L,Cath
- f . - f
jl e A Y SR AT 1)
JO JOJL,An JOJL,Cath
- (ﬂmf] ﬂnf
j 1+ Joej - J J ((ﬂN7 f )—e(_ﬂcﬂ f )) (22)
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jo(e( panf)_o B f J] €)

N joe(-ﬁmf) ) joe[*ﬁcnf]

J L,An JL,Cath

Assuming that the cathode is operating at sufficient overpotential such that |exp(-fcn /)|

>> |exp(Ban /)|, i.e. the reverse reaction (1/2H, — H™ + €) can be neglected:

- J'O(e(ﬂ 7 )j (23)

J_
1 _ﬂc f
1+ 7109( ! )

J L,Cath

Using equation (23) with the exchange current density for H, evolution at Pt =7.94 x 10°
* Acm?in 1 M H,SO, [6], approximating fc as equal to 0.5, f = 38.9 V' and j_cat = -
0.75 A cm? a plot of current density was obtained as function of hydrogen

overpotential, see fig. A2:

Figure 2 was then employed to calculate the hydrogen overpotential at each current
density measured in the experiment in fig. 3.25 on page 108 of the thesis. The
remaining terms in equation (1) were determined as follows: from equation (2) the IR

drop across an electrolyte of thickness x due to a current density j is:

IRdrop =AV = % (24)
K

Retec” Can be calculated from the conductivity of 0.5 M H,SO, at 20 °C = 0.21 Q™ cm™
[7] with x the total electrolyte thickness; two values of x were employed, of 0.4 cm and
1.0 cm, as representative of the typical and ‘worst case’ separation of the electrodes

either side of the Nafion membrane. Ryafion” Can be calculated from the conductivity of

296



Appendix

Nafion 117 membrane, 0.16 Q™ cm™ [8] and the thickness of the membrane, 0.0183 cm

[9]. Thus, o¢, was calculated as a function of current density from equation (1) see fig.
A3. A typical current at a cell voltage of 2.7 V was 0.24 A, equivalent to a current
density of 38.0 mA cm%; from fig. A3, taking a total electrolyte thickness of 4.0 mm as a

typical value gives 6@, = 2.3 V at this current density.
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0.06 -
0.05-
0.04 -
0.03-
0.021
0.011

0.004 : : . :
-025 -020 -0.15 -0.10 -0.05
Hydrogen overpotential /V

|Current density| /A cm?

—

0.00

Figure A2 Plot of the magnitude of the cathodic current density as a function of the

overpotential at the hydrogen-evolving cathode, calculated from equation (23).
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—— (i)

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Current density /A cm”

Figure A3 (i) The cell voltage vs. current density plot from fig. 3.25, uncorrected (m) for
IR drops etc., and the Inner Galvani potential difference across the anode, o¢,, Vvs.
current density calculated for a total electrolyte thickness of (ii) 0.4 cm () and (iii) 1.0

cm(A).
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