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Abstract

This paper reports the effect of employing Ni & &tde precursors (instead of chlorides) in the
preparation of Ni/Sb-Sn{anodes on the activity and selectivity of ozornedprction in 1.0M

HCIO,. The effect of catalyst loading, Ni content ie frecursor solution, furnace temperature and
constant current densitg constant cell voltage operation is reported. @jpgmum composition

was found to be Sn: Sh: Ni = 100: 6: 1, giving axmmum current efficiency of ca. 38% at a current
density of 100 mA cff, the latter higher than previously reported. @heability of anodes

prepared using NiO and &b at 550 °C during electrolysis at 100 mA€in 1M HCIO, was

found to be 200 hours, again significantly highert Ni/Sb-Sn@anodes prepared using the

chloride precursors at lower temperatures.

Keywords
Ozone, Ni/Sb-Sng) electrolysis, efficiency, activity, durability.
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1. Introduction

Electrochemical ozone production (EOP) was inves#ig by Schénbein in the early 1808'Since
then and up to 1982, Pt and Rhv@re the only anode materials that had been imastl { and
references therein). Due to the poor ozone cug#iciencies observed near room temperafote,
ceased to be of interest after 1982, (with one gtime, se€’), whilst B-PbQ continues to be
researched with respect to EOP (see, for exarfiple|n recent years, a number of alternative
materials have been reported as being active afodE©OP" including: Ti0,°®, glassy carbon
IrO,-Nb,Os 1 tantalum oxidé® **> and more recently Ni/Sb-Sa&'*®and Boron Doped

Diamond (BDD)*"**

To date, only two electrode materials have prosgable of generating ozone with efficiencies >
20% at room temperature and using solutions thatod@ontain expensive fluorine-containing
anions: Boron Doped Diamond (BDBY?* and Ni/Sb-Sn@"“**® ??! |n general, BDD anodes are
employed primarily for the oxidation of speciesiiution®, via the production of OH radicaf$

%0 and have only shown high activity and selectitityards the electrochemical generation of
ozone in water containing no added electrolytas tiot clear that ozone is expected to be a major
product at such anodé$

The first report concerning the generation of @uosing Ni/Sbh-Sn@was by Wang et al. in 2005
' using a UV Vis cuvette as the electrochemicdlaedl a catalyst-coated 8 mm x 8 mm Ti foil
anode in aqueous acid electrolyte, the authorgtegaurrent efficiencies as high as 36% at fairly
low current densities (< 20 mA ¢ In 2009, Christensen and co-work&tseported current
efficiencies of up to 50% in acid solution using 6nf Ni/Sb-SnQ-coated Ti mesh (ca. 50% open
area) at current densities of 30 — 40 mA“dgeometric area). More recently, Parsa and AbBasi
reported a maximum ozone current efficiency of $8u&ing 6.3 cNi/Sb-SnQ Ti mesh anodes

in acid solution, no current density data were wled. However, the cell employed was an open
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beaker, and no experimental details were giveo asdcisely how the ozone measurements were
made. Further, on the basis of the data presemtée paper, the extinction coefficient employed
by the authors for the absorption of ozone at 268was 4700 M cmi?, significantly higher than

the values typically employed in the literature3aD0 + 200 M crit ** 19 33%nd that
recommended by the International Ozone Associaf@000 M* cni* **. Parsa and Abbasi appear
to have employed the erroneous value of the eitimeoefficient used by Wang et'd this group
later employed a value of 2900Mm™ *’. In addition to the incorrect extinction coeféot, the
ozone absorption peaks observed by Parsa and Addaated from Gaussian shape at higher
ozone concentratiorfs. Finally, the maximum of 53.7% current efficiensgis seen only as a
single data point, with the efficiencies tending/énd steady state values < 20%. Hence, the claim

by the authors of such a high efficiency is somewghapect.

Ozone current efficiency is generally observedtwease with current density when using non-
Ni/Sb-SnQ anodesdg. PbQ, Ptetc) #1719 38404t |east up to a point, after which it either
remains constant or decreases (most studies aldtieochemical generation of ozone employ
constant current rather than constant potentiakbvoltage); hence it does not seem unreasonable
to postulate that the resistivity of the catalgster is likely to be an important factor in ozone
activity. Undoped Sn©should be an insulator, and hence its resistidiga. 7.25 x 100 Q cm is
taken as evidence for a defect structure incorpayag. O vacancies or adventitious donors
SnG anodes are usually doped with Sb to improve timelactivity of the electrodes (resistivities
ca. 10°- 10°Q cm™* %3, with the Sb (as Sb *°) replacing Sfi" due to their similar ionic radif
and hence no change occurs in lattice paraméteResistivity initially falls with Sb doping, but
then increases at higher dopant levels due tinttweporation of Sb(lll) centres' “°which act as
trap sites for the electrons generated by SB{V) There is some disagreement as to where the
minimum resistivity occurs in Sh-doped Sn@hodes, e.g.: Kétz and co-workétseport this as
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being between 4 and 9 mol.% Sb, whereas Lehmanridinét*’ and Chopra et &f suggest 0.4 —

3 mol.% Sb.

