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ABSTRACT

A bulk iridium dioxide electrode was prepared thallgn on a titanium
substrate. Its morphology was characterized by anrsng electron
microscope and its surface presents a “cracked "mstducture with
aggregate of Ir@particles distributed over the coating layer. Tinepared
electrode was studied in perchloric acid heateghs8yi at 25°C, 30°C and
39,4°C. The Ir@ surface does not change in morphology when isedun
the slightly heated perchloric acid electrolyte.eTélectrolyte temperature
increase led to the increase of the total, exteanal internal voltammetric
charge about 45%, 72,8% and 20,22% respectively.t@imperature effect is
much more pronounced for the external charge thannternal charge. The
activation energies were determined and they weoaita4,0 kJ/mol and 3,2
kJ/mol for the low and the high potential scan satespectively. The Tafel
slopes determined for the oxygen evolution reacaom almost the same,
around 43 mV/decade and they are independent otettmperature. That
indicated that the slight temperature increase duoa&s change the rate
determining step in the oxygen evolution reactidmat electrode, even after
being used in slightly heated acidic electrolytesgesses its electrochemical
characteristic towards a simple redox couple such m@otassium
ferri/ferrocyanide.

Keywords : Iridium dioxide, voltammetry, differential capaaitze, Tafel
slope, temperature.
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RESUME

COMPORTEMENT ELECTROCHIMIQUE DANS UN
ELECTROLYTE ACIDE LEGEREMENT CHAUFFE DE L’ELECTRODE
D'OXYDE D'IRIDIUM EPAISSE PREPAREE PAR VOIE THERMIQ UE

Une électrode de dioxyde d'iridium épaisse a ééparée par voie thermique
sur un support en titane. Sa morphologie a ét&t@arsée par un microscope
électronique a balayage et sa surface présentetwngure craguelée avec
des agrégats de particules djrQlistribuées sur la couche déposée.
L’électrode préparée a été étudiée dans l'acidechpmique chauffé
légérement a 25°C, 30°C et 39,4°C. La morphologidadsurface de I'lr@
ne change pas lorsque I'électrode d’oxyde d'iridiesst utilisée dans un
électrolyte d’acide perchlorique légérement chauf@ugmentation de la
température de [I'électrolyte a conduit a l'augmtota de la charge
voltamétrique totale, de la charge voltamétriquéere et de la charge
voltamétrique interne de 45%, 72,8% et de 20,228paetivement. L’effet
de la température est beaucoup plus importantasgharge voltamétrique
externe que sur la charge interne. Les énergiestivBéion ont été
déterminées et elles sont de 4,0 kJ/mol et de Brfadt pour les faibles et les
fortes vitesses de balayage en potentiel respectine Les pentes de Tafel
déterminées pour la réaction de dégagement dedéme/ sont presque les
mémes, environ 43 mV/décade et elles sont indémeeslae la température.
Ceci indiguerait que la légere augmentation dendaperature ne modifie pas
I'étape cinétiquement déterminante de la réact®nléyagement d’oxygene.
Cette électrode, méme apres avoir été utilisée den®lectrolyte acide
faiblement chauffé posseéde ses caractéristiquadtr@tbimiques vis-a-vis
d’un couple rédox simple comme le ferri/ferrocyande potassium

Mots-clés : dioxyde d’iridium, voltamétrie, capacitance diffatelle, pente
de Tafel, température.

