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Electrochemical studies of a sol-gel (SG) derived Ir-containing film have shown conclusively that films formed by air drying or
heating at temperatures below ca. 500°C are metallic in nature, exhibiting the typical signature of Ir metal. Both comfiet oxide
mation and reduction, and the hydrogen adsorption and desorption underpotential deposited peaks are seen in cyclic voltammetry
experiments in sulfuric acid solutions. The metallic nature of these films has also been confirmed by electron diffraction anal
Transmission electron microscopy examination has revealed that the Ir particles are uniform in size, ranging from 1 t@@nm in d
These Ir nanoparticles can be converted to hydrous Ir oxide by the normal potential cycling and pulsing route, apparently conver
ing all of the Ir sites to the oxidized form. The resulting Ir oxide films are electrochromic, exhibit high charge densites, and
extremely adherent. Ir oxide films can also be formed directly using the SG route by heating the coated electrodes attemperatu
above approximately 500°C.
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While the sol-gel (SG) technique has been known for ca. 10®btained by painting:20and dip-coating! techniques, using a vari-
years! it has seen a resurgence in popularity due to the simplicityety of substrates. However, only compositional and/or structural
and flexibility of synthesis of useful materials of controlled compo- studies of these materials were carried out previously. In the current
sition and having a range of forms and shapes, e.g., fibers, powderstudy, electrochemical results have shown that, contrary to most
monoliths, and thin film3.Some of the emphasis in recent years hasother reported materials formed using the SG techrigjue,initial
been on the SG synthesis of silica and alumina-based materials, usgigh product can be made to be metallic in nature and that high tem-
for many applications including as a matrix for specifically implant- peratures are required to form IrOx directly. The material formed at
ed reagents such as biosensing spéeté€ther unique uses of SG- low temperatures consists of nanosized Ir metal particles, which are
formed materials include the deposition of semiconducting materialgxtremely adherent to all substrates studied to date. This approach
such as TiQ, MnO,, ZnO, and SiQ> within the pores of template  overcomes the known difficulty of producing metallic Ir films, and
materials, such as electrochemically formed porous Al oxide films.also yields useful nanosized Ir structures. These films can subse-
SG-formed MOs has also been employed as a high surface areguently be electrochemically converted to the redox-active, elec-
material for use in Li batteries. trochromic IrOx film material, yielding high charge densities and

We have gained our experience in the SG deposition of thin filmsxcellent Ir(I11)/(IV) kinetics.
through parallel work with Ni, Co, and mixed Ni-Co oxide filfn5. Experimental
These films have been characterized electrochemically and using ) P ) . .
various surface analysis techniques. It has been discovered that the SG synthesis of Ir-pased filmsthe Ilr-contalnlng SG solution
mixed Co:Ni oxide films, particularly those of 1:1 composition, have was prepared as (_jescrlbed e'S?W“él‘-’*'”Q IrC_g (or er|3'3H20)
superior charge densities (achieved by optimizing the experimentdtS the precursor, in a molar ratio of ca. 1:3 with Na ethoxide. These
variables) and redox kinetic properties as compared to similar Ni-C eagents were dissolved in ethanol, refluxed under Ar for several

oxides formed electrochemically or by other conventional depositio ours, and th_en filtered. Au f_oils anc_i wir_es (AIdric_h, 5 N purity),
methodg either sealed in soft glass tubing or fixed in a special Teflon holder,

Primarily because of the electrochemical advantages of sgwere dip-coated by withdrawing them from the SG solution at vari-
formed Ni-Co oxide films, our attention has recently turned toward®4S f'XEd.crjafS b_e;vc\j/een Ta' 1 a?]d 1h2_0kcm_/m|kr]1. It |sf kn;e\;\r/‘r%;hat, the
attempting the SG deposition of Ir oxide (IrOx) films, used in appli- ?ore E‘F;' tt € W'ft rawa rate,_tdeft Icker ISOtletsu%t Z:zith frmne
cations as diverse as interneural stimulating electrddelec- u substrate surtace area varied Irom ca. 0.2 10 some

trochromic device8and as supercapacitive electrodiél the past, evidence for a lower coverage of the SG coating at the higher area