The original work on Ni/Sb-Sng{by Chan and co-workef§ employed Sn, Sb and Ni precursors in
the dipcoating solution at a mole ratio of 500:8tkE actual composition of the as-made anodes has
proved extremely difficult to determine due to theey small amount of Ni presefit and remains a
challenge’’. Chan and co-workers employed ICPMS to studyctmposition of their anodes

they found that, whilst Ni could not be detectéx® tatio of Sn to Sb in the catalyst layer was 7:1,
suggesting significant surface enrichment by Shmfantseva and co-worketshave also reported
that the actual concentration of Ni in Ni-doped S(@. without Sb) can deviate from that
expected on the basis of the concentrations ohNiZn in the coating solution. However, Kotz et
al. *®* using spray pyrolysis observed a 1:1 correlatiefveen Sb in the coating solution and that in
the catalyst film. In our studies, it has not prd\possible to obtain reliable data using EDX, and
hence we have employed XP$hd ToFSIMSto try and detect and quantify the Ni contentiin o
anodes. Again, it did not prove possible to defaising XPS and, whilst TOFSIMS did detect the
presence of Ni, the nature of the technique preduts quantification. Thus, in the text below,
reference is made only to the Ni, Sb and Sn contipasiof the precursor solutions employed to

produce the anodes.

! XPS was performed using Kratos AXIS ULTRA instrurnin the Centre for Surface Chemical Analysis in
Nottingham University.
% TOFSIMS was performed using ToF-SIMS version IVNKDoF GmbH, in the Laboratory of Biophysics and{8oe

Analysis, School of Pharmacy, Nottingham University
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The fact that the addition of very small amountdlofo Sb-doped Sn{changes the material from
essentially inactive with respect to electrocheiheane generation, to an active and highly
selective ozone anode is remarkable and couldanat heen predicted. However, the mechanism
by which G evolution takes place at Ni/Sb-Sp@hodes remains obscure, not least as a restie of t
lack of quantitative analytical data on the Ni @it In one of the first papers by Wang et‘al.

the authors make some general observations orosgye effect of Ni upon the physical
characteristics of SnO In a later papef’, Wang et al. present XPS data on Ni/Sb-Safbdes and
state that a peak at 855.6 eV was due to thegNi2ansition and that all the Ni in the film was in
the +3 oxidation state, but the authors did notylate a mechanism. However, in the XPS
spectrum referred to, no feature is visible atsgpecified energy. Further, Yang and co-workérs
report XPS data on Ni/Sb-Sp@nodes in which a band at 856.3 eV is evidentfieomd which the
authors conclude that all the Ni present is in+tBestate (NiO and/or Ni(OH) Parsa and AbbaSi
also postulate the presence of Ni(lll) in their®/SnQ anodes, albeit without any experimental
evidence, and they postulate a mechanism in whieNi(l1) facilitates the adsorption of

molecular oxygen; water is then oxidised to OHcaldi at neighbouring Sb(V) sites and these react
with the adjacent adsorbed @ give HQ radicals which are rapidly oxidised ta.QUntil

definitive and quantitative analytical evidencetba composition of Ni/Sb-Snanodes to allow
structure/activity correlations to be made, attentptunderstand the mechanism of ozone

generation at these materials will remain specrdati

Although there is a number of reports in the litera on the durability (or service life) of Ti/Sb —
SnQ anodesd® °#*° there is a lack of detailed studies on the diitghif Ni-doped Sb — Sn©
anodes. In the absence of Ni, the service lif@BEb — SnQ@ anodes is defined as the electrolysis
time at which the anode potential increases rapaliyore than 5 V vs. the reference electrode

under the operational conditions employéd® Correa-Lozano et al. found that the servicedife
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Ti/Sb — Sn@ anodes was only 12 h at 1000 A, but could be increased to 1150 h by reducing
the current density to 60-200 ATY. A number of papers report attempts to improeedtrability
of these anodes, for example: Vicent et‘astudied the addition of Pt to improve the senliiseof
Ti/Sb — Sn@ anodes at 40 mA cfin 0.5 M K;SQj, and showed that a service life of 760 h could

