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mill, with structural, morphological, and compositional characterizations (during milling
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and after subsequent heat treatments) by X-ray diffraction, energy-dispersive spectroscopy,
and transmission electron microscopy. Electrochemical stability of powders was evaluated
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by open circuit potential (OCP). Results showed that the mechanical energy transferred
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during this process induces a reaction between IrO2 and Ta2 O5 , forming metallic Ir and
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Ir(Ta)O2 saturated solid solution. The study additionally shows that this reaction can be
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thermally induced with previous mechanical activation of reactants. Electrochemical eval-

Catalytic material

uations of milled powders immersed in H2 SO4 solution revealed that OCP shifts negatively
with increasing milling time, approaching that of pure Ir at 15 h milling.
© 2020 SECV. Published by Elsevier España, S.L.U. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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r e s u m e n
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Este trabajo describe la molienda y subsecuente tratamiento térmico de polvos de IrO2 y
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Ta2 O5 . Los reactantes fueron molidos bajo atmósfera de Ar en un molino SPEX 8000D. Los

Óxidos

polvos fueron caracterizados mediante difracción de rayos X, espectroscopía de energía dis-
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persiva de rayos X y microscopia electrónica de transmisión. La estabilidad electroquímica
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fue evaluada mediante potencial de circuito abierto. Los resultados obtenidos mostraron que
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la energía mecánica transferida durante el proceso de molienda induce la reacción entre el
IrO2 y Ta2 O5 , formando Ir metálico y una solución sólida saturada Ir(Ta)O2 . Adicionalmente,
se demostró que esta reacción puede ser térmicamente inducida posterior a una activación
mecánica de los reactantes. La evaluación electroquímica de los polvos inmersos en una
solución de H2 SO4 , reveló que a medida que el tiempo de molienda aumenta, el potencial
de circuito abierto disminuye, hasta alcanzar el potencial presentado por el Ir puro luego de
las 15 h de molienda.
© 2020 SECV. Publicado por Elsevier España, S.L.U. Este es un artı́culo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
Dimensionally stable anodes (DSAs), patented by Henry Beer
in the sixties [1], are known for their particular electrocatalytic
properties useful in electrochemistry as electrodes. Since their
first description, many studies have explored various metal
oxide mixtures as active coatings over metal substrates. Currently, DSAs in chlorine production are made of Ti rod or
expanded metal structure with mixed coating of doped Ru
and Ti oxides, which provide high electrocatalytic activity and
electrical conductivity [2]. Later developments of DSA in other
industries soon arrived: in 1975, Sumitomo Metals and Mining
Company reported the use of DSA anodes on a commercial scale for electrowinning nickel and cobalt from chloride
electrolytes [3]; that said, most commercial electrowinning
processes are with sulfate electrolytes where oxygen-evolving
anodes are required. To abate the use of sulfate solutions, RuO2
was one of the first coatings studied because of its relatively
low cost and success in the chloralkali industry; however, it is
not stable in the potential range required for oxygen evolution
in acid solution [4]. Considerable research has been devoted to
formulating mixed coatings with less-expensive metal oxides
to prevent or decrease the rate of loss of active material [5–7].
Due to the importance and high demand for materials in
these industries, the search for alternatives pointed toward
iridium oxide as an electroactive component for oxygen
evolution.
To that end, iridium oxide anodes are usually prepared
through thermal decomposition of a precursor solution over
a Ti substrate at a temperature of 450 ◦ C or more [8]. The
research group of professor Comninellis [9,10] established that
the best balance of electrocatalytic activity and coating stability is obtained with an oxide composition of IrO2 –30 mol%
Ta2 O5 . Similar optimal compositions have been replicated by
Mraz and Krysa [11], Xu and Scantlebury [12], Bao-song et al.
[13], and Huang et al. [14]. In seeking to explain this optimal
balance, Hu et al. [15] systematically studied the effects of
oxide composition on phase evolution in IrO2 –Ta2 O5 coatings.
That study found that the high electrochemical performance
in Ti/IrO2 –30 mol% Ta2 O5 anodes are likely due to the formation of a saturated solid solution between IrO2 and Ta. This
conclusion was later confirmed by Yonglei et al. [16].
It is well known that thermal decomposition conditions
influence microstructure and electrochemical performance in
Ti/IrO2 –Ta2 O5 anodes. Vercesi et al. [17] studied the effect of
calcination temperature on microstructure and electrochemical behavior for these, and found that electrocatalytic activity