IrOx films have often been formed electrochemically by repetitive.eleCtrOdes' The coatings were then either dried at room temperature

cycling or pulsing of the potential (between critical upfiet, and It?m?ei; l;)ert\\llvvgcrei ggartﬁiﬂ ::]ée:[nrg]).eratures between 100 and 650°C for

lower, E7, limits) of an Ir metal substrate in a range of aqueous solu- : .

tions®-14 In each cycle of potential, a maximum of one monolayer _ Gggfgggg%gﬁﬁ:);;”;ﬂ?i% perlggrtzri?;]jr?wselr \?vr;crie E‘:gﬁﬁg work

of a hydrous IrOx film can be forméd,up to a maximum film ) . ) '
y up with the data being recorded on either a Goertz Servogor 790 or an HP

thickness of a few micror¥st0.12However, this method of film for- .
mation, while resulting in advantageous kinetic and capacitive prop-7 0458 .X/Y recorder. The SG-coated workl_ng electrode (WE) was
placed in the same compartment as the high surface area Pt gauze

erties, is slow, involves some loss of Ir metal via a simultaneous dis! . :
solution process, and unavoidably leaves a thin layer of unreacted founter electrode. The reversible hydrogen electrode (RHE), placed in

beneath the oxide film. Also, the hardness of the underlying Ir metaf second compartment joined to the first via a Luggin capillary, served

makes specimen cutting difficult during ultramicrotomy and in otheraslfthe refg(rjerace eleft:jo%e.tﬁll exp(te.rlments were con(?uqtted in O'?hM
preparation methods used for surface analysis. sulfuric acid, deaerated by the continuous passage of nitrogen either

In the present work, a first-time study of the electrochemicalthrc’l:gh or abov(;a trt1e dsotlutlon Itn the WtE corznlpir;r?gnt. All experi-
properties of Ir-containing films, derived using the SG technique,men S Were conducted at room temperature, 21 x '

; : Transmission electron microscopy (TEM) and electron diffrac-
was carried out. The SG method has been employed previously to .
prepare [rO%5:16 and mixed oxides such as F®a,016 IrO,- ttlon (ED) analyses.A range of Ir-based SG-formed films were

Sno, 17 and RUQ-IrO-18i dered form. | ti | coatgd on carbon-supported or plajn copper grids (J. B. EM
nQ,*"and Ru@-Ir0,™in powdered form. Ir@coatings were also Services, Inc.) and were then either air dried for 48 h or were heat-

* Electrochemical Society Active Member. ed at various temperatures for 15 min. Subsequently, TEM analysis,
** Electrochemical Society Student Member. and associated ED studies, were performed using a Hitachi H7000
% E-mail: birss@ucalgary.ca instrument (Health Sciences Center, University of Calgary).
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Results and Discussion a)

Electrochemical esponse of SG-formeithfs.—Figure la shes 0SS 7
the gclic voltammetric (CV) response of a fresh SG-prepared Ir F E’P\‘ -
containing fim, deposited on Au foil substrate by withdsmal from ook g e 1 3
the SG solution at 36 cm/milihe coated electrodeas then heated o
at 190°C for 15 min prior to immersion in the 0.5 M sulfuric acid
solution. In this range of potentighe current due to the double
layer chaging of theAu substrate isery small,only ca. 2uA/cm?,
and therefore does not contribute to the response in Fig. 1a. 1ok ¢

For comparison, Fig. 1b shows the CV response of a freshly pol- o .I
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i, mAfcm

ished Ir wire electrode in the same solution. The hydrogen adsorp- I
tion and desorption underpotential deposited (upd) peaks (oxidation- 15 L1 S S NI S (S

reduction of strongly adsorbed hydrogen is seen at ca. 0.25 V, weak- 0 0z 04 06 08 10 1Z 14
ly adsorbed hydrogen at ca. 0.1 V) that are characteristic of Ir metal E Vvs RHE

in acidic solutiondl.12are clearly seen in this CV. Also, the hys- ' '
teresis between compact oxide film formation (commencing at ca.
0.5 V) and reduction (cathodic peak potential moves negatively as F
more oxide is formed with increasitij values) seen in Fig. 1b is Ir\\