be obtained Montilla et al®**°

also found that the addition of trace amountstabRhecoating
solution improved the service life of Ti/Sb — Srédodes from 300 h at 10 mA &in 0.5 M
Na;SQ; solution buffered at pH = 6.9 to 990 h at 50 mA%nXPS data, taken together with the
results of electrochemical experiments, were imeggal by Montilla and co-workers as strong
evidence for the deactivation of Sb-Snfa the formation of a passivating OH-containing lager
the SnQ/electrolyte interface. Pt was postulated as preng this, and hence significantly
extending the service life; with added Pt, deatiivawas postulated as occurring through long

term attack on the Ti substrate and the formatiammassivating layer at the Ti/catalyst interface,

possibly TiQ.

To our knowledge, the only literature reports om dirability of Ni/Sb-Sn@anodes are by
Shekarchizade and Amifii, who reported a service life of about 600 min fa best anodes at 200
mA cm?in 0.1 M HSQ,, and Parsa et & who added carbon nanotubes to the coating solution
and achieved up to 17 hours (compared to 3 h witth@unanotube¥) during which the voltage

increased up to 3.49 V at 53.5 mA€in 0.1 M HCIQ.

It is interesting that small changes in the conpmsiof the precursor solution (such as adding
carbon nanotubes) can have such a marked effentdypability. Rather than explore the effect of
additives, given that all the work reported on WHSNQ to date has been carried out using anodes
prepared from chloride precursors and furnace teapes< 520°C *#1°-22:27. 3754 does not

seem unreasonable to explore the effect of: (inghma the Ni and Sb precursors from chlorides to
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oxides (given that SnOs commonly doped with Sb using-8k °>" °9 and (ii) furnace temperature.
The activity and selectivity of the anodes so postlwere characterised in terms of: catalyst
loading, Ni content in the precursor solution, fare temperature and constant current/voltage
operation. In addition, the durability of the apedvas investigated by electrolysis in 1M HEIO
Further, it is clear that the development of Ni/St anodes is still at a somewhat early stage,
with some fundamental questions remaining unansiyspecifically, how durable can these
materials be and what magnitude of current demsitythey sustain? This paper seeks to address

these questions.

2. Experimental

2.1 Anode preparation and electrolytes

The catalysts were prepared according to a metbggaimilar to that reported previousfy

except that the Ni and Sb chlorides employed asupsers were replaced by oxides. Thus, 2.5 cm
x 2.5 Ti mesh substrates were pre-treated by lgpihirl0% oxalic acid for 30, then cooled down to
room temperature and sonicated in Millipore water3d0 min. The Ti mesh substrate then dip-
coated from ethanolic solutions of Sp6H,O (Puriss min 98%, Riedel-de Haén),Gh(A.C.S.
reagent 99.9 +%, Aldrich) and NiO (A.C.S. reagemB%b, Aldrich). SnGl5H,0 was dissolved in
pure ethanol (ACS, > 99.5%, Sigma-Aldrich);Spand NiO were first dissolved in 2.5 &rof

HCI (Puriss min 37%, Riedel-de Haén) and then addeke ethanolic Sngkolution. The
concentrations of Sn and Sb in the coating solstigare 91.40 — 93.80 at.% and 5.87 to 6.02 at.%,
respectively; the Ni concentration was varied betw@.14 and 2.73 at.% corresponding to Sb:Ni
mole ratios between 2.2:1 and 43.0:1. The meshsas dyeped in the coating solution for 1 — 2 min,
dried in oven at 100 °C for 15 min and then calgimefurnace for further 15 min. The coating
cycle (dipcoating, drying and calcining) was repela20 times® °9. After the 28' coating cycle,

the anodes were calcined for 75 min. The furnacgésature was 550 °C unless otherwise stated.
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Note that an interlayer was not employed, for reasons that will be covénemisubsequent paper.
HCIO, (Puriss, Fluka) and ethanol as well as all othenacals were used as received without
further purification. SEM and EDX analyses wergied out using a JEOL 5300LV SEM at 25 kV.
In the text below, all references to the conterftiodnd Sb refer to the composition of the precurso

solutions.