| = INTRODUCTION

Interest in electrodes with high electrocatalytierfprmances is steadily
acquiring importance in technologies after the adtrction of the
Dimensionally Stable Anodes (DSA®) in the chloraikcells[1-3]. Among
the DSAs, iridium dioxide (Ir@ base metallic oxide catalysts applied for
oxygen evolution has attracted researchers atteimidhe past decade[4-7].
This is because Ir{catalyst exhibits high corrosion-resistant propsrthan
others such as RyOThe electrochemistry of the iridium dioxide etectes
has been extensively studied by several autho2[&fd IrQ presents a
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high capacitance due to its pseudocapacitance lmelmavhich makes it to be
a promishing candidate for application in electeroical supercapacitors
[13-15]. Investigation on electrode surface prapsrtis of fundamental
importance for understanding their electrochemidahaviour. From
literature, most of the voltammetric investigatiorealized on the iridium
dioxide electrode were made at ambient temperdt6yE]]. Some
investigations have been carried out in electrolygated at temperature
ranging from 20 to 200°C on platinum, iridium, Zintum[18] and Rug}19].
Those investigations have shown that temperatwrease led to an increase
of the voltammetric charge. On RpyQow values of the Tafel slopes around
4,3 kJ/mol for the oxygen evolution reaction weséireated[19]. But, it has
been found that less systematic investigations wexde on the study of the
influence of electrolyte temperature on the eladtemmical behaviour of
other DSASs[20]. Therefore, a charge/discharge m®aeas investigated in
acidic electrolytes at several temperature on § #&n IrO, electrode[21]
recently. Generally, the investigations that weagried out on DSAs are
related to the electrochemical behaviour of thectadeles after their
substrates (supports) were being heated underadegerperatures. When the
iridium dioxides electrodes were used for wastewameatment for example,
authors used generally thicker electrodes and ity to increase the waste
solution temperature to perform a high degradayiehd of the pollutants.
Thus, it becomes imperative to investigate suchtelde surface behaviour
when the electrolyte temperature increases. Infaghewing work, a thick
iridium dioxide electrode will be prepared therrgaland its surface
properties and its electrochemical behaviour valifvestigated.

Il - EXPERIMENTAL

The coating precursor was prepared fromir€ls (Fluka) which was
dissolved in isopropanol (Fluka). The commerciabducts were used as
received without any further treatment. The titamisubstrate with the
following dimension 1,6 cm x 1,6 cm x 0,5 cm wasdigdasted to ensure
good adhesion of the deposit on its surface. Afterdblasting, the substrate
was washed vigourously in water and then in isopnopto clean its surface
from residual sands. The substrate was then dnieahioven at € and
weighted.

The precursor was applied by a painting procedurethe titanium (Ti)
substrate then put in an oven for 15 min at 80 8Caltow the solvent
evaporation. Then after, it is put in a furnacel®® °C for 15 min to allow
the decomposition of the precursor. Theses steps wapeated until the
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desired weight of the coating is reached. A finet@mposition of 1 h was
done at 450 °C.

The deposit morphology was analyzed with a Phil)ds30 SFEG
microscope operating at a field emission of 1-30 kV

The electrochemical measurements were performe@ ithree-electrode
electrochemical cell using an Autolab PGStat 20ofBemie). The counter
electrode was a platinum wire and the referencetrelde was a silver-silver
chloride electrode (Ag-AgCl). All the potential veereported against Ag-
AgCl in the whole text. To overcome the potentiainic drop, the reference
electrode was mounted in a luggin capillary anaegdiaclose to the working
electrode by a distance of 1 mm. The apparent expasea of the working
electrode was 0,78 é@nThe experiments were made at various temperatures
25 °C; 30 °C and 39,4 °C.

The supporting electrolyte used was 1 M perchladd (HCIQ, Fluka) for
the temperature effect investigation. Potassiurarade (KCI) 0,5M was used
as supporting electrolyte only for the investigationade with the potassium
ferri/ferrocyanide (Fluka) redox couple. In thaseathe luggin capillary was
filled with 0,5 M KCI (Fluka). All the solutions we made with distilled
water.

Il - RESULTS AND DISCUSSION

l1I-1. Morphological characterization of the prepared electrodes

Representative SEM micrographs of the substratetlzatdof deposited Ir©
(5 g/nt) are presented ifFigure 1A-C)
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Figure 1. SEM images of sandblasted titanium (A) and,ld@posit at two
magnifications (B (x6500) and C(x2500))
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The sandblasted titanium surfadéigure 1A is rough as expected for
good adhesion of the coating layer. The coatingents the “cracked
mud” morphology Figure 1B-Q, characteristic of Ir@based electrode
materials. The substrate seems to be totally cdvéne the deposit.
Increasing the magnification, the micrograph kigure 1C shows
aggregate particles distributed over the coatingasa. These particles
were observed by other authors and they have lmmtified as IrQ
particles[22-24].

[11-2. Electrochemical measurements

[1I-2-1. Study of the voltammetric charge of the Buiridium dioxide in 1M
HCIO,

(Figure 2a)shows cyclic voltammograms (CV) recorded at sd\aran rates
(5 mV/s-600 mV/s) for the bulk IrDelectrode in 1M HCIQ The results
show the typical feature generally observed witle tihidium dioxide
electrodes. The CV is characterized by one padr lmfoad peak located in the
potential domain of 0,6V-1,2V.

