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ABSTRACT: Upon electrochemical oxidation of the precur-
sor complexes [Cp*Ir(H,0),]SO, (1) or [(Cp*Ir),(OH),]-
OH (2) (Cp* = pentamethylcyclopentadienyl), a blue layer of
amorphous iridium oxide containing a carbon admixture (BL)
is deposited onto the anode. The solid-state, amorphous
iridium oxide material that is formed from the molecular
precursors is significantly more active for water-oxidation
catalysis than crystalline IrO, and functions as a remarkably
robust catalyst, capable of catalyzing water oxidation without
deactivation or significant corrosion for at least 70 h. Elemental
analysis reveals that BL contains carbon that is derived from
the Cp* ligand (~ 3% by mass after prolonged electrolysis).
Because the electrodeposition of precursors 1 or 2 gives a

highly active catalyst material, and electrochemical oxidation of other iridium complexes seems not to result in immediate
conversion to iridium oxide materials, we investigate here the nature of the deposited material. The steps leading to the formation
of BL and its structure have been investigated by a combination of spectroscopic and theoretical methods. IR spectroscopy shows
that the carbon content of BL, while containing some C—H bonds intact at short times, is composed primarily of components
with C=0 fragments at longer times. X-ray absorption and X-ray absorption fine structure show that, on average, the six ligands
to iridium in BL are likely oxygen atoms, consistent with formation of iridium oxide under the oxidizing conditions. High-energy
X-ray scattering (HEXS) and pair distribution function (PDF) analysis (obtained ex situ on powder samples) show that BL is
largely free of the molecular precursors and is composed of small, <7 A, iridium oxide domains. Density functional theory (DFT)
modeling of the X-ray data suggests a limited set of final components in BL; ketomalonate has been chosen as a model fragment
because it gives a good fit to the HEXS-PDF data and is a potential decomposition product of Cp*.

B INTRODUCTION

The development of technologies for the production of
chemical fuels with sunlight and inexpensive feedstocks relies
on an abundant supply of protons and electrons to form the
fuel.' Water is perhaps the best source of these protons and
electrons, as water oxidation produces only oxygen gas as a
byproduct:

2H,0 - O, + 4H" + 4e”

The water-oxidation reaction is both thermodynamically and
kinetically demanding, having slow electrode kinetics even at
high overpotentials without the use of a suitable catalyst. The
sluggish kinetics are likely due to the many intermediates
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required to accomplish the complete 4H'/4e™ oxidation of
water to dioxygen.

Among the catalysts known for water oxidation, iridium
oxide-based materials offer both high activity and long-term
stability.” Consequently, there has been great interest in
understanding and improving preparations of iridium oxide.
Dimensionally Stable Anodes, introduced more than half a
century ago, proved the utility of iridium oxide materials in
industrial settings.®> Today, preparations of iridium oxide (with
other noble and non-noble metals) perform water oxidation at
high current densities in commercially available proton-
exchange membrane (PEM) water electrolyzers.*
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Traditional routes for the preparation of iridium oxide
anodes can be grouped into three main categories. In the first,
thermal decomposition of iridium chlorides on surfaces can give
active oxide material® In the second, iridium oxide nano-
particles can be synthesized in solution by hydrolysis of iridium
precursors.® These nanoparticles can then be mechanicall
deposited onto electrodes, or electrodeposited. Murray’s group
has used the latter method and obtained remarkably low
overpotentials for water oxidation; the high activity of their
assembled material likely relies on both the high intrinsic
activity of iridium oxide and the high surface area of the small
nanoparticles. Mallouk’s group has also extensively investigated
the formation and electrodeposition of iridium oxide nano-
particles,® and their use in more complex systems,” includin
one notably designed to achieve light-driven water oxidation.'
In the third route to iridium oxide anodes, iridium metal can be
oxidized to form amorphous iridium oxide,'* which functions as
a remarkably active catalyst for water oxidation.'> A notable
variant of this route is sputtering of iridium onto electrodes,"’
which gives remarkably active oxide material. These amorphous
iridium oxides from the third route are often electrochromic,*
a property afforded by an internal redox event of the stable
oxide material.">

Recently, the use of iridium complexes as water-oxidation
catalysts has attracted significant attention.'® In our group, we
have been exploring the chemistry of a number of half-sandwich
iridium complexes for use as water-oxidation catalysts.'”
Depending on the ligands bound to iridium in addition to
the pentamethylcyclopentadienyl (Cp*) ligand, we find that the
complexes can either homogeneously oxidize water or the
starting complex can form a heterogeneous material that also
functions as a catalyst for the reaction. Specifically, we have
found that electrochemical oxidation of [ Cp*Ir(H,0),;]SO, (1)
or [(Cp*Ir),(OH);]OH (2) (Figure 1) yields a catalytically
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Figure 1. Structures of the iridium(III) complexes.

active heterogeneous material visible as a blue layer (BL) on
the electrode.'® In our preliminary work, we found that the
catalyst clearly contained a carbon admixture which arises from
the Cp* ligand in the starting complexes.

This interconversion between an organometallic (or, in
analogous cases, inorganic) precursor and a heterogeneous
oxide material that acts as the true catalyst is a unique test case
where the ambiguity between homogeneous and heterogeneous
water oxidation catalysis can be clarified. Because water
oxidation is a thermodynamically and kinetically demanding
reaction, the use of inorganic coordination complexes or
organometallic complexes as molecular catalysts poses unique
challenges; this is especially true in cases where the metals used
in the “homogeneous” catalysts are highly active in their
heterogeneous oxide forms. We have long been interested in
this problem,19 and have recently developed a new electro-
chemical method®® based on a quartz crystal nanobalance (or
microbalance) to distinguish between homogeneous and
heterogeneous electrode-driven catalysis. In the case of
complexes 1 and 2 discussed here, the organometallic
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precursors are clearly converted to a secondary iridium oxide
material, which functions as the true catalyst. Because this
secondary material shows excellent activity for water oxidation,
we have been interested in gaining more information about the
structure of the catalyst. Moreover, we desired to clarify the role
and ultimate fate of the carbon-containing Cp* ligand, because
simple iridium salts and other iridium complexes we have tested
do not electrodeposit like complexes 1 and 2.7

