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ABSTRACT

Theformation and growth of an oxide film onindium electrode immersed
in sodium borate solutions has been followed and discussed using poten-
tial measurements under open-circuit conditions. The effect of concentra-
tion, pH and temperature of solution are also investigated. It isfound that,

KEYWORDS

Indium;
NaB,O,;
Oxidefilmthickening;
Polarization.

therate of oxidefilm growth followsadirect logarithm law, asevident from
the linear relationship between the open-circuit potential and the loga-
rithm of immersion time. The rate of oxide film growth decreases by in-
creasing the pH of solution and by raising the solution temperature. The
free activation energy of oxide film growth is determined and found to be
8.88 kJ/mole, indicating that the process of oxide film growth is under

diffusion control.

INTRODUCTION

Indium and itsalloysarewidely used in everyday
practice; primarily ascommercia applicationsin opto-
electronicsand alkaline batteriesto suppressgassing
and asan anti-arcing additivein high current el ectrica
switchesand contactorg®®. In, Pb-In and Bi—In have
beeninvestigated aspotentid materid sasnegetive bat-
tery electroded®. However, most of the attention has
been focused on research rdlated toindium oxidefilms,
owing their great industrial importance, while, onthe
other side, the properties of pureindium metal have
beenrardy investigated. Indium oxideisan-typesemi-
conductor and assuch isused asresistiveelement in
integrated circuitsand to form hetero junctionswith p-
InP, n-GaA Sand other semiconductors. When In O, is
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doped withtindioxide (SnO,), thinfilmsof indium-tin
oxide (ITO) function asatransparent el ectrical con-
ductor and have been widely used in avariety of opto-
gpplicationssuch asliquid crystal displays(LCDs), en-
ergy- efficient windows, solid-state image sensors, so-
lar cells, and cathode ray tubes (CRTS)!¢8. Themajor
useof indium oxideisinthemanufactureof ITO sput-
tering targetsfor thin film coating by compacting amix-
ture of indium oxide and tin dioxide powders. Most
common methodsof indiumoxideandindium-tinoxide
(ITO) film preparation arereactive depositiontechnique
inavacuum deposition unit® >3, thermal deposition®
1415]. gand sol ution growth(® 15181, The opto-electronic
and gructurd propertiesof indium oxidefilmshavedso
been widdy investigated“®, while Okadaet d.*" in-
vestigated aposs bility of usingindium oxideasamete-
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rid for theoxygen dectrodein e ectrochemica devices
with asolid oxide el ectrolyte. Vaishnav et al.[*¥ and
Cheng-Wei Lin et d.™ investigated theuse of indium
oxidethinfilmsin the gas sensor technol ogy.

However, the e ectrochemicd propertiesof indium
in electrolyte solutions arerather poorly known. The
el ectrochemical properties of indium and anodically
formedindium oxidefilmsin e ectrolytesolutionshave
not been widely investigated. One of themost interest-
ing aspectsof anodic oxidetlms on indium is that they
can bereversibly ‘switched’ between electronically in-
sulating and meta conducting statesby varyingthe ap-
plied potential. The anodic and cathodic behavior of
theseilms is consistent with their rectitication or n-type
semiconductor propertiegd® 2,