decreases with as calcination temperature increases. In this
same sense, Xu et al. [18] reported that the electrochemical
stability of these coatings decreases as calcination temperature decreases. Both these authors [17,18] suggest that this
behavior may be related to the degree of crystallinity in the
IrO2 phase.
Additionally, it has been determined that pretreating the Ti
substrate affects electrochemical properties in Ti/IrO2 –Ta2 O5
anodes. Yan et al. [19] compared anodes pretreated with oxalic
acid etching vs. those with a hydrogen pretreated substrate,
and found that the latter showed greater catalytic activity;
however, due to the preferred crystallization orientation of
the IrO2 , its lifetime was shorter. Furthermore, Xu et al. [20]
found that sandblasting as substrate pretreatment reduced
the lifetime of Ti/IrO2 –Ta2 O5 anodes due to the oxidation of
the Ti substrate. In this same sense, Huang et al. [21] studied
three Ti pretreatments (grinding with emery paper, HCl etching and NH4 HF2 /HNO3 etching), finding that the lifetime of
Ti/IrO2 –Ta2 O5 anodes greatly depends on the type of Ti substrate pretreatment.
Other preparation methods have been tested with the
objective of improving the electrochemical performance of
Ti/IrO2 –Ta2 O5 anodes. Xu et al. [22] reported that, in comparison with the anodes produced by conventional thermal
decomposition, oxide electrodes obtained by the Pechini
method exhibited better electrocatalytic activity, likely due
to the particular microstructure produced by this synthesis route, which is characterized by a uniform thin film of
oxide with high nanoscale roughness. Additionally, Herrada
et al. [23] investigated microstructural characteristics and
electrochemical behavior of Ti/IrO2 –Ta2 O5 anodes produced
by electrophoretic deposition, concluding that the formation
of a homogeneous surface coverage had higher active surface area in comparison with oxide films obtained by thermal
decomposition.
Of all the techniques discussed above, a recently published work by Senna [24] provides a comprehensive overview
of both theoretical and practical advances in the field of
Mechanochemistry. The branch of chemistry concerned with
chemical and physicochemical transformations of substances
in all states of aggregation through mechanical energy
[25]. Mechanochemistry looks to be a highly promising and
simple means of obtaining materials which are very complicated to synthesize by other routes [26–29]. Significantly,
mechanochemistry induces phase transformations where
crystalline defects play an important role in increasing the rate
of solid state reactions. Here, such processes (e.g., mechanical alloying and milling) increase the number and density of
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crystalline defects, which could be an alternative in the manufacture of special purpose materials – including Ir(Ta)O2 solid
solutions – even as it continues to be developed for hydrogen
storage materials [30].
Despite the importance of saturated Ir(Ta)O2 solid solutions
in improving electrochemical performance in Ti/IrO2 –Ta2 O5
anodes [15,16], no works as yet have determined the
possibility of obtaining a supersaturated Ir(Ta)O2 solid solution. This oversight is not irrelevant, given that higher
Ta content in oxide coatings would reduce manufacturing
costs and increase electrochemical stability in this type of
anode.
Based on the above, then, the objective of the present
work was to study the milling and subsequent heat treatment
of IrO2 and Ta2 O5 powders in order to synthesize a Tasupersaturated Ir(Ta)O2 solid solution. The effects of milling
time and heat treatment on the microstructural and electrochemical properties of the powders obtained were also
investigated.

Experimental procedures
Milling
IrO2 (99.9% purity, Sigma Aldrich) and Ta2 O5 (99.0% purity,
Sigma Aldrich) powders were milled at ratio of IrO2 38 mol%
Ta2 O5 in a SPEX 8000D mill under Ar atmosphere (10 ppm of
O2 ) using a ball-to-powder ratio (BPR) of 10–1. This BPR is quite
common in similar materials, and hence selected in this study.
To prevent excessive welding during mechanochemical processes, 1 wt.% stearic acid was added as a processing control
agent. Milling times were 1, 3, 5, 10, and 15 h. To minimize
temperature rise during milling, this process was performed
discontinuously, i.e., 0.5 h of milling followed by rest periods
of 0.5 h.