Macchioni’s group has investigated changes that may occur
when Cp*Ir complexes bearing an additional bidentate chelate
ligand are chemically oxidized.” Specifically, NMR data suggest
that nucleophilic attack occurs on the Cp* ligand, resulting in
substitution and further oxidation of the ligand. Treatment of
the complexes with cerium(IV) ammonium nitrate”* (a strong
one-electron oxidant) or hydrogen peroxide®® gives similar
attack on the Cp* ring. Mayer’s group™ has also studied
oxidation of the [Cp*IrCl,], dimer; in these experiments,
treatment of the dimer with PhI(OAc), results in oxidation of a
Cp* methyl group to give the acetoxylated product. Under our
electrochemical conditions, it is conceivable that similar routes
to oxidized material may be operative because ligand oxidation
processes likely occur via oxidized iridium intermediates.'’
Finally, recent work from Lin’s group”* has examined the
activity of Cp*Ir catalysts incorporated into metal—organic
frameworks (MOFs) containing bidentate chelates and found
that complete loss of Cp™* can result from oxidation, but single-
site catalysis can be retained with the modified ligand
environment. Lin et al. do not detect CO, during the course
of the reaction by headspace analysis, but can detect formation
of acetate and formate in solution. In the case of 1 and 2,
oxidation of the complexes clearly results in formation of
heterogeneous iridium oxide material (BL), which functions as
the true catalyst for water oxidation.

Because BL, like other iridium materials, is highly active, and
understanding the oxidative reactivity of these complexes is of
current interest, we now report characterization of this
electrodeposited material. DFT calculations (see the Support-
ing Information) of oxidation processess of the dimeric
[(Cp*Ir),(OH);]OH complex show that it can be oxidized
to a manifold of higher oxidation states at potentials relevant to
the chemistry we observe experimentally. This manifold of
dimeric species is envisioned to aggregate or undergo further
reactions; these oxidations and reactions may start the process
of BL formation with the organometallic ligand set intact.
Consistent with this hypothesis, IR spectroscopy of thin surface
layers of BL suggests that some C—H bonds are intact on the
surface of the electrode at short times. However, upon initiation
of water electrolysis, (1) the C—H bonds are rapidly lost, (2)
C=O0 fragments are formed, but (3) no deactivation of catalyst
is observed. Thus, there must not be any direct Ir—C bonds at
the active site of the catalyst once deposited on the surface.

Because the deposited material is completely amorphous and
insoluble, we turned to in situ X-ray absorption spectroscopy
(XAS) and ex suty high-energy X-ray scattering (HEXS)
methods to gain more information about the structure and
bonding in BL. XAS is an element-specific, short-range
technique for determining the local structure around a specific
atom with a resolution of 0.01—0.02 A.>° Furthermore, this
technique can be applied to systems in various media, including
films.”® The X-ray absorption near-edge structure (XANES)
region contains information on the local geometry and the
oxidation state of the absorbing atom, while the extended X-ray
absorption fine structure (XAFS) region contains information

dx.doi.org/10.1021/ic301968j | Inorg. Chem. 2013, 52, 1860—1871



Inorganic Chemistry

on specific atom—atom distances. The oscillations in the
absorption coefficient found in the XAFS region can be
Fourier-transformed to obtain a pseudoradial distribution
function, with Gaussian peaks representing the distances of
the nearest scattering atoms from the absorbing atom.”” XAFS
can be particularly useful in studying bulk systems where the
interesting dynamics occur around a unique atom, such as in
transition metal complexes.”®

X-ray scattering data complement these techniques by
providing more information about the structure of BL beyond
the first coordination shell. This is especially useful because BL
is amorphous, and cannot be studied by more traditional X-ray
diffraction methods. HEXS shows BL to consist of iridium
oxide domains with maximum atomic pair correlations
extending to 7 A. DFT modeling of the XAFS and HEXS
data confirms that the layer contains mostly oxo-bridged
iridium species in the form of small domains of iridium oxide.
Additionally, because the elemental analysis and spectroscopic
data show the presence of carbon in the layer, ketomalonate (a
potential decomposition product of Cp*) was modeled as a
ligand to iridium for comparison with the experimental data.
We find that this model organic fragment gives a good fit to the
experimental spectroscopic data, but the actual identity of
organic fragments in the layer remains unresolved.

B RESULTS

Long Timecourse Activity and Elemental Analysis. As
we have previously described,'®**** electrochemical oxidation
of 1 or 2 results in the formation of BL at the anode surface.
This oxidation can be accomplished with potential cycling or
pulsing above 1050 mV vs NHE. Once formed, the catalyst is
stably adherent to the electrode surface, as the electrode coated
with BL can be rinsed and transferred to a blank solution
without any apparent loss of catalyst material. Polarizing the
electrode to sufficiently high potential then results in oxygen
evolution with essentially quantitative O, yield.”” We previously
found'® that BL is stable for at least several hours at 1.4 V vs
NHE; we can now extend this stability estimate to multiple
days.

The BL samples used for the experiments described in this
paper were generally prepared by the following method. BL was
electrodeposited onto 1-cm* FTO-coated glass slides from a ca.
2 mM solution of complex 1 or 2 in potassium nitrate
electrolyte for 2 h at 1.4 V. After this time, the layer is
approximately 2 ym in thickness. SEM images of the layer
(Figure 2, and Supporting Information) show the metal oxide
surface features, including peaks and valleys that impart the
appearance of a high apparent surface area to the material.
Under the conditions of the microscopy, the layer appears to
crack and expose the electrode’s FTO-coated surface. In line
with previous observations for hydrous iridium oxide films,>**"
this cracking process likely results from dehydration due to the
high vacuum required for the SEM imaging. This also seems
likely because no activity is lost over many hours of use,
suggesting that the cracking and fracturing process does not
contribute under operating conditions. Cracking becomes more
apparent as the slides are allowed to age because of dehydration
under ambient conditions at longer times.”'

There is a sufficient amount of material on the electrode
surface in the case of the 2-um thick layers to scrape it oft with
a razor blade and submit it for elemental analysis. We have
previously published elemental analysis results on these 2-ym
preparations of the BL immediately following deposition."®
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Figure 2. SEM images of BL after being deposited from a 3 mM
solution of 1 at 14 V vs NHE for 2 h. The FTO coating on the
electrode is visible through the crack on the left of the lower image.

After 2 h of deposition, BL is composed of iridium, oxygen, and
approximately 10% carbon by mass.>* This carbon content has
its origin in the Cp* ligand, because no other sources of carbon
are available under the deposition conditions.”> The mass
percent carbon in the precursor 1, for example, is no greater
than 23%. There is some uncertainty in this mass percent
because of the unknown number of waters of crystallization in
the isolated precursor material, but regardless it is far above the
maximum measured for the initially deposited BL of about
10%. Importantly, this percent carbon by mass is less than half
of the percent carbon by mass for the organometallic precursor,
suggesting that significant ligand oxidation and carbon loss has
occurred over the 2 h deposition. Additionally, the mass of BL
nost likely includes water within the hydrous material.