Different € ectrochemica techniqueshasbeenused
by Omanovic and Metikos-Hukovic'?! to study the
formation and growth of athin oxidefilmon polycrys-
tdlineindiuminaborate buffer solution. Complex struc-
turd characterizationsof theanodicaly formedindium
oxidefilm have been studied using ga vanostatic?Y, cy-
clic voltammetry and impedance spectroscopyi? tech-
niques. It hasbeen found that the behavior of indium
during anodic oxidation resemblesin many aspectsthe
kineticsof anodization of vavemetas(e.g. Ta, Zr, Ti,
Al, Sb, Bi). Thisconclus on hasbeen deduced fromthe
linearity between the current density and (i) the oxide
formationrate; (i) thereciproca capacity (theunitary
formationrate); (iii) the potentia drop acrosstheoxide
layer. The kinetics and chemical stability of
potenti ostatically formed indium oxidetilms were dis-
cussed by Saidman et al.[?8 asafunction of potential
domain, timediffusing process, and hydroxide concen-
tration. It has been concluded that the surfaceindium
oxidefilm undergoesreductive decompositionto pure
metallicindiuminthesolid phase, viathe solid-state
mechanismiZ, Thus, it is possibleto generate an ox-
ide-freeindiumsurfaceingtu, by gpplying asufficiently
negative potentid. This, together with thefact that in-
dium hasalarge hydrogen evolution overpotential, is
thebas sfor apossible gpplication of indium asacath-
ode catalyst materia!®l. Saidman et al .= # dso dis-
cussed the kinetics and chemical stability of
potentiostatically formed oxidefilmsasafunction of
potential domain, timediffusi ng process, and hydrox-
ide concentration. Munoz and Bessone?® reported on
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thecathodic behavior of indiuminthe presenceof chlo-
rideions. Thehydrogen evol ution reaction and the ef-
fectsof locd akaization, Cl-ionsconcentrationandthe
presenceof surfaceoxidewereanayzed. Thedatashow
the presenceof acathodic current density plateau (cd),
thislatter being attributed to apossible cata ytic effect
exerted by the oxide layer on the hydrogen evolution
reaction. Anincreaseof Cl-ionsconcentration gener-
atesashift of the cd plateau towardslower cathodic cd
values. Theappearanceof ariseintheanodiccd at a
potentia closeto-1.1V wasfound to be dependent of
the Cl-ions concentration and to be controlled by mass
transfer.

Theam of the present work isto shed morelight
on the oxidefilm formation and growth on anindium
el ectrodein sodium borate solutions. Theeffect of the
somefactors, e.g., solution concentration (1 x 10— 1
x101 M), and pH (9.13-11.49), aswell as, tempera-
turechanges (25-55°C) ontheinitid rate of oxidefilm
growth are examined.

EXPERIMENTAL

Open-cir cuit potential measurements

The working el ectrode was made from 99.99%
pureindiumrod 0.35cmthick (Aldrich). Theeectrode
wasfixed to borosilicate glasstubeswith epoxy resin
so that the total exposed surface areawas 0.38 cm?.
Electrica contactswere achieved through thick copper
wires soldered to the ends of the indium rod not ex-
posed to the solution. Before being used, the indium
electrodewasabraded into uniform surfacesby agrind-
ing machine(modd Jean Wirtz TG 200, Germany) us-
ing successive 0-, 00- and 000- grades emery papers,
rinsed with acetoneand findly washed with triply dis-
tilled water beforeimmersing in thetest solution.

Thepotentid of theindium e ectrodewas measured
for aperiod of 3 h to the nearest mV on aWenking
potentiometer type PPT 70 relative to the saturated
calomel electrode (SCE). For each solution concen-
tration, duplicate measurements of the e ectrode po-
tential were carried out and the mean value of thetwo
readingswastaken in consderation. Thescatter inelec-
trode potentia measurementswaseva uated aslessthan
+10 mV. The steady-state potentials were considered
asthose valueswhich did not change by morethan 1
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Figure2: Variation of the steady-final potential, E,, ., of theindium electr odewith thelogarithm concentrationsof naturally

aerated Na,B,O, solutions.

mV in 10 min. In some setsof experiments, theimmer-
sontimewasextended to morethan two daysand the
state steady potentia was not changed by morethan+

20mV.
Electrolytic solutionswere prepared from analyti-
cal gradereagentsand triply-distilled water. Solutions
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of Na,B,0O, with different concentrationswere prepared
by dissolving the corresponding quantitative weights of
solid Na,B,O, intheappropriate volumes of distilled
water. ThepH of the solutionwas adjusted by dropwise
addition of NaOH solution using an Orion Research
ExpandablelonAndyzer EA 920. Thecdll hasadouble
wall jacket through which water, at the adjusted tem-
perature, was circulated. M easurementswere carried
out at aconstant temperature 25+ 0.1°C, except those
related to the effect of temperature. Thecell tempera
ture was controlled using an ultra thermostat type
polyscience (USA). Themainjoint of thecell contains
openingsfor both theindium electrode and therefer-
ence electrode (SCE). No trails were made to mea-
surethe oxygen content of the solution.