That observation is in accordance with the requisented in literature with
the iridium dioxide electrodes prepared thermaby[2That broad peak
overlaps two redox surface transition processes s Ir(I)/Ir(IV) and
Ir(IV)/Ir(VI1) [26, 27]. The redox transition Ir(IlIr(IV) occurring at potential
around 0,6 V is the most important contributiortite double layer charging
process and involves proton exchange between tide-@H surface groups
and the electrolyte according to the following edra[26]:

Ir*"(OH),0, + 8H™ + 8¢~ « Ir* (OH) .50, _; (1)

The voltammetric charge obtained by the integratbrthe CVs is plotted
against the scan rates for several temperatureshancesult is presented in
(Figure 2b) All the curves present the same shape. The vaoi&nc charge
seems to be almost constant for the high valubeotan rate (> 0,1 V/s) and
it increases when the scan rate is lowered. Thewwohetric charge increases
as the temperature increases. The voltammetrigebaecorded at the high
scan rates and plotted against the inverse ofdbars root of the scan rate
(Figure 29 led to the determination of the more accessilteraal charge

(Qexy [1, 14].
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Figure 2: Evolution of the voltammetric charge of bulk jr@lectrodes in
HCIO, 1M at different temperatures, WE: 0i; RE: Ag-AgCl;
CE: Pt wire

At low scan rate, the inverse of the voltammetharge plotted versus the
square root of the scan ratdsigure 29 allowed the total voltammetric
charge (Q) to be determined [1, 14]. All the obtained valaes reported in
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Table I. The difference between those two voltammetric@bs (Q-Qex)
led to the determination of the less accessibkril charge (R).

Table | : Deducted charge from Figure 2 b-d

T(°C) Qr(C) Qxt (C) Qu (C)
25 0,17 0,081 0,089
30 0,208 0,103 0,105

39,4 0,247 0,14 0,107

According toequation (1),the process that occurs on the electrode surface
corresponds to the protons injection into the a&ctayer upon reduction of
the surface sites and to the proton ejection thHromgdation. This process
occurs very fast for surface sites located in asilyeaccessible region and
occurs slowly in the more difficult accessible myi The irreversible (low)
process that occurs inside the pores could be duée high penetration
resistance of the proton inside those pores. I, fde increase in the
voltammetric charge observed in the above resudtscharacteristic of
additional phenomenon corresponding to the chasejated to the slow
process that takes place in the low potential regibthe slow scan rates
inside the coating layer and that related to pr@@&surring at the high scan
rates at the surface of the film. When the tempeeadf the electrolyte was
increased slightly from 25°C to 39,4°C, the towltammetric charge showed
a 45% increasd~(gure 2 Table ).

The external charge (£ and the internal charge () undergo 72,8% and
20,22% increase respectivelfFigure 2, Table ) under the temperature
effect. That increase in the voltammetric chargd wemperature could result
from the increase of the amount of the active sfake electrode that are in
contact with the electrolyte since it was knownttktze electrochemical
voltammetric charges are related to the oxide acsites in DSAs. The
increase of the electrolyte temperature influenals® the amount of the
protons that were involved in the redox processuoowy at the
electrode/electrolyte interface. The investigatdgerature are not sufficient
to modify the morphology of the oxide film but d®ttemperature increases,
the interfacial electrolyte resistance and thatidmsthe pores decrease
favoring the reaction of more protons with the acef and with the internal
surface of the electrode. The effect is much mooaqunced for the external
charge than the internal charge because the difiusi the protons towards
the external part of the electrode surface is ¥&ecife than the internal part of
the film. In fact, the surface diffusion componemt®re enhanced by
temperature increase while the diffusion compomesitle the coating layer
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was little affected. The activation energy caloedatt the low scan rates is
4,0 kd/mol and that calculated at the high scaesrat about 3,2 kJ/mol. The
fact that the activation energy of the surface gsscs high at the low scan
rates than that at the high scan rates could bealtree irreversible process
that occurs inside the coating pores. Because efstbw proton diffusion
process that takes place inside the coating poress energy was necessary
to allow the protons to diffuse inside them. TheaBnmagnitude of the
activation energies could also point out that thecess that occurs at the
electrode/electrolyte interface is physical ratin chemical [19, 21].