We were interested in comparing both the activity of the
catalyst and the carbon content versus time, as changes in either
would indicate changes in the composition of the layer. We
expected that the carbon content would likely decrease over
time because of oxidation of the remnant carbon species from
the precursor ligand, eventually converting the layer to a purely
inorganic iridium oxide species. However, we find a nonzero
carbon content even at very long times. To carry out this study,
we prepared multiple identical FTO-glass electrodes with 2-ym
layers of BL as described above; we then electrolyzed water at

dx.doi.org/10.1021/ic301968j | Inorg. Chem. 2013, 52, 1860—1871



Inorganic Chemistry

1.4 V vs NHE for various increasing amounts of time with
individual BL preparations. After the desired time had elapsed,
we removed the slide from the electrolysis cell, allowed it to air-
dry, and collected the catalyst for elemental analysis.

The results on the carbon content of the layer from this
method are shown in the upper panel of Figure 3. The carbon
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Figure 3. Carbon content (top panel) and catalytic activity measured
as current per cm® (lower panel) as a function of time in hours.
Dashed line in the top panel is fit with an exponential decay that
asymptotically approaches 2.9 + 0.2% carbon by mass.

content of the layer decreases over time starting from a
maximum value after the initial deposition of around 10%. The
behavior is asymptotic and approaches a nonzero value within
the time window observed of 2.9 + 0.2% carbon by mass.
However, the mass percent carbon in BL at all times measured
is less than the estimated carbon content of the precursor
complexes. The nonzero asymptote may suggest that the
carbon plays an unexpected role in the structure of the layer,
rather than simply being an impurity imparted by the
deposition process that eventually oxidizes away. However,
contribution of surface-bound carbon species (including
adventitious carbon, which may be a large contribution due
to the high surface area of the material) versus any carbon
content in the bulk subsurface material cannot be distinguished
in this experiment.

1863

We were next interested in looking at the activity of the
catalyst over the same time period as the carbon content of the
layer decreased asymptotically. The results are shown in the
lower panel of Figure 3. Although the carbon content of BL is
dropping, it is fully active without measurable loss in activity
(measured as the steady-state current density) for at least 70 h.
The activity, thus, does not change significantly as the carbon
content drops; this strongly suggests that either (1) carbon is
not bound in any form to the active site(s) of the catalysts or
(2) it is bound in a highly modified form and as a low final
percent of the catalyst mass. In either case, a majority of the
original carbon in the layer is not connected directly with
catalytic activity; the activity of the layer likely thus comes from
iridium oxide material formed in situ from the organometallic
precursor.

IR Spectroscopy. In our initial report on the formation and
activity of BL,'® we showed that the layer’s carbon admixture
could be probed with IR spectroscopy by scraping a layer off
the electrode, making a pellet with potassium bromide, and
collecting the IR spectrum. This spectrum showed the clear
presence of C=O stretching frequencies in the region of
1300—1700 cm™, but not a significant signal for C—H
stretching frequencies, which would be expected to appear
around 2900 cm™!. We, thus, concluded that the carbon
admixture in the layer was an oxidized form of Cp* that
contained C=0 functional groups.

We have now extended this spectroscopic work to catalyst
layers still on the electrode surface by use of diffuse reflectance
infrared Fourier-transform spectroscopy (DRIFTS). With this
technique, we are able to collect the infrared spectrum of BL
directly without removing it from the electrode surface. This
allows us to collect spectra before and after various periods of
time that the film is subjected to water electrolysis conditions.
Thus, we can monitor conversion of the carbon in the layer
from its starting form to various other forms over the time of
catalyst operation. Our study mirrors work on the oxidation of
graphite electrodes and more recent work on graphene sheets
under related harsh conditions, which results in the formation
of graphitic oxide.**

When starting this study, we were interested in the possibility
that BL might still show some C—H bonds on the surface after
deposition from the soluble precursors. This would support our
hypothesis that solution-phase oxidation of the precursor
complexes results in the formation of insoluble aggregates
that carry most or all of the carbon ligand onto the surface.
Related work™ in this area comes from Korzeniewski’s group
and co-workers; they have analyzed vibrational spectra relating
to oxidation of organic molecules on electrode surfaces with
relevance to fuel cell operation. Their studies have even tracked
the fate of carbon with isotopic labeling. In our experiments, we
attempted to observe C—H bonds at various thicknesses of the
layer. The signals were obtained with layers that are fairly thin
(deposited for 20 min at 1.4 V), and these are shown below in
Figure 4.

As can be seen in Figure 4, a relatively thin BL shows
stretching frequencies consistent with C—H bonds present in
the material. However, upon electrolyzing water with BL at 1.4
V for as little as 15 min, the peak intensities have dropped
markedly. After 30 min of electrolysis, there is only a slightly
above background signal around 3000 cm™ L. After 45 min, the
C—H stretching frequencies are completely indistinguishable
from the background. Thus, the C—H bonds are oxidized under
the conditions used here for water electrolysis. This is
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Figure 4. C—H stretching region of the infrared spectrum of one
preparation of BL at various times of active water electrolysis. Black
line: as-deposited BL from 20 min of deposition. Other lines:
spectrum after subjecting BL to various times of water electrolysis at
1.4 V. H-bonding water contribution was subtracted from these data.

consistent with the loss of carbon from the layer, as observed in
the elemental analyses, as well as our expectation that the
benzylic C—H bonds of the Cp* ligand would be reactive under
the highly oxidizing conditions.

Having observed that C—H bonds are present in the layer at
short times, we next looked for interconversion of C=0
frequencies over the same time scale. The IR spectra collected
are shown in Figure S. In the black trace of Figure S, it is clear
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Figure S. IR spectrum of BL in the C=O stretching region. Black
line: BL as-deposited for 20 min at 1.4 V. Other lines: spectra of BL
after water electrolysis for the indicated periods of time (15, 30, 45,
and 60 min).

that there are frequencies consistent with C=O and C-O
fragments already in the layer as-deposited after 20 min. There
are three main features in this spectrum, centered at 1702,
1544, and 1414 cm™". Because the precursor complexes lack
signals in this region, it is clear that already significant oxidative
conversion has occurred on the Cp* ligand during the 20 min
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deposition process. It is quite likely that most or all of the
precursor Cp* ligand has been converted into a form that is no
longer bound to iridium; a pentacarboxylated derivative of the
cyclopentadiene ligand is known, but it is a poor ligand because
of its low Lewis basicity.’