—
o
=
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|

|

the typical signature of metallic Ir in acidic solutions. 0.2
A comparison of Fig. 1a and b shows that the general CV features | I'L '_,,,.9-““’}1 -
of Ir metal are seen for the SG-derived film on Au. In particular, the /\_/_ f
current/potential response during compact oxide formation and ! ’,;’
removal in Fig. 1la is characteristic of metallic Ir. For the SG film E __/.-!’_"'—'_—-__q-__-,él{-:’_f__ R
(Fig. 1a), it is interesting to note that the hydrogen upd peaks depict- é -
ing the reaction of weakly adsorbed hydrogen are clearly delineated E
and are somewhat rounded in shape, while the peaks expected at ce = 2
0.25 V are not present. This probably indicates that the crystallinity L I(
of the SG-formed film differs from that of the polycrystalline Ir 14
wires and foils that are normally examined. It can also be seen in 04l
Fig. 1a that, a&* is gradually increased, the hydrogen upd peaks ¥
increase somewhat in size at the SG-formed Ir surface. This proba- TR T T T
bly reflects the electrochemical removal of adsorbed organics and/or '
chloride that are retained on the Ir surface from the SG solution. In E,Vvs.RHE
the case of the Ir wire electrode (Fig. 1b), the magnitude and shag&gure 1. Initial CV response (a) (20 mV/s) in 0.5 M sulfuric acid, with
of the H peaks does not change under these potential cycling condiicreasinge* values, of SG-formed Ir film, formed on Au foil (0.64 &nat a
tions. withdrawal rate of 36 cm/min and heated at 190°C for 15 min, (b) (100 mV/s)
It is known that, similar to the case of Pt electrodes, the chargé’“ 0.5 M sulfuric acid of fresh, polycrystalline Ir wire electrode (0.Z)cm
passed in the hydrogen adsorption and desorption peaks at Ir (0.21
mC/cn? for a full monolayer of H atoms, although only 65% of the
surface Ir atoms has been suggested to be oc@lpiedan be used It is important to note in Fig. 2b that, at the Ir wire substrate, the
to estimate the true Ir surface area in contact with solution. In thdwydrogen upd peaks remain of constant magnitude, even as more
case of the SG-formed film of Fig. 1a, this calculation yields a truehydrous Ir oxide film is deposited. This has been interpreted previ-
surface area of almost 21 gmvhile the apparent Au substrate area ously as reflecting complete solution accessibility to the underlying
is only 0.64 crA (roughness factor of 32). In comparison, integration Ir metal, indicating also that electrochemically formed Ir oxide films
of the charge in the H upd peaks for the Ir wire electrode (Fig. 1bare extremely porous in natuel2.23Als0, the fact that essentially
yields a true Ir surface area of 0.36%¢iglose to the geometric area a complete monolayer of hydrogen can adsorb on Ir beneath the
of 0.3 cn?. These results show that the SG method of film formationoxide may suggest that the Ir oxide film is actually partially released
yields a very high surface area metallic Ir film. from the Ir surface in this potential rangfeSurprisingly, this does
The outcome of continuous cycling of the potential between 0.0hot seem to affect its stability and adhesion to the Ir substrate.
and 1.45V is shown for the SG-derived Ir surface in Fig. 2a and for In contrast to what is seen in Fig. 2b for the Ir wire, at the SG-
the Ir wire electrode in Fig. 2b. In both cases, the development of theormed Ir film, Fig. 2a shows that the H upd peaks continuously
mirror-image CV peaks (#C,), characteristic of the Ir(Ill)/(IV)  decrease in size as the conversion from compact to hydrous Ir oxide
redox reaction in a hydrous Ir oxide film, is seen. However, for theoccurs. Eventually, the H upd peaks disappear completely. By com-
SG material, peaks #C; reach a steady-state size and do not parison with the behavior of polycrystalline Ir electrodes, this must
increase in size with cycling time, while at Ir metal, these peaks conindicate that all of the Ir has been converted to Ir oxide, such that
tinue to increase as more IrOx is formed. The other typical charamnly the Au substrate is present beneath the Ir oxide film. Another
teristics of IrOx films formed electrochemically at Ir (Fig. 2b), the explanation might have been that hydrous IrOx film formation at the
A, and AJ/C, peaks, are also seen in the CV of the sol-gel derivedSG-formed Ir surface results in the complete blocking of some unre-
film (Fig. 2a). acted Ir metal, such that solution can no longer access it and the H
The number of monolayers of hydrous Ir oxide film can be esti-upd reaction can no longer occur. However, this is considered unlike-
mated by integration of the charge passed in the CV up to 23V, ly. The fact that the CV characteristics, as well as the compact to
and the realization that a single monolayer of this oxide film ishydrous oxide conversion process, are so similar at the two surfaces
equivalent to 0.11 mC/chil Based on the true Ir surface area indicates that a similarity also exists in the film nanostructure.
obtained above from the hydrogen peaks, this yields a value of ca. Structure and composition of SG-derived Ir-based filnFsgure
0.22 mC/cr for the SG-derived film shown in Fig. 2a. This sug- 3 shows a TEM image of a SG-deposited film, formed by the with-
gests that the hydrous oxide film is only ca. 2 monolayers in thick-drawal of a Cu grid from the Ir SG solution at a rate of 12 cm/min,
ness in this particular case. However, due to the large real area of tiaed then dried in air. The smallest individual particle sizes range
electrode, the apparent charge density (based on the area of thetween 1 and 2 nm in diam. A prediction of the maximum charge
underlying Au electrode) is still quite high, i.e., 7 mCfcm density obtainable from a hydrous IrOx film formed from these Ir
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Figure 4.CV response (100 mV/s) in 0.5 M sulfuric acid of SG-formed Ir
oxide with continuous potentiaycling between 1 and 1\8 Film formed on