2.2 Electrochemical cell and systems

Millipore Milli-Q water (18 MQ cm) was used to prepare all solutions. The sipgs (flow)
system employed in the work reported in this papshown in fig. 1; the electrochemical cell
comprised two pyrex glass halves of oval sectionrttaground glass flanges. The sections were
clamped together on either side of a Nafion 117 brame, sealing being achieved by means of
silicone O-rings between the ground glass flangelsraembrane. The volume of each half of the
cell wasca. 100 cni. 1.0 M HCIQ, was employed as the anolyte and catholyte, whistekept
separate by the membrane; both electrolyte analgg¢hwere supplied from a glass reservoir via
polyethylene tubing (Portex 800/012/425/800 7.0 mi®.5 mm), with the catholyte static. The
counter electrode (cathode) was a 5>\ cm platinised Ti mesh (at which hydrogen evoluiti
occurred), and the cell voltage across the ozondeaand Pt/Ti cathode was controlled by a TTi
TSX 1820P programmable DC PSU. All experiments wereducted at room temperature, 20 — 25

°C.

The anolyte was pumped from the cell to a pyresgtgas separator via PE tubing using a
Masterflex Digital Standard Cartridge Pump (Colénia), flow rate 30 crhimin™ unless otherwise
stated. Any ozone not released from the anolyte puanped through a 1 cm pathlength UV-Vis
cell (Astranet). Nitrogen gas from a cryogenicHodi was employed to dilute the gas exiting from

the separator at a carefully-controlled rate (tghjc80 cn? min™) using a Cole-Palmer WU series
8
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flowmeter system and the gas phase ozone condentrabnitored using a second 1 cm pathlength

UV-Vis cell (Astranet). The gas-phase ozone thdmested into a fume hood.

2.3 Durability studies

To assess the durability of the new catalyst foatioh, anodes were electrolysed in a 258 cm
beaker at 100 mA cfin 1M HCIO, using a 5 cm x 5 cm Pt/Ti mesh as counter eleetrdthe cell
voltage was monitored throughout the electrolys&isintervals, the activity and selectivity of the
anodes towards EOP were assessed in the glags sieljle pass mode at 100 mA éim 1M

HCIO,; the total current efficiency was calculated frihma gas and solution ozone absorbances at

steady state (each experiment was rurcéod5 — 20 minutes).

2.4 The calculation of current efficiency

For a given flow ratg (cm® min™) of fluid having ozone present at a concentratiamd giving an
absorbance A, the moles rliof ozone passing the UV Vis flow cell, (dn/gf)sureq iS:
(dn/dt)neasured= Af/1000.£cl (1)
where | is the pathlength = 1 cm aid the molar decadic extinction coefficient of oec= 3000
mol™* drm® cmit *%. Assuming a 6-electron process for ozohe
3H,0 - 6H +66+0; E =1.51VvsNHE (2)
dn/dt (in mol mift) assuming 100% current efficiency is:
(dn/dth o9 = 1.60/6F (3)
where | is the current in Amps and F the Farad&$89 C mol. Hence, the current efficiendy
in % is given by:
® = 100%.(Af6F/1000.cl.60.1) = 0.32 £/l /% 4

and is that percentage of the total current geimgratzone.
9
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3. Results and Discussion

3.1 EDX and SEM

Typical SEM images of the electrodes prepared uiagprecursor solution containing 93.3, 6.0
and 0.7 at.% Sn, Sb and Ni (respectively) are shaviigs. 2(a) and (b): fig.2(a) shows an image
taken of an intersection of two strands of the masl fig. 2(b) of an area on a strand, both at
x5000 magnification. It was generally observedt the coating on intersections exhibited a

cracked morphology; an observation made by othekeve®>?’

and generally attributed to thermal
shock during the sudden cooling caused by withdrgwtie anodes from the furnaewhilst the
coating on strands presented a smoother appeasggesting a thicker coating on the
intersections. The latter postulate is supporieBDX spectra of the same regions of the mesh, see

figs. 2(c) & (d) and the peak assignments in tdbldhe peak near 4.52 eV in fig. 2(d) may be

attributed to the underlying Ti substrate, detechee to the thinner catalyst coating on the strands

3.2 Activity and selectivity vs catalyst loading

Figure 3(a) shows a plot of catalyst loadusghumber of dipcoats; these anodes were made to
explore the effect of catalyst layer thickness dlivdly etc; each data point is the average of two
anodes prepared in an identical fashion. The edtdb of Sn:Sb:Ni was 93.3:6.0:0.7 in the
dipcoating solution. There is a fairly linear tedaship between the number of coating cycles and
the amount of catalyst deposited. Figure 3(lboy&h(i) the corresponding current densities

(measured in single pass mode) and (ii) the tgtd ¢ solution) current efficiencies.