After water electrolysis for 15 min, further changes are
apparent to the IR spectrum. The major peak at 1544 cm™
present in the as-deposited film has now been lost. The peak at
1414 cm™" has lost intensity as well. Furthermore, the peak at
1702 cm™" has become more intense than in the as-deposited
film. Additionally, new features have appeared at 1665 cm™
and 1272 cm™". In the subsequent time points, these features
become less intense versus the background, implying that the
carbon content giving rise to these features is slowly being lost
from the film. However, as stated above, the activity of the
catalyst is not lost over this time period, which strongly
suggests that the carbon being lost is not directly ligated to the
active sites. Rather, it may be a component in the
heterogeneous surface layer. Regardless, a small amount of
carbon is found at long times in the layer, but much of the
initial carbon is lost.

Electrochemistry of the Precursor and Catalyst
Activity. As we have described previously, electrochemical
oxidation of precursors 1 or 2 is completely irreversible on the
time scale of electrochemical experiments, and leads to the
formation of BL on the electrode surface. This is shown in
Figure 6; the irreversible oxidation of the precursor dimer 2
onsets at approximately 1050 mV vs NHE. (Only the onset of
the large, pseudocatalytic response is shown in Figure 6.) If the
oxidation is cycled beyond about 1250 mV as shown in Figure
6, a new set of features centered at lower potentials becomes
apparent; these are associated with the surface-bound, non-
dlffusmnal layer of BL, rather than the homogeneous
precursor.’® This irreversible behavior of 1 and 2 contrasts
with the behavior of other iridium complexes, as most other
iridium complexes do not deposit or form catalytic oxides.
Here, we have used the reversible, one-electron oxidation of
[IrCls]*~ as a control case in the lower panel of Figure 6.
Clearly, oxidation of this simple iridium compound does not
result in formation of catalytic oxide. This is corroborated by
extensive previous work on [IrCls]*~"

DFT calculations (see Supporting Information) confirm that
the precursor dimer 2 can be oxidized at potentials relevant to
those observed experimentally. However, at present, no
oxidized intermediates could be isolated of relevance to the
decomposition of 2. Rapid precipitation of insoluble species
may be related to oxo-bridge formation following oxidation of
iridium (around 1.1-1.2 V vs NHE).

In a recent report, we have explored the catalytic activity of
thin layers (in contrast to the thicker layers studied here) of
various electrodeposited amorphous iridium oxide materi-
als.'®*%*? Using our electrochemical quartz crystal nanobalance
technique, we found conditions under which surface loading of
iridium material could be estimated for different precursors to
the electrodeposited material. The conditions could then be
manipulated to give roughly equivalent surface loadings of
catalyst, thus enabling a reasonable comparison of activity.
Among others, we compared electrodeposited materials formed
from precursor 1, a new related species [Cplr(H,0);]SO,, and
iridium 0x1de from [Ir(OH)4)™ as developed by Mallouk and
co-workers.®® Under our conditions, the three materials were
essentially indistinguishable in their overpotentials (measured
at 0.5 mA cm™?) and H-D kinetic isotope effects for water
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Figure 6. Single-cycle voltammetry for the dimer 2 (upper panel) and
[IrCls]>~ (lower panel). Conditions: [Ir] = 107 M, scan rate: 100
mV/s, supporting electrolyte: 0.1 M KNOs;, basal-plane graphite
working electrode. The redox change shown in the lower panel is the

iridium(I1I/IV) couple (ie., [IrCls]*>~/[IrCls]*").

oxidation. Thus, we concluded that the carbon content of BL
does not play a large role in modulating catalytic activity over
the time scale of the experiment. However, we did observe
differences in deposition behavior and catalyst stability,
motivating the current study. Moreover, estimating over-
potentials with these highly active iridium materials can be
challenging, because local pH gradients and bubble formation
can be secondary influences on measurements of catalyst

. 20b ) .
activity.””® The amorphous materials are considerably more

active than crystalline iridium oxide,®® motivating a better
understanding of their formation and use.

X-ray Absorption Spectroscopy (XAS). To gain more
information about the structure of BL once it has formed, in
situ XAS (including both XANES, X-ray absorption near edge
structure, and XAFS, extended X-ray absorption fine structure)
measurements were performed on the iridium films to
determine their structure. XAS provides information on the
local structure surrounding the absorbing metal center. To
determine the oxidation state and local coordination geometry
of the BL material, XAS measurements at the Ir-Ly; edge were
carried out. The oscillations in the XAFS spectrum are caused
by interference patterns due to the outgoing and backscattered
photoelectron waves originated from the X-ray absorbing atom
and nearby scattering atoms. The Fourier transform of this
interference pattern yields a pseudo radial distribution function
centered on the iridium atoms, where the peaks correspond to
specific atom—atom distances. By fitting a theoretically
calculated spectrum based on a model structure to the
experimental spectrum, local structural parameters around
iridium atoms in the film can be extracted according to the
following equation:*®

POEDY

i

2
7E(k)80 gk)N‘ exp_Z”"ZkZ sin[2kR; + ¢ (k)]
kR; !
where F(k) is the backscattering amplitude, S, is the amplitude
attenuation parameter, N; is the coordination number, R; is the
distance from the Ir atom to its neighboring atoms, and o; is the
Debye—Waller factor describing the divergence of the
distances.

The layer was formed via electrochemical deposition at 1400
mV vs NHE, and then the electrode was held at a constant
potential of 200 mV vs NHE in the presence of 0.1 M KNO;
throughout the XAFS experiment to prevent film oxidation.
The XAFS spectrum of the BL as prepared is shown in Figure
7. (The electrolyte for the data collection did not contain the
precursor complex.) The spectrum in k-space was Fourier-
transformed from k = 3.7 to k = 10.5, and the data were fit in R-
space from R = 1.2 to R = 3.2. The first shell consists of 2
oxygen paths, with average lengths of 1.98 A and 2.11 A and
coordination numbers of 3. Outside the first shell is a single Ir
atom located 3.04 A from the other Ir atom. The XAFS data
indicate that the repeating units of these films are Ir “dimers”,
with the two Ir atoms connected by three bridging oxygens and
with 3 terminal oxygen ligands on each Ir atom. It is interesting
to note that the second shell shows no sign of the carbons from

Kx(k)
2(R)

Im[x(R)]

R (A)

R (A)

Figure 7. k-space (left panel), R-space (middle panel), and imaginary R-space (right panel) spectra of the BL material (black) and the fit (red);
experiment performed in aqueous 0.1 M KNO; at 200 mV vs NHE on a graphite working electrode.
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the methyl groups of the pentamethylcyclopentadienyl ligand,
confirming that this ligand is not attached to iridium after the
film is formed. There are also contributions from two oxygen or
carbon atoms at a further distance of 3.81 A away, which may
correspond to the atoms of the ketomalonate groups proposed
in a theoretical model described below.