RESULTSAND DISCUSSION

Effect of Na,B,O, concentration

The passivation behaviour of indiuminNa,B,0,
solutionsof different concentrationsisfollowed by mea-
suring the open-circuit potentia of Indectrodeasfunc-
tion of time until steady-state potentialsare reached.
The curves of Figure 1 represent such behaviour in
Na,B,O, solutions of concentrations varying between
1x10*M and 1 x 10 M. Inspection of the curves of
thisfigurereveasthat, the steady-state potentials, E,
inal solutionsconcentrationsareinvariably gpproached
from morenegative va uesfoll owing theimmersion of
the electrodein solution and attain constancy after a
period of ~3 h. Also, inall solutionsof different con-
centrationsof Na,B,0,, E_ tendstowards more nega-
tivevauesastheconcentration of Na,B,O, isincreased.
Thesteady state potentid, E_, varieswith thelogarithm
of themolar concentration of Na,B,O., Figure 2, ac-
cordingto astraight linerelation(2-29;

Es( =a,- bl lOg CNaZB4O7 (1)
where a and b, are constants which depend on the
solution concentration and the metal under test. The
value of the constant a = - 642 mV (SCE) represents
the steady state potential of In electrode, E_, in 1M
Na,B,O, solution and b, amountsto 75 mV/min. The
literatureshowed similar behavior for other metds, eg.,
Zn®@ Nit21 Zn aloy™, Fel*! and steel .
Theennobling of theIn el ectrode potential when
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immersedinnaturaly aerated Na,B,O,sol utionsdenotes
that the pre-immersion oxidefilm carried by the metal
surfaceisnot sufficient toimpart passivity?”. Healing
and thickening of thefilm continueuntil passivity is
reached. The open-circuit potential of the electrode
reaches steady val ues after atimeranging from <“180
to 200 min. Thisfinding can beexplained onthebasis
of the continuousgrowth of theoxidefilmontheeec-
trode surface?. Under these conditions, it isconcluded
that the cathodi ¢ reactions predominate over thean-
odic ones?” %1, In solutions exposed to a supply of
oxygen, themost common cathodic reactionisthere-
duction of oxygen to hydroxyl ions. This can occur
through elther anincreasein the self-pol arization of the
anodic areas or adecreasein the self- polarization of
the cathodic ones. Here, the reduction of O, repre-
sents the most probabl e reaction accounting for the
partial cathodic process of corrosion. Reduction of
oxygentakesplaceintheoverall reaction:
0,+2H,0 +4e’> 40H" )
Thecomplementary anodic processwhosere eased
electrons sustain reaction (2) may befurnished from
theionization of In atoms entering the passive oxide
phase, reaction (3), and/or isassumedto bereleasedin
accordanceto Pourbaix®3 and Omanovic and Metikos-
Hukovic®, reactions (4 and 5), according thefollow-
ingreactions.

IN>1In*+3¢e 3
2In+3H,0->In0O,+6H"+6€ 4
2In+60H —>In0,+3H,O0+6€ (5)

In® ionsentering the oxide phase under theinflu-
ence of an anodic current that polarizestheelectrode
and shiftsitspotential inthenobledirection.

Omanovic and Metikos-Hukovic? found that the
growth of the barrier oxy-hydrate layer occursviaa
base catalyzed hydrolysis of the surface oxide film.
Transformationfromage-likeoxide structure, INOOH,
into thethermodynamically favorable and morestable
crystalineform, In,0,, takes placeat high positive po-
tentials. In,O, wasfound to expose high el ectric con-
ductivity, whichwasmanifested through oxygen evolu-
tiononitssurface.

Theway by which the oxide developson thein-
dium metal isbest understood by presenting theresults
of potentid —time on semi-logarithmic plots. As can be
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seen from the curvesof Figure 3, theopen circuit po-
tential of theln electrodewasfound to vary with the
logarithm of theimmersiontime, t, inal Na,B,O, solu-
tion concentrations, according tof?-29: 3 33-391;
E=a,+b,logt (6)
where a, and b, are constants. The value of the con-
stant b, whichistherateof potential rise (expressed as
aE/alogt) hasactua ly decreased dightly with incress-
ingtheNa,B,O, concentration. Such behavior indicates
that the oxidefilmthickening ontheln dectrode, under
the prevailing experimenta conditions, followsadirect
logarithmiclaw.