The current density recorded at the electrodefelgte interface was
normalized over the scan rates for all the tempegahvestigated. It allowed
the differential capacitance to be determined. Th#erential capacitance
was determined by making the ratio of the curressity to the potential
scan rate. The obtained results were presentdeigare 3) One observes in
that figure that the differential capacitance imas@s in the whole potential
domain when the potential scan rate decreases.g€hanthe differential
capacitance is observed in the whole anodic doeatvhile in the cathodic
direction, drastic change is observed only in tbmain of the low potential
and for the low scan rates. Those capacitances wéikeenced by the
transition process (solid state redox process) ticatirs on the electrode
surface for all the temperatures investigated. dfothe potential scan rates
investigated, the differential capacitance is almamstant in the reversal
part of the curves in the potential domain betw8dV and 1,2V. As the
temperature increases, the differential capacitarereases too. That result is
in agreement with that obtained by Silva and a].[28

Temperature increase does not change the mechaoisthe process

occurring at the electrode/electrolyte interfacé dnly increases the number
of the active sites that are involved in the precé&he anodic part of the
curve seems to be influenced by the process tlatroen the low potential

domain in the cathodic direction. That influencenishes considerably for

higher scan rates. Those observations indicatddhbaprocesses that occur
at lower scan rates in the cathodic direction amg wluggish and they are
regained as the potential is scanning in the pasitiirection. The process
that occurs mainly in that region is the reductminthe protons on the

electrode surface.

Lemeyonouin A. G. POHAN and Lassiné OUATTARA



Rev. Ivoir. Sci. Technol., 19 (2012) 12 — 25 20

200 C(mFKH cm?)
150
100 decreasing 4
potential H
I
-0.5
: decreasing
potential
scan rate
-200
a
200 o (mF S ermn®)
150 - decreasing
the po'l:en‘tial'AL
1
scan rate
A ———T E(V/Ag-AgCD
0.5 = : 1.5
:;l 0] decreasing the
) 1 potential
150 | * scan rate
200 -
b
200 - CanF omd)
150 decreasing
the potentiai’l\ A
scan rate J
E(V/ Ao AcCl)
-0,5 1,5
decreasing
the potential
* scan rate
200
C
Figure 3: Influence of scan rate on the differential capaocd@ of iridium oxide

electrode in HCIQ 1M for various temperature a: 25°C, b: 30°C, c:
39,4°C, RE: A-AgCl, CE:Pt wire
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[1I-2-2. Study of the oxygen evolution reaction (@8 on bulk IrO,/Ti electrode
at several temperatures of the supporting electtel{1M HCIOy)

Figure 4 presents the polarization curves and the TafeklitNo correction of the
ohmic drop is made. To minimize the uncompensatedio drop, a concentrated
supporting electrolyte and a luggin capillary wased.

132 1 5w Ag-AgQ)

1.31 -

1.3

* 25C
A 30C
® 3947C
log(d
) T 1.25 ] T 1
-1 -0.5 0] 0.5 1

Figure 4. Influence of the temperature on the tafel slop¢éhefoxygen evolution
reaction on the bulk Ir@electrode in HCIQ 1M, a: at low potential;
b: at high potential, v=1mV/s, RE: Ag-AgCl, CE:Wite

The Tafellines show at each temperature the Tafel slbpatare reported ihable Il.

Table Il : Tafel slopes in the domain of OER at several teatpegs

25°C 30°C 39,4°C
| Tafel slope at low potential (mV/dec.) 43 43 45

The Tafel slope is around 43 mV/decade and it caéxonsiderably change with
temperature. According to the obtained Tafel slpfies following mechanism can
be proposed.
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S+H,0 »S—OH'+H" +e” (2)
S—OH" - S —O0H_,, (3)
S_OHads_’S_GadB_LH-_é_e- (4)
S— 0, —2S+-0, (5)
Where,

S represents the active sites on the oxide surfaeeDH", S — OH_;,, S — 0,5,
correspond to the adsorption intermediat§s- OH" andS — OH_,. possess the
same chemical structure but have different enetape.s

The process that governs the overall oxygen ewlutinetic is known to depend
on the Tafel slope. From the obtained resultspjiears that the rate determining
step of the OER does not change as the tempematigslightly changed. The rate
determining step of the process is found to betemu#é4) and that is in accordance
with the mechanism proposed in literature [29, J0jat result indicated that the
mechanism of the oxygen evolution reaction was pesturbed under the slight
increase of the temperature of the supporting regte.