X-ray Scattering Studies. The structure of BL across an
extended distance range was examined by high energy X-ray
scattering (HEXS) and pair density function analysis. The
reduced pair distribution function, G(r), is obtained by direct
Fourier transform of HEXS data.*® G(r) is related to the atom
pair electron density distribution, p(r), by G(r) = 4z[p(r) —
o), where p, is the average electron density.** HEXS patterns
were measured across the reciprocal space scattering range 0.5
A" to 24 A™" from ex situ aqueous slurries of BL scraped off of
the electrode surface after different periods of electrolysis.
Figure 8 shows G(r) measured for a BL film deposited over 2 h
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Figure 8. Reduced density pair function, G(r), measured for BL. The

sample was prepared ex situ as an aqueous slurry of BL material which
was scraped off the FTO electrode surface.

of electrolysis (as described above). No differences were
discerned between G(r) measured for BL following 2 or 4 h of
water electrolysis. The pattern shows a series of well-resolved
correlation peaks that terminate at a distance of approximately
6.4 A, with a partially resolved peak extending to 7.1 A. The
G(r) data show that the amorphous BL lacks long-range order
at distances beyond this range, but can be characterized by a
pattern of discrete pair correlations at shorter djstances.

The positions of the peaks at 2.02 A and 3.05 A correlate well
with distances measured by XAFS, and can be identified with
the first shell Ir-ligand atom distance and Ir—Ir distance for a
multiple di- or tri-u-(hydr)oxo-bridged dimer. A prominent
peak is measured at 3.56 A with broadened line shape indicative
of multiple unresolved contributions. This feature possibly
correlates with the 3.81 A peak measured in the XAFS data. In
addition, the HEXS-G(r) shows inhomogeneously broadened
features at longer distances, with peaks at 5.53 A and 6.39 A.
We postulated that further guidance on interpretation of the
G(r) peaks would be obtained by comparison of these data for
BL with G(r) measured for precursors 1 and 2 in solution.
Future work examining the thickness dependence of the XAFS
and PDF data may provide further information as well, but was
beyond the scope of the present study; the deposition time (cf.
related results in Figure 3) could also have a large effect on the
composition of the deposited material.

Panel A in Figure 9 shows the G(r) measured for the
[(Cp*Ir),(OH);]OH dimer, 2, in aqueous solution, and
compared to G(r) and p(r) calculated from the crystal
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Figure 9. Panel A. Experimental G(r) measured for the
[(Cp*Ir),(OH);]OH, 2, in aqueous solution. Panel B. G(r) for 2
calculated from crystal coordinates. Panel C. The atomic pair
distribution function, p(r), calculated for 2 using a single Gaussian
atomic form factor with a 0.3 A™! width.

coordinates, shown in Panels B and C, respectively. As
described in the Methods, the calculated G(r) used
experimental atomic scattering factors*' and solvent electron
density, while the p(r) was calculated using a single Gaussian
form factor for all atoms to allow resolution of each of atom-
pair peaks. The HEXS measurement shows good resolution of
the Ir-ligand atom and Ir—Ir distances at 2.13 A and 3.08 A,
respectively. These distances are slightly longer than com-
parable distances measured by XAFS and HEXS-G(r) in BL. A
notable feature of the experimental G(r) pattern is the
weakened contributions of the Ir—C correlations beyond the
first coordination shell compared to those in the calculated
patterns. This is particularly apparent for the Ir—C atom pair
distances corresponding to the separation between the Ir and
Cp* ligand, and the separations between Ir and methyl groups
of the distal Cp* ligand. These are only poorly resolved at 5.0 A
and 5.6 A in the experimental G(r). The partial attenuation of
the Ir-methyl-Cp* and Ir-Cp* distances in the calculated G(r)
compared to p(r) arises from the use of exact atomic-specific
scattering form factors and the electron density contrast with
the solvent in the G(r) calculation. In addition, the
experimental G(r) shows additional attenuation of these
peaks. Modeling studies show this can be understood to arise
from a higher disorder or thermal factor for the Cp* methyl
groups, for example due to wagging motions.

Figure 10 shows the measured G(r), and calculated G(r) and
p(r), for the [Cp*Ir(H,0);]* complex 1. As expected,
contributions in the range of S—6 A, corresponding to distal
Cp* interactions, are absent in this compound, which is well-
known to be a monomer in solution. Further, we note here that
the attenuation of the Cp* methyl group contributions
observed in the experimental G(r) measured for 1 is likely
due to thermal motion, as above. (A more detailed analysis of
the solution phase G(r) patterns will be presented elsewhere.)

Thus, overall, the measurements indicate key differences
between the scattering patterns of BL versus the soluble
precursor complexes 1 and 2. The first-shell Ir-ligand atom
distances suggest that the overall oxidation state of iridium in
the ex situ film is higher than in the precursor complex. This
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Figure 10. Panel A. Experimental G(r) measured for [Cp*Ir(H,0),],
1, in aqueous solution. Panel B. G(r) for 1 calculated from crystal

coordinates. Panel C. The atomic pair distribution function, p(r),
calculated for 1 using a single Gaussian atomic form factor with a 0.3

A~ width.

compares well with the blue color of the layer, which arises
most likely from iridium(IV) centers. Further, comparing the
Ir—Ir interactions in BL and complex 2, longer-range Ir—C or
Ir—O contributions are likely to contribute less prominently
than Ir—Ir correlations, making direct conclusions about
structure difficult. However, the G(r) of BL appears to
qualitatively contain some contribution from Cp* fragments
as are found in 1 and 2, which compares well to results from
elemental analysis and DRIFTS as presented above. Regardless
of this detail, BL is clearly distinct from the organometallic
precursors 1 and 2, and based on the changes to G(r), °-Cp*
is not expected to be bound to iridium.