Au foil (5.7 cn®) using a withdraval rate of 24 cm/mirand then air dried for
48 h.

nanoparticles is made here. It is assunrstithat the Ir particles are
spherical in natureyith a 2 nm diam. It is also assumed that each
surface Ir atom is wolved in the H adsorption reaction and tho;
mately every Ir atom in the particle iswolved in the one-electron
Ir(IN/(1V) redox reaction.Also, it is assumed that no Ir is lost by
dissolution. Based on thithe predicted maximum clge to area
ratio for the lydrous IrOx fim is ca. 0.39 mC/céh For the 1 nm
diam Ir particlesthe predicted IrOx chge densitybased on other-
wise the same assumptiois0.2 mC/cr. These approximate cal-
culations yield similar &lues to that obtainecjgerimentally abee

in Fig. 2a,i.e.,0.22 mC/cm. Note that the obseed chage density
ranged from 0.2 to 0.6 mC/é&n the present wrk, depending on
the conditions used to prepare the 86.fThis probably reflects a
range in the size of the Ir nanopatrticles.

Electron difraction data obtained for alrfi, formed using the
same conditions as in Fig. &nfirmed that the SG dexd fim is Ir
metal, and not IrOx. Lattice spacings were 0.839141, 1.358,
1.823,and 2.615 Asimilar to those for Ir metal in the ffiiction
data bas@4 This conclusion is also in agreement with that obtained
in an earlier nonelectrochemical study of SG-formedoftaining
films .20

Effect of tempeature of drying of SG-derived -bontaining
films.—The efect of the drying temperature of the SG-formed Ir

Figure 2.CV response () (20 mV/s) in 0.5 M sulfuric acid of SG-formed Ir Pasedifm was also xamined. Figure 4 shs that,for a film dried

film (see Fig. 1a) with continuous potentigktkng (dotted then solidthen
dashed) between 0 and 1M5Film formed onAu foil (0.64 cn®) at a with-
drawal rate of 36 cm/min and heated at 190(1},(100 mV/s) in 0.5 M sul-
furic acid of polycrystalline Ir wire (0.1 c# electrode with continuous
potential gcling between 1 and 1.438 Oxide gravth is seengdepicted in
cycle numbers 14, 7, 15,21,and 24.