Microstructural and morphological characterization
The microstructural evolution of the powders during the
mechanochemical process was studied by X-ray diffraction
(XRD) in a Shimadzu XDR-6000 diffractometer using Cu-K␣
radiation. The XRD analyses were carried out using an angular step of 0.02◦ (2) and a counting time per step of 6 s.
XRD patterns were analyzed with the Rietveld method [31] in
the Materials Analysis Using Diffraction (MAUD) program [32].
Powder morphology was evaluated using a Zeiss EVO MA 10
thermionic scanning electron microscope (SEM). Additionally,
powder microstructure was analyzed by transmission electron
microscopy (TEM) using a FEI Tecnai F20 ST microscope.

Fig. 1 – Morphology and particle size of raw powders: (a)
IrO2 and (b) Ta2 O5 .

Electrochemical characterization
Electrochemical characterization of powders was performed
on a modified carbon electrode immersed in an aerated 1.63 M
H2 SO4 solution. This concentration was chosen because it
is the typical acid concentration in the Cu electrowinning,
where Ti/IrO2 –Ta2 O5 DSA anodes are commonly used. Working electrodes were prepared with 0.25 g of the sample and
0.25 g of graphite powders, mixed with 0.33 g of paraffin wax
at 70 ◦ C. This mixture was then placed into a Teflon tube
with an internal diameter of 3 mm, and copper wire was used
to ensure electrical contact. Electrochemical measurements
were carried out in a conventional three-electrode cell with
Ag/AgCl (sat. KCl) and platinum wires as reference and counter
electrodes, respectively. Open circuit potential (OCP) was performed at room temperature (22 ± 0.5 ◦ C) using a BioLogic
(VSP-300) potentiostat/galvanostat. To determine the OCP for
each sample, the working electrode was maintained in the test
solution for 15 h. The concentration of the elements dissolved
was determined after each electrochemical test by inductively
coupled plasma spectrometry (ICP) using Perkin Elmer Optima
8000 equipment.

Thermal characterization
Thermal behavior of the mechanically alloyed powder was
determined through a combination of simultaneous differential scanning calorimetry (DSC) and thermogravimetric
analyses (TGA) (SDT 650, TA Instruments). The thermal analyses were carried out under an Ar flow of 50 mL min−1 , and
samples were heated from room temperature to 1300 ◦ C at a
heating rate of 20 ◦ C min−1 .

Results and discussion
Powders were characterized by particle size (granulometry)
and particle shape (morphology). Fig. 1 shows SEM images
of raw materials used in the milling process. Both samples formed from fine particle agglomerates. The calculated
average particle sizes for IrO2 and Ta2 O5 were 330 ± 30 and

112

b o l e t í n d e l a s o c i e d a d e s p a ñ o l a d e c e r á m i c a y v i d r i o 6 0 (2 0 2 1) 109–118

Fig. 2 – (a) XRD patterns of initial reactants and powders after 1, 3, 5, 10, and 15 h of milling; (b) and (c) are magnifications of
selected areas.

532 ± 37 nm, respectively. In terms of morphology, IrO2 presented particles with sharp edges, whereas the Ta2 O5 sample
exhibited particles with smoother, more rounded edges.
The XRD patterns of the pure compounds are shown in
Fig. 2(a) together with XRD patterns of the phases after milling.
The microstructural information was obtained from Rietveld
refinements. The results for oxides before milling are listed in
Table 1. The refined lattice parameters for IrO2 and Ta2 O5 are
in agreement with those reported in literature for tetragonal
IrO2 (a = 0.4498 nm, c = 0.3154 nm) [33] and orthorhombic Ta2 O5
(a = 0.6198 nm, b = 4.0290 nm, and c = 0.3888 nm) [34]. Additionally, Ta2 O5 exhibits a larger average crystallite size than IrO2 ,
related to the difference of initial particle size between these
two oxides [35].
Fig. 2 shows the XRD patterns of initial reactants and powders after 1, 3, 5, 10, and 15 h of milling. To compare the XRD
patterns, they were normalized with respect to the maximum
intensity. The corresponding fitting and crystalline parameters are listed in Table 2.
After the first hour of milling, only IrO2 and Ta2 O5 were
detected. During this milling period, the unit cell volume of