Themoreinteresting feature of the curvesof Figure
3isthefact that the E-log t curves are composed of
two distingui shed segments before reaching thefina
steady-date potentials. Thefirst segment of thesecurves
representsthefirst 50 minutesof immersion of themeta
inthetest solution; therate of potential build-upislow.
Theslopes of these parts of the curves are dependent
on the concentration. After definite, fairly-reproducible
times, therate of potential change (second segment)
increasesappreciably. The dope of both segmentsde-
creaseswith increasing the concentration indicating de-
creased rate of oxidefilm formation. Thebreak inthe
E-logt relation may berelated to the duplex nature of
theformed oxidefilm on theindium surface®. Similar
behavior isrecoded beforewith zind?, titanium® and
iron-chromium-nickel aloy®®". Abd El Kader attributed
thisbehavior to either formation of amore stable oxy-
hydroxidefilm capable of existingintheagueous solu-
tion, or to the formation of anew type of oxidefilm,
probably porous modification, on thetop of acompact
barrier-typein contact with themetd surface®”.

However, it has been suggested beforé?! that the
drivingforceof thesurface oxidefilm formationon metd
isthefreeenergy change of thereaction between metal
and thetest solution. Thisreactionisassumed to pro-
ceed by migration of metal cation and/or oxygenion
vacanciesfrom metal towardsthee ectrolyteor possi-
bly by migration of negative oxygenioninoppositedi-
rectioni?®3, Thefieldin oxidefilmisassumedto de-
crease asthe oxide thickness on the metal increases
until asteady film thicknessisreached, where asteady-
state potentia sisattained. Therelation governingthe
influence of eectricfiled, H, andion transport isex-

==  Pyl] Peper

pected tofollow thefamiliar Gunthereschulzeand Betz
relaionship:

i,=k_ exp(BH) (7
wherei_istheimposed anodic current density, k. and
B are constants, and H isthe effectivefield strength.
Theideawas presented that under open circuit condi-
tions, i_ can originate from the specific adsorption of
anionson the oxide covered metal*". Thiswould cre-
atesimage charges of the same magnitude but of oppo-
stesignat the oxide/meta interface, sufficient to pro-
moteion transfer through the oxideto thefilm/solution
interface.

It wasfurther suggested that H inequation (7) could
bereplaced isby the quantity E/6, where Eisthemea
sured potentid relaiveto thesuitablereferencehdf cell,
and ¢ isthethickness of the oxidefilm. The change of
el ectrode potential to more positivesva ueswould ne-
cessitate a corresponding equivalent increasein the
thickness of the oxide film, so as to keep the field
srength E/ 6, constant. Following thisreasoning an equa-
tion wasderived which describesthe variation of the
open-circuit potentia of metal carryingvery thinoxide
film, E, withtime, t#viz,

E =congt. + 2.30367/B log t (8)
where o™ representstherate of oxidefilm thickening
per unit decade of time, and Bisaconstant whichis
identified ag*?:

B=(nF/RT)ad’ 9)
where o isthetransfer coefficient smilar to that en-
countered in normal eectrochemical reactions*?, (0<
a < 1) and &’ is the width of the energy barrier sur-
mounted by theion during transfer. From thevalues of
thedopesof thestraight linesof Figure3, relating the
variation of Ewithlogt, onereadily calculatetheva-
uesof therateof oxidethickening, &, inNa,B,0O, solu-
tionsof different concentrations. By analogy withthe
case of iron-chrome®” and a uminium*Y we assume
that trivalent cations diffusethrough thefilmto oxide
filminterface. Theconstant ninequation (9) isset equa
to 3, and B acquiresthevalue 58.9 nmV-1. Thevalues
of 6 thusobtained arelistedin TABLE 1.