Modeling of Proposed Components of the Layer.
Computational modeling based on simulated annealing Monte
Carlo (MC) and density functional theory (DFT) calculations
in conjunction with simulations of X-ray absorption and X-ray
scattering data were used to explore plausible structural models
for BL. As proposed possible contributions, we found that a
mixture of iridium ketomalonate substructures, I and II in
Figure 11, could reproduce the pair-distance electron density
distribution (PDF) and XAFS data. Notably, substructures I
and II are plausible products of decomposition of the
precursors 1 and 2; short chain carboxylic acids are known

1 II

Figure 11. Schematic representations of I and II They are composed
of 9.3% and 5.6% carbon by mass, respectively.
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decomposition products of aromatics in electrochemical
oxidations with iridium materials,** and organic ketoacids are
produced upon oxidation of humic acid.* Glycerol is also
readily converted to ketomalonic acid (also known as
oxomalonic acid, mesoxalic acid, or oxopropanedioic acid)
under oxidizing conditions.** It is, thus, possible that
ketomalonic acid, having more chelation modes and possible
sites for hydrogen bonding, could be retained in BL.
Appealingly, substructures I and II are dominated by iridium
and oxygen in their composition, and thus would be predicted
to give elemental analysis data consistent with that found for
BL. Specifically, the substructures analyze to mass percentages
of carbon of 9.3% and 5.6%, respectively for I and II; these
compare well with the carbon content of BL, which has
between 10% and 3% carbon by mass, depending on the point
at which the analysis is carried out. We were interested in
substructures I and II as possible components of BL, which
would be present in addition to domains of iridium oxide.
Figure 12 shows the calculated isotropic XAFS and PDF
spectra for the MC-refined structures of I and II, together with

a) T T T b) T T T T T T
Compound | Compound |
Compound Il . L Compound Il -
1:11(70:30) 1 S I 141(70:30)
®, Exp. S B Exp.
= A ; 3 I \
: \AN &
c
<< =) I \
3 A .
) =i
w - .\
v fé A -~
1 2 3 45 6 7 8 9 10 05 1 15 2 25 3 35 4 45 5
k/A™T Reduced Distance / A
C) T — T T T T d) ' T T T
5 T Gompound | ; 141(70:30)
- g Gompound Il . - Exp. .
E 141(70:30)
- T Exp. - r
5 T4 rc@ 3
s F £ A ir-o1 ,15,13) o s r A :
= by, A N = LI\ / /lnvh uA i
o I
o AL A
W v V\ wv
N N
W v
1 1 1
1 2 3 4 5 6 7 2 3 4 5 6 7
Distance / A Distance / A

Figure 12. Comparisons between experimental isotropic XAFS (upper
panels) and PDF (lower panels) spectra of the BL (red line) and
calculated spectra of I (blue line), II (green line), and a mixture of the
two substructures in a 70:30 ratio (black line). Panels A and B:
isotropic k*>-weighted XAFS data in the momentum (k) space (panel
A) and Fourier transform of y(k) (panel B). Panels C and D:
simulated and experimental PDF spectra. Assigned pair atom distances
are shown on top of the corresponding PDF peaks. The width of the
Lorentzian function used for the calculated PDF is 0.1 A. (XAFS and
PDF for the MC refined and optimized structures of substructures I
and II are also shown in the Supporting Information.).

the experimental data for BL. Computational models of I and II
were obtained using geometry optimization at the DFT/B3LYP
level followed by MC refinement with respect to XAFS spectra,
as described in the method section. Calculated XAFS spectra
for the refined DFT-models of both I and II are in good
agreement with isotropic Ir-Lj-edge XAFS experimental
spectra. Comparison between the experimental PDF spectrum
of BL and calculated PDF spectra of the refined DFT models of
I and II is shown in Figure 12, Panel C. The positions and
relative intensities of experimental PDF peaks at 2.03 and 3.06
A are reproduced in the calculated spectra of both iridium
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substructures, corresponding to first shell Ir—-O (1-6)
distances and second shell Ir—C (7) distance of the
ketomalonate carboxylate group, respectively (see numbering
in Figure 11). Similarity between the experimental PDF peak at
3.56 A and simulated spectra of the refined DFT models of I
and II can be obtained considering a mixture of the
substructures with a 70:30 ratio, as shown in Figure 12, Panel
D. The peak at 3.56 A is reproduced by considering the Ir—Ir
distance connected through a protonated p-oxo bridge in
substructure II; however, a further water hydration shell
surrounding the octahedral iridium center of substructure I
cannot be discounted (see Supporting Information). A series of
peaks present in the 4—7 A region of the calculated spectra is
associated with the tail of the ketomalonate ligand of both
monomeric and dimeric species, involving the Ir—C(9,11) and
Ir—0(10,12,13) distances. The inhomogeneous broadening
observed in this region of the experimental PDF spectrum of
BL may be explained by considering different conformations of
the ketomalonic acid tail that would be accessible by thermal
fluctuations.

In the proposed mixture, substructures I and II could be
linked by p-oxo or p-hydroxo bridges, or extended hydrogen-
bonding networks involving hydroxyl groups and water ligands,
giving rise to the extended amorphous structure of BL. This
would give a material not unlike the “gel-like” hydrous
iridium(IILIV) oxides which can be prepared by electro-
chemical cycling of iridium metal.*> Some sputtered iridium
oxides have also been reported to form “fractal structures”
which might be obscured in our electrodeposited material.*¢
Certainly, because our material is composed of domains of
iridium oxide as shown in the XAFS and HEXS results,
behavior similar to amorphous, hydrous iridium(III/IV) oxide
is not surprising.

The constituents of the proposed carbon-containing frag-
ment are also chemically sensible, although we have not
detected them directly. The ketomalonate ligand could form
upon oxidation of the Cp* ligand and may be stable under
highly oxidizing conditions, especially in the heterogeneous
environment of the electrode surface. Analogous dicarboxylic
acid ligands, such as malonate, have been previously used as
capping agents to stabilize highly active IrO, nanoparticles.*’
To the best of our knowledge, the structure of malonate has not
been confirmed in the assembled nanoparticles, suggesting that
it may be oxidized to another form, like ketomalonate in situ.
Ketomalonic acid has also proven to be an effective bridging
ligand for multinuclear metal complexes, such as
[Cu,(Hmesox);]*~.* The proposed fragment is also consistent
with IR spectroscopy of the layer that shows loss of C—H
vibrational frequencies upon water electrolysis, because neither
I nor II have C—H bonds. Further work (see Supporting
Information) on modeling the IR spectra of substructures I and
IT suggests reasonable agreement between the actual IR spectra
of BL and the calculated IR spectra of the hypothetical
substructures. At present, all efforts to isolate the organic
components within BL have been unsuccessful, perhaps as a
result of the stability of iridium oxide materials to all but the
harshest chemical treatments.