both oxides remained practically unchanged in comparison
with the raw materials.
After 3 h of mechanochemical processing, the relative peak
intensity of Ta2 O5 gradually decreases. Only traces of this compound were found after 15 h of milling. No appreciable change
of the Ta2 O5 unit cell volume was detected, which dismisses
the formation of a solid solution based on this oxide during
the mechanochemical process. Additionally, it was possible to
detect diffraction peaks of metallic Ir, whose relative intensity
gradually increases with milling time (Fig. 2(b)). The refined
unit cell volume for metallic Ir (56.56 × 10−3 nm3 in average,
Table 2) is in agreement with reports in the literature by Kern
and Eysel [36].
As can be seen in Fig. 2(c), the IrO2 diffraction peaks become
more asymmetric as milling time increases. Finally, after 15 h
of milling, a new set of peaks can be clearly distinguished to
the left of the original IrO2 diffraction peaks. These additional
peaks can be attributed to the formation of a new phase which
possesses the same structure type as the tetragonal IrO2 but
with a larger lattice unit volume. Fig. 3 presents the refined
lattice parameters of this new phase at the different milling
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Table 1 – Microstructural and fitting parameters obtained from the Rietveld method for IrO2 and Ta2 O5 before milling.
Space group

Lattice parameters (nm)
a

IrO2
Ta2 O5

P42 /mnm
C2mm

b

Unit cell volume (nm3 ) × 10−3

Crystallite size (nm)

RB (%)

2 (%)

63.92
970.82

58
185

8.50
7.61

1.36
2.70

c

0.4500
0.3157
0.6197 4.0282 0.3889

Fig. 3 – Lattice parameters of IrO2 solid solution over
mechanochemical processing.

times. In comparison with initial IrO2 , the new phase shows a
large “a” parameter. No appreciable changes in “c” parameter
were observed. Similar results were reported by Roginskaya
et al. [37], who studied the formation of IrO2 –Ta2 O5 film by
thermal decomposition. They found that the substitution of Ir
IV (radius 0.71 pm) by Ta IV cations (radius 0.74 pm) into IrO2
structure results principally in an expansion of the “a” lattice
parameter.
The detection of this new phase, taken with the decreased
Ta2 O5 relative peak intensity and the changes in the crystalline parameters mentioned above, suggest the formation of
an Ir(Ta)O2 solid solution (IrO2 SS) through mechanochemical
processing. To corroborate this assumption, powders milled
after 15 h were subjected to TEM and analyzed with energydispersive X-ray spectroscopy (EDS). The results obtained are
shown in Fig. 4, with a sample composed of nanometric
particle agglomerates. The selected area electron diffraction
(SAED) shows defined rings, characteristic of polycrystalline
materials. Furthermore, punctual EDS analyses revealed particles with high Ir, Ta, and O content. It is important to

note that detected Cu originated from the TEM grid support, while Fe comes from the erosion of the balls used in
milling. Considering that only traces of Ta2 O5 were founded
after 15 h of milling and that no amorphous phases were
found by XRD and TEM, it is possible to conclude that
the increase in the density of crystalline defects generated
by milling, caused the formation of a Ir(Ta)O2 solid solution.
The unit cell volume of the Ir(Ta)O2 solid solution does
not vary appreciably with milling time (Table 2), suggesting that this phase is not produced by a gradual diffusion
of Ta into IrO2 , but is rather the result of a chemical reaction between IrO2 and Ta2 O5 . On the other hand, the cell
volume average of the Ir(Ta)O2 solid solution formed during
milling (66.3 × 10−3 nm3 ) is very close to that of reports by
Hu et al. (66.6 × 10−3 nm3 ) [15,38] and Yonglei (66.0 × 10−3 nm3 )
[16] for a saturated solid solution. This evidence indicates that,
under the experimental conditions employed, it was not possible to form a supersaturated Ir(Ta)O2 solid solution. This
conclusion is further supported by XRD analysis of powders
milled after 15 h, where traces of Ta2 O5 can still be detected
(Fig. 2(a)).
Fig. 5 presents the evolution of average crystallite size
and microstrains as a function of milling time for IrO2 and
Ta2 O5. Crystallite size significantly decreases for both oxides
during the first hours of milling; indeed, ceramics subjected
to milling have been shown to very quickly undergo brittle fracture as a result of pre-existing defects [39]. After
3 h, the crystallite size reaches a saturation value of 34 nm
for IrO2 and 16 nm for Ta2 O5 . The results obtained suggest that under the experimental conditions employed, both
oxides reached their “comminution limit”, below which crack
propagation is impossible [40–42]. Considering that the calculated microstrain is very low for both oxides (Fig. 5), it is
possible to conclude that the crystallite size refinement during milling occurs via repeated brittle fracture and not by
severe plastic deformation. The fact that the final crystallite size obtained by XRD and the particle size determined