InFigure4, thevaluesof therateof oxidethicken-
ing, &, (nm per unit decade of time) arepl otted asfunc-
tion of the logarithm of Na,B,O, concentration. A
straight lineisobtained having aslope of 0.5 nm/ unit
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230

Full Paper ===

Oxide film formation and growth on indium electrode in Na,B,O, solutions PCAIJ, 9(7) 2014

m (1)1x10°MNaBO,
-300 4
O (2)1x10°MNaB,O, W
=350 i ' F—
A (3)5x10° MNaB,0. 3
-400 | " % (D N :
A (4)1x10°MNa B,O. n (2
(4) , B = dejIEEIIEI
-450 ¢ (5)5x10" MNaB,O, B O (3)
. - ! m_[ “‘” -~
_ sl ¢ (1)1x10°MNaBO, o ke (4
b ) A B
o O _ A AN
A 550 | AL LD et (5)
== P ‘& 68285
= 600 PS e
wd *
650 |- 29
-f00
=750 +
| 1 | 1 | 1 | 1
06 08 1.0 12 14 16 18 20 22 24

log t, min

Figure3: Variation of the open-circuit potential, E, of theindium electrode, in naturally aerated Na,B,O, solutions of
different concentrations, with thelogarithm of immersion time, t.
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that theinitid rateof oxidefilm thickening of theindium

Inspection of thecurvesof Figure3and4reveals  dectrode, under examination, in naturally aerated solu-
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tionsof Na,B,O, decreases with increasing the con-
centration of solution until reaching thesteady Satevaue.
From thed opesof the straight linerel ationship of Fig-
ure4, atenfoldincreaseintheconcentrationof Na,B,O,

causesadecreaseintheinitial rate of oxidefilmthick-

ening by only 0.5 of oxidefilm thickening.
Whenindiumimmersed in agueoussolution, anin-

dium oxidefilmisformed dueto thelower energy of
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theIn™-"0 bond, which diffuse easily to reach the ox-
ide/dectrolyteinterface®l. In an akalineborate solu-
tion the anodi c behavior of indium lead to formation of
athinindium oxidefilmi?. Thisprocesswasfoundto
be under amixed control including aninitid stageof an
In-oxideformation involvesafaster charging process
and adlower surface diffusion process, with an effec-
tivediffusion coefficient of 10" cm?s?. Onthetop of
thislayer, whichisof monolayer dimengons, thegrowth
of the barrier oxy-hydratelayer occursviaabase cata
lyzed hydrolysisof the surface oxide. Transformation
from age-like oxide structure (INOOH) into the ther-
modynamically favorableand more stablecrystaline
form (In,O,) takes place at high positive potentials.
In,O, wasfound to expose high el ectric conductivity,
which was manifested through oxygen evolutiononits
surfacd“,

Effect of pH

Thecurvesof Figure5 represent the variation of
the open-circuit potentia of indium eectrodewithtime
innaturally aerated 1x10° M Na,B,O, solutionsof dif-
ferent pH values, a 25°C. ThesesolutionshaspH var-
iesbetween 9.13 and 11.49, which areadjusted by the
dropwise addition of NaOH solution. Thecurveshave
thegeneral features, smilar tothose of Figure 1A. As
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was previoudy noted, the steady potentia sarereached
from negativeva uesindicating the ennobling of thein-
dium potentia with time, which decreaseswithraising
thepH of solution. Thesteady potentid, E, varieswith
thepH of solution, Figure 6, according totherelation:
E,=a,-b,pH (10)
wherea, and b, are constants; the constant b, havinga
vaue-21.34 mV/pH unit. Theshift of the steady state
potentia, E_, of theindium electrodeinthe negative
direction withincreasing the pH of solution, Figure5
and 6, could be attributed to the partial dissolution of
thepassiveoxidefilmwithincreasingtheakalinity of
themedium accordingto.
IN(OH),+ OH =In(OH), (11)
Thecurvesin Figure 7 represent the variation of
theopen-circuit potentia of theindium eectrode, in so-
lution of different pH’s, as function of the logarithm of
theimmersiontime, t. invariably straight linesare ob-
tained at different pH va ues. Ascan beseenfromthese
curves, thedopeof thestraight linesobtained isvery
dlightly decreased with raising the pH of solution. In
Figure8, however, thechangeof theinitid rateof oxide
film thickening, as calculated from Egs. (3) and (4),
with the pH of solution isdepicted. Fromthevalue of
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Figure9: Variation of the open-cir cuit potential, E, of theindium electrodewith time, in naturally aer ated 1x10°M Na,B,0,

solutions, at different temperatures.