B DISCUSSION

Our original observation of the electrodeposition of BL from

homogeneous solutions containing complexes 1 or 2 came as a
. 20

surprise to us.” To date, we know of no other case where a

well-defined organometallic precursor has been shown to be
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useful for the electrodeposition of a highly active water-
oxidation catalyst. Related electrodepositions have been studied
from simple inorganic salts of transition metals such as cobalt,
nickel, and manganese.*’ Indeed, electrodeposition of water-
oxidation catalysts has emerged as a promising method for
developing new materials in this area. One emerging trend from
current work suggests that the deposition method and
conditions have a strong effect on the activity of the
electrodeposited material. Consequently, we have been eager
to investigate the properties of our electrodeposited iridium BL
material, because the use of a molecular organometallic species
as the catalyst precursor opens the possibility of affecting the
structure and morphology of the heterogeneous catalyst
material.*® Furthermore, the ambiguity of homogeneous and
heterogeneous water-oxidation catalysis encouraged us to
investigate this unique example of a molecular organometallic
compound converting to a secondary metal oxide material
upon oxidation.

From the elemental analysis data, it is clear that BL is
essentially an amorphous iridium oxide material. The carbon
content quickly diminishes, reaching a small limiting value over
hours of water electrolysis. During this time, the electrocatalytic
activity is not lost, suggesting that a majority of the carbon in
the layer (which arises from the organometallic precursor) is
not required for highest activity. Notably, however, distinguish-
ing activity of species bearing carbonaceous ligands from purely
inorganic iridium oxide will be rather difficult, since all the
species are expected to have high activity. The carbon content
in the layer after prolonged electrolysis completely lacks C—H
bonds and is dominated (in the IR spectra, at least) by C=0
and C—O fragments; these observations are consistent with the
highly oxidizing conditions of catalyst operation which
presumably drive loss of carbon and formation of iridium oxide.

The XAS, XAFS, and HEXS data confirmed our hypothesis
that the structure of the deposited material is markedly different
from the precursor complexes. Thus, even though the film
arises initially from oxidation of the organometallic precursor (a
process involving oxidation events and perhaps deprotonation
of iridium-bound water or hydroxide), the film itself does not
contain a significant fraction of iridium bound to #°>-Cp*. In
fact, modeling of the scattering data suggests that the deposited
BL is a completely amorphous iridium oxide material with a
small domain size of <7 A. This small domain size likely
contributes to the observed high activity, because high surface
area presents more active sites for catalyst function. This is
further consistent with our observation that the amorphous
material is much more active than crystalline iridium dioxide.*’

However, the layer contains carbon in significant quantity at
short times; we have modeled this carbon here as a
ketomalonate-containing fragment which is consistent with
the spectroscopic results. Certainly, the notion of a carbona-
ceous species that is bound to iridium in the heterogeneous
material is surprising, because the conditions are highly
oxidizing. However, malonate is known to stabilize highly
active iridium oxide nanoparticles.” We propose the
substructures I and II as possible constituents of BL, along
with the major components of hydrous iridium(IILIV) oxides
and amorphous iridium(IV) oxide. The electrochemical
properties of fresh BL are distinct from all previously studied
iridium-oxide layers, but because crystalline iridium(IV) oxide is
electrochemically silent up to oxygen-evolving potentials,” we
cannot strictly distinguish contributions from the inorganic
material, despite lack of any apparent long-range order in X-ray
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scattering or powder X-ray diffraction. To the best of our
knowledge, there has also been little work examining
interconversion of various forms of iridium oxide.

Regardless of the state of the carbon in the deposited
material, oxidation of the organometallic precursors leads to the
formation of the catalyst. BL itself is mechanically stable and no
loss of material from the anode surface is apparent over hours
of continuous use. The carbon may help play a structural role
by bridging between smaller domains in the overall amorphous
material, but taken together, the data show BL is an amorphous
iridium oxide material. The small domain size of the iridium
oxide likely thus contributes to the high catalyst activity.

B CONCLUSIONS

A combined experimental-theoretical study has examined BL, a
highly active and amorphous iridium oxide electrocatalyst for
water oxidation. BL is electrodeposited from organometallic
precursors. Electrochemical methods, IR spectroscopy, ele-
mental analysis, and synchrotron X-ray methods confirm that
BL is significantly different in structure from its organometallic
precursors, an observation consistent with the highly oxidizing
conditions under which BL forms. Specifically, there are
changes in the X-ray scattering patterns upon formation of the
heterogeneous material, as well as changes in the first
coordination shell as measured by XAFS. Computational
modeling suggests ketomalonate as a possible component of
the remaining carbon in the layer. Because BL has among the
lowest measured overpotentials for water oxidation currently
known (ca. 200 mV at 0.5 mA cm™? at pH 3), future work will
continue examination of the mechanism(s) of BL formation, as
well as parallel work aimed at improving the activity and
longevity of homogeneous water-oxidation catalysts.

B EXPERIMENTAL SECTION

General Procedures. Complexes 1 and 2 were synthesized as
previously reported.*® Aqueous solutions were prepared with 18.2 MQ
cm Milli-Q_water.

Infrared spectra were collected on a Nicolet 6700 FT-IR
spectrometer equipped with a Smart Collector DRIFTS (diffuse
reflectance) accessory. The spectra of thin layers of BL were obtained
with a custom sample holder that was machined to accommodate the
FTO-coated glass (Hartford Glass Co. Hartford City, Indiana)
electrodes. Samples were rinsed with copious amount of deionized
water and allowed to dry at room temperature before the spectra were
collected.

Scanning electron microscopy (SEM) images were obtained with an
FEI ESEM XL-30 system. Images were normally collected within 5 h
of sample preparation. The acceleration voltage was 10 keV. Additional
SEM micrographs (see Supporting Information) and elemental
analysis data were collected on a JEOL JSM-IC848A scanning electron
microscope equipped with an iXRF EDS-2000 X-ray energy dispersive
spectrometer (Instrumental conditions: acceleration voltage 20 kV,
and working distance, 17—20 mm).

Voltammetry. The measurements were made on a Princeton
Applied Research Versastat 4-400 or model 273 potentiostat/
galvanostat using a standard three-electrode configuration. FTO-
coated glass or a graphite rod served as the working electrode, as
described in the main text. A platinum wire was used as the counter
electrode, and a Ag/AgCl electrode (Bioanalytical Systems, Inc.) was
used as the reference (Ag/AgCl vs NHE: +197 mV). Experiments
were carried out in unbuffered solutions containing 0.1 M KNO,
(Strem Chemicals) as the supporting electrolyte. The solution pH was
adjusted with dilute potassium hydroxide or nitric acid in some
experiments, as noted.