Table 2 – Microstructural and fitting parameters obtained from the Rietveld method for the milled powders.
Unit cell volume (nm3 ) × 10−3

Time (h)

1
3
5
10
15

IrO2

IrO2 SS

64.14
64.23
64.25
64.12
64.01

–
66.87
66.00
65.73
66.38

Ta2 O5
976.05
979.61
977.90
972.58
–

Wt% Ira

RB (%)

2 (%)

–
5.6
15.2
20.3
23.4

8.80
7.52
6.38
5.53
5.41

1.71
1.33
1.23
1.16
1.55

Ir
–
56.52
56.67
56.50
56.54

Note: a The Ir concentration is only referential because the powders were positioned on a glass sample holder, whose signal interferes with the
precise quantification of the phases by XRD.
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Fig. 4 – TEM, SAED, and EDS of powders after 15 h milling.
1 × 10−5 atm (O2 content in commercial Ar) is 164.33 kJ mol−1
[43].

IrO2 → Ir + O2 (g)

Fig. 5 – Calculated crystallite size and microstrain as a
function of milling time for (a) IrO2 and (b) Ta2 O5 .

by TEM (Fig. 4) are in the same range demonstrates that
the particles are single crystals and corroborates that brittle
fracture is the dominant mode of microstructure refinement.
The dissociation of IrO2 , given by Eq. (1), is not a spontaneous process under normal conditions. The Gibbs free energy
change for this reaction at 298 K and a partial O2 pressure of

(1)

During mechanochemical processes, it is well known that
a part of the energy is retained by the solid in the form of
new surface and lattice defects [44]. These increases in the
internal energy of the reactants in some cases can induce nonspontaneous processes during the milling [45,46].
Considering the low microstrain calculated for milled IrO2
(Fig. 5), it is possible to establish that newly formed surface
areas are the main contribution to free energy changes during mechanochemical processing. Thus, for dissociation of
IrO2 by Eq. (1) to be spontaneous under the milling conditions employed, the energy contribution of the surface due
to the decrease in the particle size of IrO2 must be greater
than 164.33 kJ mol−1 . In order to obtain an approximation
of the free energy increase of IrO2 due to the milling process, we assumed spherical particles of 34 nm in diameter.
The surface energy of this oxide (2.16 J m2 ) was taken from
Ref. [47]. The results obtained suggest that the free energy
increases due to the formation of new surfaces (7.33 kJ mol−1 )
is insufficient to promote the decomposition of IrO2 in Ir and
O2 .
As mentioned earlier, the formation of Ir(Ta)O2 solid solutions has been previously reported by several authors under
thermal decomposition of chloride precursors [13–16,18,38].
Hu et al. determined that this phase has a high thermal stability, finding that when this solid solution is heated to 800 ◦ C
in air, decomposition into elemental oxides (IrO2 and Ta2 O5 )
does not take place [38].
Based on the results obtained and considering the high
thermal stability of Ir(Ta)O2 solid solutions, it is proposed that
the decomposition of IrO2 during milling is very likely due to
two factors: (i) the energy transferred to the powders from the
production of new surfaces; and (ii) the formation of a stable Ir(Ta)O2 saturated solid solution, which would reduce the
Gibbs free energy of the products and allow for its decomposition under the conditions employed, according to Eq. (2):

IrO2 +

x
5x
Ta2 O5 = xIr + Ir1−x (Tax )O2 +
O2 (g)
2
4

(2)
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Fig. 7 – TGA curves of powders after 1, 3, 5, 10, and 15 h
milling.

Fig. 6 – (a) TGA curve for initial IrO2 powder and (b) XRD
pattern of the same sample after heat treatment.