thedopeof thestraight lineof Figure8, thisamountsto
be ~ 0.26 nm/unit decade of time/ pH decade. It is
quiteclear that, theincreasing of the pH value of natu-
rally aerated 1x10° M Na,B,O, solution by one unit
decreasestheinitia rate of oxidefilmthickeningonthe

indium surface by only 0.26 nm/unit decade.
Metikos-Hukovic et al 1?2 stated that, at high re-
gion of pH, the oxide growth occurspresumably viaa
base catalyzed hydrolysis, by incorporation of water
molecules(i.e. OH species) through the poresinto the
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Figure10: Variation in the steady-final potential, E; ., of the indium electrodein naturally aerated 1x10°M NaB,O,

solutions, with thetemperature.
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at different temperatureswith logarithm thetime, t.

film. Itisassumed that thissurface deterioration pro-  latticeat thesepoints. Thefind resultisformation of a
ceedspreferentialy at grain boundariesand disloca-  highly hydrated InOOH oxidefilm. Thus, theoxidefilm
tions, taking advantage of theinstability of thecrystal  composition and structure strongly depend upon the
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Figure12: Variationin theinitial rateof oxidethickening, &', of theindium electrode, in natur ally aerated 1x10°M Na,B,O,

solutionswith /T, K.

OH-ion concentration avail able at thereaction sites.
The same behavior was noticed during the
potenti odynamic passivation of tin, antimony and zind*+
47]

El Sayed et d“d suggested that, with increasethe
alkalinity of the medium there wasacompetition be-
tween anodic film formation and itschemical dissolu-
tion. It isprobablethat the anodic dissolution of indium
inakaline solution depends upon thediffusion of OH-
ionsthrough theanodic oxidelayer.

Effect of temperature

The curvesof Figure 9 represent the variation of
the open-circuit potentia of theindium electrode, E,
with timein naturally aerated 1x10° M Na,B,O, at
temperatures varying between 25 and 55 °C. Inspec-
tion of thecurvesof thisfigurerevealsthat raisingthe
solution temperatureis accompani ed by amarked ef-
fect onthevalueof the steady state potential, E_. The
latter varies with temperature in according with the
graight lineof Figure 10. Itisquiteclear that raisngthe
temperaturedecreasestheinitid rateof oxidefilmgrowth
or enhancesthe corrosion of theindium and the extent
of corrosion promotionincreaseswithraisingthetem-

perature, asreflected by the shifting of thefinal steady
potentiad inthenegativedirectionby 2mV/ degree. This
could beattributed to the decrease of solution viscosity
and theconsequent increaseinthemobility of ionswith
raising the solution temperature“®. Thestraight lines
present in Figure 11 relate the variation of the open-
circuit potentia of theindium-electrodewiththeloga
rithm of theimmersion time, t, in aerated 1x10° M

Na,B,0, solutions, at temperaturesranging from25to
55°C. Thedopesof these straight linesdecrease with
raising thetemperature. The calculated values of the
initial rate of oxidefilmthickening ontheindium elec-
trode, at varying temperatures, are plotted asfunction
of /T (K) in Figure 12. From the Arrhenius plots of
thisfigure; thefreeactivation energy of oxidefilmthick-
ening on indium surface is computed to be 8.88 kJ/
mole. Thislow vaueof activation energy (< 40kJmole)
indicatesthat the process of oxidefilm thickening on
theindium e ectrodeisunder diffusion control 745,

CONCLUSIONS

From the measurements of the open-circuit poten-
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tial measurementsof theindium eectrodein naturally
aerated Na,B,O, solutions, thefollowing conclusions
could bedrawn:

(1) Thesteady potentids, E_, are approached from
negetiveva uesindicating oxidefilm heding and thick-
ening.

(2) E, varieswith Na,B,O, concentration accord-
ingto:

E,=a —-b,log C ..., Where a and b, are
constants, accounting for the partia dissolution of the
oxidefilm.

(3) Theinitid rateof oxidefilmthickeningfollowsa
direct logarithmlaw, asevident fromthevariation of the
open-circuit potential, E, withlogt; whereE=a,+b,
logt.

(4) Theinitid rateof oxidefilmthickening decreases
with increasing the concentration and pH of solutions
and by raising thetemperature dueto the partial disso-
[ution of theoxidefilm.

(5) Thefreeactivation energy of oxidefilm thick-
eningisca culated and found to be 8.88 kJmole, indi-
cating that the process of oxide film growth isunder
diffusioncontrol.
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