X-ray Absorption Spectroscopy (XAS). The iridium L-edge X-
ray absorption near edge structure (XANES) and X-ray absorption fine
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structure (XAFS) were collected at beamline 12BM at the Advanced
Photon Source of Argonne National Laboratory. Si(111) double
crystals were used in the monochromator. Two mM solutions of
complex 1 or 2 in aqueous 0.1 M KNOj; solution were used to
electrochemically form BL. Approximately 10 mL of the iridium
solution was placed into a kapton-windowed cell with a graphite rod as
the working electrode, a Pt wire as the auxiliary electrode, and Ag/
AgCl as the reference electrode. A potentiostat was set at 1.4 V for 2 h
to deposit a layer of approximately 2-um thickness. Following the
electrodeposition, the remaining solution was then removed and
replaced with ~10 mL of the 0.1 M KNOj solution. The X-rays were
focused onto the layer deposited on the graphite electrode, and the
absorption was detected in fluorescence mode using a Canberra 13-
element germanium solid state detector, which was set to collect the
Ka emission line of Ir. XAFS data analysis was performed with the
Athena and Artemis packages based on IFEFFIT and FEFF
programs.*"** Theoretical models were constructed with the program
FEFF and were fit to the experimental data using Artemis.

HEXS and PDF Analyses. High energy X-ray scattering patterns
(HEXS) were measured at beamline 11-ID-B at the Advanced Photon
Source of Argonne National Laboratory using an incident X-ray energy
of 60 keV.>® The sample scattering patterns were corrected for solvent,
container, and instrument background scattering, and then for multiple
scattering, X-ray polarization, sample absorption, and Compton
scattering using the program PDFgetX2*" to yield the reduced
scattering structure function S(g). Direct Fourier transform of S(gq):

Tmax

G() =2 [™ qls(g) ~ 1 sin(gr) dg

7 Jo (1)
with g, extrapolated to 0 below g = 0.7 A™" and using gy, = 24 A™'
gave the experimental pair distribution function shown in the main text
G(r) = 4n[p(r) — p,), where p(r) is the atomic pair electron density
function and p, is the average electron density.”c G(r) calculated from
coordinate models for the Cp*Ir precursor complexes were calculated
using methods described previously."

Computational Methods. All electronic structure calculations
were performed using the Jaguar electronic structure program®* and
the B3LYP exchange-correlation functional with unrestricted Kohn—
Sham wave functions (UB3LYP).>¢

For modeling of the XAFS and X-ray scattering data, all minimum
energy configurations involve low-spin d° Ir(IV) centers (ie., S = '/,
for each metal center). The ground-state electronic configuration of
the dimeric species (substructure II) was obtained in a broken
symmetry (BS) state,”” where the @ and f electronic densities are
localized on different metal centers with antiferromagnetic coupling. A
mixed basis set was employed, including the LACVP basis set to
account for a relativistic description of electron—core potentials
(ECPs) for the Ir(IV) centers and the 6-311G* basis set®® for the rest
of the atoms.

Simulated Annealing Monte Carlo (MC) Method. Computa-
tional models of substructures I and II that match experimental
isotropic XAFS data of BL were obtained by refining the structures of
the optimized DFT models. This was achieved by minimizing a cost
function based on the sum of the square deviations between the
experimental and calculated XAFS spectra. The cost function
minimization has been performed employing a Monte Carlo (MC)
method. In MC optimization steps, all atoms are allowed to move,
excluding the ketomalonic acid tail (atoms 9—13), according to the
Metropolis algorithm. Hydrogen atoms were not taken into account in
the refinement procedure because their presence minimally affects the
simulated XAFS. The probability of accepting a new atomic position is
given by p = min[1, exp(—AF/kgT)], with AF denoting the total cost
function difference between the final and the initial state. We have
performed 10 annealing steps for each model compound, with
temperature T being varied from 100 to 0 K, and with a temperature
decay of 0.2/step for building the initial models. Further MC
refinements of optimized DFT structures were performed at 0 K.

X-ray Diffraction Spectra Simulations. The intensity of the
radial diffraction pattern is related to the Fourier transform of the pair
correlation function P(r) of the scattering elements™’ according to
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I(q) = 4n / P(r)(sin(qr)/qr) dr, where P(r) is a function in the real
space that gives the probability of finding a scattering element at
distance r from another situated at r = 0, and q is the momentum
space variable. In the case of X-ray diffraction, electron clouds around
atoms act as scattering elements that are responsible for diffraction.®’
We have calculated an approximated pair-distance electron density
distribution P(r) that can be directly compared with Fourier
transformed experimental diffraction patterns. In our calculations,
atomic form factors are approximated by Lorentzian functions of
arbitrary width, centered at the position of the scattering species. The
resulting approximated pair-distance electron density distribution
function is, thus, P(r) = I/NPZ Z,Z, 1,,(x), where Z,, and Z, are
the atomic numbers of scattering centers m and n, respectively, I, is
an arbitrary narrow electron density distribution with a Lorentzian
distribution centered at r = r,,,, and N, is a normalization constant. A
width of 0.1 A has been used for the Lorentzian functions.

XAFS Simulations. Isotropic Ir L;-edge XAFS spectra of
substructures I and II were calculated using the ab initio real space
Green function approach as implemented in the FEFF code (version
8.30).°" The experimental XAFS data y(E), that is, the fractional
change in absorption coefficient of Ir atoms induced by neighboring
atoms, are converted into momentum (k) space using the trans-
formation k = [(2m,/(h/2m)})(E — Ey)]"? where m, is the mass of
the electron and h is the Planck’s constant. The calculated XAFS data
are obtained by fitting the energy of the absorption edge (E,) and the
Debye—Waller factors (DWF, o) against the experimental y(k), using
the IFEFFIT code.** For the refined DFT-models of substructures I
and II, we obtained fitted E, values of 11198.8 and 11199.5 eV,
respectively, and fitted DWF equal to 0.00094 and 0.0021 A7%
respectively. DW factors are considered to be the same for all the
calculated interference paths, that is, the two and three legs paths. A
fractional cosine-square (Hanning) window with Ak = 1 was applied
to the experimental and calculated XAFS data. A grid of k points
equally spaced at 0.05 A™' was used for the Fourier transformation
(FT) of x(k) in the k range 1—-10 A™".

B ASSOCIATED CONTENT

© Supporting Information

Additional SEM images, additional results and details from the
computational modeling, and atomic coordinates for calculated
structures. This material is available free of charge via the
Internet at http://pubs.acs.org.
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