LA -
i e I e et
PR T At g = .
Figure 3. TEM view (530,000 times magndation) of Ir nanoparticles on

plain Cu grid,formed by the SG techniquasing a withdreval rate of 1.2
cm/min and akdried for 25 min. 100 kV acceleratingltage vas emplged.

in air for 48 h,the same transformation from Ir metal to hydrous Ir
oxide occurs with continuous potentigkting, as seen in Fig. 2a. In
this experiment,E* was etended only to 1.%, and thereforethe
corversion process is sombat slaver. It is notable hovever, that

the H upd peaks are less well structured vs. the case of the 190°C
film, more similar to those seen at the Ir wire electrode (Fig. 1b and
2b). It was generally seen that as the drying temperature during SG-
film formation was increasedhe H upd peak at ca. OVlbecame
more well defhed and the upd peak at ca. 0\2&lisappearedat

least up to a drying temperature of 35078is suggests that the ori-
entation of the Ir grains changes with temperatasejas expected.

For films formed at a temperature of 650%ery different CV
response is obtained in sulfuric acid solutions. None of the charac-
teristics of Ir metal appeaas seen by the absence of the H upd peaks
and of the fisteresis characteristic of the formation and reduction of
the frst monolayer of compact Ir oxide. Insteadresersible CV
revealing only a relatiely small set of mirreimageA/C; peaksjs
obtained (Fig. 5)This demonstrates thatnder these conditionan
Ir oxide film is formed directlysimilar to what vas seen from X-ray
diffraction studies of SG-formed-tontaining paders heated to a
similar temperaturé® An analysis of the chge density of the oxide
in Fig. 5,based on the underlyinu surface area yields alue of
only ca. 2 mC/crh(compared to 7 mC/cfin Fig. 2a). In general,
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Figure 5.CV response (100 mV/s) in 0.5 M sulfuric acid of SG-formed Ir
oxide flm, deposited at 24 cm/min @u (0.54 cn?) and dried at 650°C for
15 min.

the achigable oxide chage densities are\er for the high temper-
ature fims vs. those formed atweer temperatures.
Conclusion
The SG techniqueysing Ir chloride as the precursbias been
used to form a range oftbrased ifms onAu electrode sudcesThe
film thickness vas controlled by the rate of withaval of the elec-
trode from the sol solutiomnd samples were then eitherdired or

2,
heated at temperatures between 100 and 650°C. Samples prepared;at

temperatures belo ca. 500°C were found to be metalli¢ based
primarily on the gclic voltammetry response in sulfuric acid solu-
tions, but also corifmed from electron difaction analysesThe

CVs initially shaved the formation and reduction of a compact Ir

oxide flm, characteristic of Ir metal EM studies reealed that the

freshly formed Ir metal particles were in the range of 1 to 2 nm in

diam.The SG synthesis of thedtnfs, forming high surdce area Ir
metal, overcomes the kmen difficulty of producing metallic Ir
films, and also yields useful nanosized Ir structures.

With time of potential gcling between &/ and upper potentials
between 1.3 and 1\ the reversible CVtypical of hydrous Ir oxide,
is obtained. Importantlythe hydrogen adsorption/desorption peaks
disappear with time ofyeling, indicating the complete consumption

of Ir in its corversion to the hydrous oxidéni material. Een after
corversion to Ir oxidethe flms are \ery adherent to the electrode
surface.The Ir oxide fim is electrochromic andxaibits high chage
densities. Films formed by heating to 650°C are no longer metallic
in nature. Rathethey exhibit the CV characteristics reminiscent of
thermally formed Ir oxideilins. Also, they yield lover chage den-
sities vs. the oxiddlins formed at laver temperatures and oant-

ed to Ir oxide by potentialycling.
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