Thermal stability of the powders after milling was analyzed
by DSC/TGA and XRD. Fig. 6(a) shows the thermogravimetric analysis for initial IrO2 powders. A 15% weight loss
occurs from 810 to 1030 ◦ C, i.e., thermal decomposition of
IrO2 according to reaction (1). The presence of metallic Ir
after heat treatment was confirmed by XRD (Fig. 6(b)). In
relation to Ta2 O5 , no reactions were detected during heating.
Fig. 7 shows TGA curves of powders at 1, 3, 5, 10, and 15 h
milling. Two stages of weight loss can be observed during heating. To determine the nature of these stages, powders milled
during 1 h were heated up to 600 ◦ C and 1300 ◦ C and analyzed
by XRD. The results can be seen in Fig. 8.
In contrast to the powders at 1 h milling, the X-ray pattern for powders heated to 600 ◦ C shows the presence of
Ir and Ir(Ta)O2 . Based on the results obtained, it is possible to conclude that the weight loss between 25 and
600 ◦ C can be attributed to the reaction between mechanically activated IrO2 and Ta2 O5 powders according to Eq.
(2).
Concerning the sample heated to 1300 ◦ C, the X-ray pattern
showed the presence of Ta2 O5 , Ir, FeTa2 O6 , and TaO2 . Considering the results obtained, the weight loss between 810 and
1030 ◦ C is principally associated with the thermal decomposition of the remaining IrO2 and the Ir(Ta)O2 solid solution.
The formation of FeTa2 O6 is due to the reaction between Ta

Fig. 8 – XRD patterns of samples milled for 1 h and heated
up to 600 and 1300 ◦ C.
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and an Ir(Ta)O2 saturated solid solution. The study additionally shows that this reaction can be thermally induced with
previous mechanical activation of reactants.
The non-formation of an supersaturated Ir(Ta)O2 solid
solution during milling is due to above phase evolution, which,
rather than a continuous diffusion of Ta into the IrO2 structure,
is a solid-state reaction between mechanically activated IrO2
and Ta2 O5 .
Finally, variations in OCP of the powders over milling times
revealed high stability against further oxidation, which as also
validated by chemical analysis.

Fig. 9 – OCP measurements in 1.63 M H2 SO4 solution for
graphite, pure Ir and IrO2 -Ta2 O5 powders at different
milling times.

released during the decomposition of the Ir(Ta)O2 solid solution and Fe from balls used in milling.
The table insert in Fig. 7 shows that weight loss under these
two reactions decreases with milling time. Considering that
Eq. (2) can be mechanically or thermally induced, as milling
progresses, lesser amount of IrO2 will be available for thermal
decomposition.
Finally, Fig. 9 shows OCP variations, as a function of milling
time, in a 1.63 M H2 SO4 solution at 22 ◦ C. The OCP for graphite
and pure Ir are presented for comparison. It is possible to
observe that the graphite electrode showed the lowest OCP
value suggesting that the potential of the IrO2 –Ta2 O5 electrodes is being dominated by the processes occurring on
the milled powders instead of graphite surface. Additionally, it is noted that the steady state OCP shifts negatively
with increasing milling time, approaching that of pure Ir.
In concordance with the XRD results shown in Fig. 2, this
behavior confirms that milling generates metallic Ir following Eq. (2). The Pourbaix diagram of Ir [48] at bulk pH of 0.5
shows that all measured OCP values lay in the immunity
domain, providing evidence for the presence of this metal
in the milled powders. The high stability of the milled powders, composed principally of metallic Ir and Ir(Ta)O2 solid
solution was corroborated by chemical analysis using ICP
spectroscopy in a concentrated H2 SO4 solution. In all cases
Ir and Ta concentrations in solution, measured after the OCP
tests, were below the detection limit of the equipment used
([Ir] < 0.01 mg L−1 and [Ta] < 0.015 mg L−1 ). On the other hand,
Fe concentration fluctuated between 0.65 and 0.87 mg L−1 ,
for the powders with 1 and 15 h of milling. This result indicates that, although there is a contamination by Fe during
the mechanochemical processing, this contamination does
not intensify excessively with the increase of the milling
time.

Conclusions
Concerning the phase evolution of powders during milling, it
is possible to conclude that the mechanical energy transferred
induces a reaction between IrO2 and Ta2 O5 , forming metallic Ir
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