Figure 3(b) shows that, up to a catalyst loadingj.6fmg crif, current density and current
efficiency increase, suggesting that there is aremse in the number of ozone and oxygen active
sites, and that the ratio of the former to theeladso increaseg. a greater proportion of the sites

are active for ozone as the loading increasess, Tinturn, suggests that the catalyst is poroak su
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that the active sites are not confined to the ‘getniti surface of the anode, and that there is,
perhaps, some surface enrichment by Ni, favourzgmne formation over oxygen evolution, as was
observed in our previous studi@sFigure 3(b) also shows that, after 8 dipcoasirésponding to
1.0 mg cnif), the ozone current efficiency remained constautthe current density continued to
increase with catalyst loading, albeit more sloimlagreement with the work of Wang at‘4land

in contrast to Parsa et af.who found that the ozone current efficiency inseshwith increasing
catalyst loading, although they prepared only 8tebeles (according to optimum composition of
Wang et al**) with 4, 8 and 12 coating cycles without statihg tatalyst loading on the mesh.
Thus, above this critical loading, the number gfa@d Q active sites continues to increase, but the

ratio of the two now remains constant.

3.3 Comparison of constant current vs constant voltage operation

Figures 4(a) and (b) show the effect of currentsdgrand cell voltage on current efficiency
(solution, gas and total) at constant catalystitggcalso shown in the figures are the cell voltage
observed at each current density or the currergityembserved at each cell voltage. The anode had
the composition Sn: Sh: Ni = 93.3 at.%: 6.0 at.%:d1.%, and comprised 10 coats (loading 1.4 mg
cm?). There are clearly very marked differenceteims of the current efficiencies observed
during the two sets of experiments. It should beed that each data point in figs. 4(a) and (b)
represents a steady state measurement aftér minutes at that particular cell voltage or eatr
density. To our knowledge, Parsa et‘aivere the only research group to have studiedfteete

of constant current density on the ozone currditiency using co-doped Ni/Sb — SpQvith and
without carbon nano-tube anodes), and found tleacttinrent efficiency increased up to ca. 25 mA
cm?, after which it declined sharply. In a separapay, Parsa et & reported that ozone current
efficiency also exhibited a maximum as a functiboeall voltage, an observation supported by

Wang et al'* and in contrast to our data.
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Figure 4(c) compares the total current efficiencleserved as a function of current density and cell
voltage (both plotted against current density ingolosr observed, respectively) and the power
consumption. From fig. 4(c) it can be seen thatlen both constant voltage and constant current
density operation, the total current efficiencysigo a maximum with increasing current density,
then remains essentially constant. This transtimppens near ca. 10 mA €érat constant voltage
and ca. 60 mA cifat constant current density. Moreover, the maxinourrent efficiency
observed is higher at constant voltage. In génels) anodes also show increasing current
efficiency up to some limiting current density (iyaly 1A cri?, but this value depends upon the
electrolyte?), before levelling out and becoming independerguwsfent density > *® *%°! There

are exceptions, however; for example, Onda and ataers®* and Awad and Salehwho observe
ozone current efficiency passing through a maximith increasing current density. Boron doped
diamond (BDD) electrodes also show current efficyeboth becoming independent of current
density'® and passing through a clear maximtimin contrast to Pb)BDD and the anodes
prepared in Newcastle, Ti® /, Pt®, C° and TaQ ** **show increasing current efficiency with
current density; however, this may be due to insigfit current density being applied and hence
the transition in behaviour not being attained ,iNB,Os shows an onset current density for ozone

evolution that varies with Ir§content' .

It is not immediately clear why constant voltagewdd yield higher current efficiencies.

As can be seen from fig. 4(c), the variation in powonsumption observed is identical for the two
sets of data, reflecting the fact that the sametrelehemical cell and system were employed and
that there is a 1:1 correlation between imposeteatidensity and the cell voltage observed on the
one hand, and imposed cell voltage and the cudemtity observed on the othefhe data in fig.
4(c) suggest that local heating effects are no¢desl. Early workers in electrochemical ozone

generation (seefor an excellent review of the early work) toolrsficant care to cool their anodes

12
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to avoid heating as it was shown that current iefficy generally increased as temperature was
decreased’ and references thereih®™ °> with temperatures down to -60 °C being foundeo b
particularly effective” ®. Lash and co-workefS showed that high current densities resulted in
local heating of the anode which obscured the &efiteect of such current densities on current
efficiency; the authors were able to deconvolueedfiect of local heating by careful cooling of the
anode. However, all the above workers employexifeigntly higher current densities than those

reported in this paper.

3.4 Optimisation of the Ni concentration

Figure 5(a) shows the effect of Ni concentratiothia dipcoating solution on the current density
and current efficiency. Each anode comprised 8adifs with mean loadings of 0.94 + 0.10 mg cm
2 and each datapoint was the average of two 15miB0te experiments with the ozone efficiency

measured at steady state.