[11-2-3. Study of the outer sphere redox couple on the bll®, electrode in
0,5M KClI

After the electrode was used in the slightly heatksttrolyte, the same electrode
was used in the potassium ferri/ferrocyanide redouple solution at ambient
temperature. The potential scan rate was 50 m\is.vbltammograms iRigure 5
are obtained after the background correction.

4 1 J{mAfem?) | 5 1 J[mAfem?)

4 jo=0,366.C
R = 0,997

Cc{mmj

12

- - 2,5mM 2

—— S
J.=-0,365.C

—— 7, 5m
RI=0,993

10mh -4

a | b
Figure 5 : Investigation of the outer sphere redox couple ba bulk IrQ

electrode, WE: IrQ RE: Ag-AgCl; CE: Pt wire ; potential scan rate:
50 mV/s; supporting electrolyte : KCI 0,5 M
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The anodic and cathodic peaks generally observeduich a couple are observed
in Figure 5a The concentration of the redox couple was vaftiech O to 10 mM
and a linear evolution is observed for current dgnsersus the couple
concentration Kigure 50. The gap between the peak potentials, the rdtithe
absolute value of the anodic to cathodic peak atigdensity, apparent equilibrium
potential for equimolar redox couple were determiard consigned ifable llI.

Table Il : Deducted parameters from (Figure 5)
C(mM) AEp lpall pc E°’(V/IAg-AgCl)
2,5 0,0733 0,970 0,246
5 0,093 0,939 0,246
7,5 0,117 0,983 0,248
10 0,122 1,036 0,251

One observes that the gap of the peak potentiailgis than 60 mV and that gap
increases as the redox couple concentration inesed$e ratio of the peak current
density is almost 1 and the apparent (or formalya#rd redox potential is equal to
0,246V/Ag-AgCl. That apparent (or formal) standaetiox potential value is
known to depend on the kind of the electrolyte uaed the obtained result is in
agreement with that found in literature[31]. FroRigure 5k the diffusion
coefficient of the redox couple is about 3,721@nf/s for the potassium
ferrocyanide and of 3,7.T0cnf/s for the potassium ferricyanide. The diffusion
coefficients determined in that work are in the saonder of magnitude as that
found in literature to be around 0,76316n"/s [31]. That slight change in the
values of the diffusion coefficients could resuibrh the use of the geometric
surface aremstead of the electrode real surface area fatatermination and also
from the history of the electrode. Neverthelesssooh an electrode, the coating
after having been used in the slightly heated edgde led to a quasi-reversible
behaviour like the results presented in literatomeas grown electrodes utilized
only at ambient temperature [25]. Those resultsatetrated that no modification
of the electrodes structures occurs during itsingbe slightly heated electrolyte.
That observation is in agreement with the resukamly obtained in the above
investigations that were carried out in perchlodacid used as supporting
electrolyte.

IV - CONCLUSION
The prepared bulk IrQ electrode presents a “cracked mud” structure hwit

aggregate Ir@particles distributed over the coating surfacee T, surface does
not change in morphology when it is used in thghtly heated perchloric acid
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electrolyte. The increase of electrolyte tempertlightly from 25°C to 39,4°C
led to an increase of the total voltammetric chageut 45%. The external charge
(Qexy and the internal charge () undergo 72,8% and 20,22% increase
respectively. The external part of the deposit vgoles significant influence of
temperature than the internal part. The increag@anvoltammetric charge as the
temperature increases has been explained by theas® of the amount of the
active sites of the electrode and also by the aszeof amount of the protons that
were involved in the solid state surface redox esscon the electrode surface. As
the electrolyte temperature was increased, a deerefthe interfacial electrolyte
resistance or a decrease of the proton diffusiemstance inside the film pores
occurs.

The activation energies were determined and thag wbout 4,0 kJ/mol and 3,2
kJ/mol for the low and the high scan rates respelsti The small magnitude of the
activation energies could also point out that thhecess that occurs at the
electrode/electrolyte interface is physical ratian chemical. And due to the slow
proton diffusion process that takes place insi@ectbating pores, more energy was
necessary to allow the protons to diffuse insidenth The polarization
investigation led to Tafel lines that present altrioghe same slope which value is
around 43 mV/decade. That slope was found to bepiewident of temperature. As
the temperature increases, the rate determining istethe oxygen evolution
reaction does not change so is the reaction mexinafihat electrode, even after
being used in a slightly heated electrolyte possesss electrochemical
characteristic towards a simple redox couple ssdermi/ferrocyanide.
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