As may be seen from the figure, the current demsityains essentially constant as the
concentration of Ni is increased in the catalysiaol.04 at.%; however, there is a 45% increase in
current efficiency over this range, from 20 to 29%. This suggests relatively littteange in the

total number of active sites but a very markedaase in the ratio of 20 O, sites, in line with the
postulated key role of Ni in thes@ctive site. At higher concentrations, the curedficiency

appears to remain constant, or decrease slightigreas the current density shows a sharp decline.
The data in fig. 5(a) are in broad agreement witghwork of Shekarchizade and Amffiand Wang

et al.*® the former found that ozone current efficienayre@ases with increasing Ni in the coating
solution up to an optimum, although they obsenmeddptimum Ni concentration to be ca. 0.2 at.%
(and an optimum Sb concentrationcaf 2 at.%). Wang et al. observed an optimimum iefficy at

a concentration of 0.71 at.% Ni in the coating 8otu
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Interpreting the data in fig. 5(a) poses a chakeas), as well as the uncertainty regarding theahctu
content of Ni in the catalyst films, whilst thegea wealth of literature on the physicochemical
characteristics of Ni-doped Sa@ue to potential application in varistéfsand solid state gas
sensor$® °’ apart from the brief treatment in Shekarchizaut® Amini ' there is no such data in
the literature to our knowledge on Ni and Sb-dofa@y. Thus, it does not seem unreasonable to
use the literature on Ni doped Sn&3¥ a starting point; on this basis, the significacrease in
current efficiency up to 1.04 at.% may simply reflthe replacement of the Sn by Ni (due to their
similar sizeje. 0.072 nm and 0.071 nm, respectively® ) throughout the catalyst, and hence the
increase in active ozone sites at the electroda#rfelgte interface. The constant current densty i

due to the fact that the minimum in resistivity fi5-doped Sngis fairly broad™.

From the Ni-doped Sn{iterature, it is clear that the physicochemicalperties of Sn@undergo
major changes around 1 at.%"R*® ®’ In particular, Aragén and co-workéfsemployed Raman
spectroscopy and have shown that, at Mimol.%, the Ni primarily forms a solid solutiontiv

SnG, with some segregation to the surface, but 2%, the latter process dominates. It does not
seem unreasonable to postulate that the decreaseramt density at Ni > 1.04 at.% is due to the
resistivity rising with increasing Ni (moving out the minimum resistivity due to the increased
doping by Ni on top of the effect of the fixed Sipthg) and to an excessive surface concentration
of Ni. Figure 5(b) shows current/voltage plots tloe anodes with 0.35, 1.04 and 1.72 at.% Ni: it
can be seen from the figure that, whilst the plot$.35 and 1.04 at.% Ni are similar, with the
latter giving a slightly higher current at 2.7Vetplot for 1.72 at.% Ni is significantly more

resistive as well as giving lower current, in agneat with the discussion above. In contrast,
Shekarchizade and Amifiiand Wang et al’ both report that the resistance of Ni/Sb-Safodes
increases with increasing content (rather thanipgssrough a maximum) and attribute the decline

in efficiency after the maximum to this increase.
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3.5 The effect of furnace temperature

Figure 6(a) shows plots of catalyst loading vs &setemperature for Ni/Sb-Sp@ims having (i)

0.7 at.% and (ii) 1.4 at.% Ni, 8 coats. Each daitatgs the average of the masses of three anodes
prepared in an identical manner; the ranges olioh@ing values are shown on the plot. As may be
seen, the furnace temperature seemed to affetdddang of catalysts in a way that depended very
little upon the concentration of Ni. Figure 6(bjpsvs the current density data for the experiments
on the anodes shown in fig. 6(a); whilst theretikelvariation with furnace temperature for the
anodes with 1.4 at.%, the anodes with 0.7 at.% sholear maximum in current density at 460 °C.
This maximum is reflected in the plot of total ant efficiencys furnace temperature in fig. 6(c)
which also shows a clear maximum at 460 °C. Adldahodes had loadings above¢hel.0 mg

cm threshold for constant current efficiency; furthere, the catalyst loadings of the anodes
decreased as furnace temperature increased. upgpsrss the postulate that current density is an
important parameter in determining current efficenHowever, the anodes with 1.4 at.% also
show a clear maximum in current efficiency, withthus being mirrored in the plot of current
density, or that showing the variation in catalgstding; in addition, the current efficiency remsin
constant in fig. 5(a) at higher Ni content whilsé tcurrent density decreases sharply. Hence ¢urren
density cannot be thanly factor governing current efficiency. This in agresnt with Rufino et al.

® and Da Silva et af® who reported that ozone current efficiency is ettfd by temperature, real
current density (i.e taking into account electrounlaally active surface area), electrode and

electrolyte composition.

3.6 Durability
The anodes prepared at 460 °C clearly show higlreertt efficiencies than those prepared at 550
°C, albeit comparable current densities. The dqueshen arises as to whether furnace temperature

affects durability and, if so, in what way? g 7 shows the results of a durability study ealri
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out as described in section 2.3 on anodes prefamedthe same dipcoating solution (containing Ni
and Sb oxides as precursors, and at 550 °C) ideatical manner. The anode failed atter200
hours electrolysis in 1M HCI{at 100 mA crif. A second anode prepared in an identical manner
to that in fig. 7 also failed after 200 hours elelytsis. Anodes prepared at 390 °C and 460 °C
failed withinca. 40 hours; this may be related to the fact thatdrystallinity of Sn@increases

with furnace temperature from 450 °C to 550'°QNevertheless, even the latter lifetime was a
significant improvement on the durability of theodies prepared using all-chloride precursors, as
well as on the lifetime of anodes reported in treature. Thus, Shekarchizade and Amini
prepared their anodes at 520 °C and have showthia&ti and Sb concentrations in the coating
solution are key factors affecting the service diféghe anodes; however, the highest serviceliée t
authors observed was ca. 600 min at a Sb condentiaftca. 12 % and Ni concentration of ca.

0.2 %, but the authors reported that this composiid not give the highest current efficiency.
The authors reported that anodes having the opticamposition with respect to current efficiency
(2% Sb and 0.2% Ni) showed a service life of ord@ &in. The very significant difference
between the service life of the anodes discuss#ddrpaper and those studied by Shekarchizade
and Amini is most likely related to the use obShand NiO instead of the chloride salts and

possibly the slightly higher furnace temperaturel this is under further investigation.

Again, of necessity, using the literature on Sh-Sadbdes, the deactivation of Ni/Sb-SnO
electrodes could be due, in broad terms, to oradl of the following processes: (1) physical lo$s o
catalyst due (i) spallation (stress cracking framrfation of TiQ under the coating’ and/or (ii)
corrosion (etching away of the surface as obsebyefoller and Tobia%"); (2) formation of a
‘passivating’ layer at the catalyst/electrolyteeifiace’ °*°% The dissolution of Ni from Ni(I)O
could be a very real problefi However, according to Pourbdixand the potentials of the various Ni

species®’?(note: referencé gives the Ni(lll) species as Ni(OkiXhis is more likely to be NiOOF)
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at pH O (the typical pH of the experiments reportethis paper) and at a cell voltage of 2.%ws\the
counter electrode (which evolves)HNi would be expected to be in the form of thesost Ni(lll)

species which (as was discussed above) may alde zetive site for ozone evolution.

At the end of the durability experiment shown m 7 (and the repeat with the second anode) powder
was noted in the bottom of the beakers; SEM imafésese powders suggested that they were catalyst
that had spalled off the Ti mesh, see fig. 8. [D8s of catalyst was supported by EDX spectra®f th
meshes which showed only Ti present. This sugdhbat failure was due to relatively rapid, comgplet

spalling of the catalyst, either due to stres®dhé oxidation of the underlying Ti to TiO

4. Conclusions

The use of a slightly higher furnace temperatud@rNi and Sb oxides as precursors (instead of
chlorides) significantly increases both the curersity that Ni/Sb-Snanodes are able to sustain
and their durability. The former is more than deudl(the highest current densities yet reported),
and durability increased from a few tens of hoaor&Q@0 hours (also the highest reported). Whilst
the maximum current efficiency of ca. 38% is nohagh as the 50% observed using anodes made

from chloride precursors, the ca. 25 — 30% rouyimdiserved is comparable.

The dipcoating procedure results in thicker catdbygers at the intersection of strands of mesh tha
on the strands themselves and the morphologidsedayers at these positions are different.
Overall, catalyst loading increases linearly wiie humber of dipcoating cycles, forming a porous
layer, with the active, Ni-containing sites not toad to a two-dimensional surface upct 1 mg

cm2,

Nickel is essential for the generation of ozone,dxcessive amounts reduce both current efficiency

and current density, the latter due to increassdtance; the optimum appears to be 1.04 at.% Ni.
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434

Furnace temperature has a marked effect upon ¢weffeziency, with a temperature of 460 °C
being optimum; however, this (and lower) tempeguesult in poor durability compared to those

anodes prepared at 550 °C.

A future paper will report the fact that, with faer modification of the precursor solutions,

durability can be increased to more than 600 hours.
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Relative | Assignment| Peak Assignment| Typical

Peak intensity leV relative

leV Sh,0s5 intensity
Ni/Sb-
SnG,

3.62 1.00 3.48 Sn 1.00

3.88 0.39 Sh 3.70 Sn+Sb 0.55

411 0.12 3.93 Sn+Sb 0.20

4.37 0.07 4.15 Sn+Sb 0.09

4.52 Ti

435
436 Table 1 Assignments and relative peak intensitigeevarious features in the EDX spectra of
437  Ni/Sb-SnQ anodes®.
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Figure captions

1.

2.

The single pass (flow) system for generatingnezin the glass cell, see text for details.

Typical SEM images (x5000, bar 181) of two areas of a Ni/Sb-Sa@oated Ti mesh (a)

the intersection of two strands of the mesh, afé @&rand. (c) & (d) EDX spectra of the
same regions of the electrode in figs. 2(a) and(}he intersection and (d) the strand. The
coating solution employed to prepare the anodeagoed Sn, Sb and Ni in the mole ratio 93.3:
6.0: 0.7, the 2.5 cm x 2.5 cm Ti mesh was dipcoag&times giving a catalyst loading of 2.5

mg cm?.

(a) Plot of catalyst loading number of dipcoats. Each datapoint is the avesag®o

anodes prepared by the same method. (b) Pldtsanfrrent density and (ii) current
efficiency for the anodes in fig. 3(a). Currenhsli¢ies were measured at a cell voltage of
2.7V in single pass mode at an anolyte (1M Hgi®w rate of 30 crimin™ in the glass cell,
and total current efficiencies were calculated fittv current passed and the gas & dissolved
ozone absorbances. The coating solution contéme&b and Ni in the mole ratio 93.3: 6.0:

0.7.

Plots of (i) total (gas+solution) current eiiecy and (ii) cell voltage or current density for
experiments carried out in the glass cell usinglsipass mode in 1M HCl(at (a) constant
current density and (b) constant cell voltage. @helyte flow rate was 60 ¢hmin™, and the
anode was 10 coats, 1.44 mggwith a Sb:Ni composition of 6.0 at.%:0.7 at.%ach data
point was measured once the system had reachely stiede, typically ca. 15 minutes from

the start of each experiment. (c) Plots of curedfitiency and power consumption (cell
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voltage x current) for the experiments in (a) amd (i) & (iv) at constant cell voltage, (ii) &

(iif) constant current density.

Plots of (a) current density and total curefitiencyvs nickel concentration in the catalyst
coating solution (at.%) for Ni/Sb-Sn@nodes with 6 at.% Sb. Each anode comprised 8
dipcoats, 0.94 + 0.10 mg ¢mand each data point was the average of two dista 15
minute experiments using two anodes of identicatasition in the glass cell at 2.7V using
1M HCIO, as anolyte and catholyte in single pass mode miegdooth gas and dissolved
ozone. Anolyte flow rate 30 ¢hmin. (b) Current/voltage plots for the Ni/Sbh-Snéhodes
in (a) having (i) 0.35, (ii) 1.04 and (iii) 1.72. & Ni in the coating solution. The cell voltage
was stepped up from 2 to 3.0V and the current medsafter ca. 1 minute for each step; the

voltage was then stepped down from 3.0V and thesareanents repeated.

Plots of (a) catalyst loading, (b) current dignand (c) total current efficiency as a functioi
furnace temperature for Ni/Sb-Snénodes having (i) 0.7 at.% and (ii) 1.4 at.% Nto@ts.
Each datapoint is the average of two experimerisr(ihutes) using three anodes prepared in
an identical manner. The current densities ana@=zdficiencies were measured at 2.7V in
single pass mode using the glass cell and 1M H@&anolyte and catholyte; anolyte flow

rate 30 crimin’™t.

Plots of (i) total current efficiency and (@l voltage taken at intervals during a durability
experiment in which an anode was electrolyseddB@cni beaker at 100 mA cfin 1M
HCIO,4 using a5 cm x 5 cm Pt/Ti mesh as counter eleetrdche cell voltage was monitored
throughout the electrolysis. At intervals, thehatt and selectivity of the anode were

assessed in the glass cell in single pass mod#anA cm? in 1M HCIO; the total current
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629

efficiency was calculated from the gas and solutinone absorbances at steady state (each
experiment was run fara. 15 — 20 minutes). The anode was prepared frooafing solution
containing 93.3 at.% Sn, 6.0 at.% Sb and 0.7 ati.92Wdipcoats to give a loading of 2.70 £

0.05 mg crif, furnace 550 °C.

SEM image of the powder collected from the dootof the cell after the durability study

depicted in fig. 7. Magnification x 250: bar = 1.
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