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ABSTRACT. The detailed mechanism and efficacy of four-electron electrochemical water 

oxidation depend critically upon the detailed atomic structure of each catalytic site, which are 

numerous and diverse in most metal oxides anodes.  In order to limit the diversity of sites, arrays 

of discrete iridium clusters with identical metal atom number (Ir2, Ir4 or Ir8) were deposited in 

sub-monolayer coverage on conductive oxide supports and the electrochemical properties and 

activity of each was evaluated. Exceptional electroactivity for the oxygen evolving reaction 

(OER) was observed for all cluster samples in acidic electrolyte. Reproducible cluster-size-

dependent trends in redox behavior were also resolved.  First-principles computational models of 

the individual discrete-size clusters allow correlation of catalytic-site structure and multiplicity 

with redox behavior.   

INTRODUCTION 

The diversity and structural complexity of most polycrystalline, multifaceted, thin film and 

nanostructured OER anodes prohibits the direct correlation of any one particular atom 

arrangement with a precise electrochemical activity. Single crystals are important model systems 

but in many cases are not representative of the most practical or catalytically active species. 

Anhydrated Ir(IV) oxide, IrO2, is the de facto water oxidation catalyst as a key component in 

Dimensionally Stable Anodes (DSA) for industrial scale electrolysis.1-2 The crystalline rutile 

polymorph is uniquely stable in the strongly acidic local environment that results from water 

oxidation at large current densities.  However, hydrated amorphous Ir oxides often display 

superior activity, if less stability than their crystalline analogues.3-4  The correlation of the 

detailed structure and diversity of crystalline and amorphous IrOX sites with OER electroactivity 

is yet to be elucidated for even the simplest structures.  Further improvement in IrOx catalysts 

will require precise understanding of the atomic structure in order to elucidate the nature of 

discrete active sites. 

Herein we investigate the relationship between structure and electroactivity in the few-atom limit 

of discrete Ir clusters deposited by size-selective mass spectrometry. Even with so few metal 



atoms per cluster, an increase in the heterogeneity of electroactive sites is experimentally 

revealed in clusters with more than two metal atoms, in agreement with the increase in site 

multiplicity predicted by first principles energy minimization of cluster geometries.  

Furthermore, we find that all atom-efficient cluster samples exhibit OER activity (on a per atom 

basis) at small overpotentials on par with the most active IrOX samples reported to date.  

Overpotentials calculated from first principles suggest that for clusters with four or more Ir 

atoms, the local geometry and coordination of inequivalent Ir sites will result in inequivalent 

atom-normalized catalytic activities.  Finally, the stability of few-atom clusters against 

aggregation and dissolution as a function water oxidation time and potential is examined via 

redox wave analysis.  

METHODS 

Cluster Deposition. The clusters were deposited using a size-selective gas phase method 

described in detail elsewhere5-6 and illustrated in Figure S1.  In brief, a beam of positively 

charged Ir clusters was produced in a magnetron sputtering/condensation source continuously 

cooled by liquid nitrogen. Clusters of desired single size were selected using a quadrupole mass 

filter (see Figure S2) for a typical mass spectrum of positively charged Ir clusters. Finally, the 

mass-selected clusters are deposited under soft landing conditions with a kinetic energy of less 

than 1 eV per Ir atom on a solvent cleaned F:SnO2 conductive glass support. The diameter of the 

deposition spot was 8 mm, over which the average surface coverage with Ir was maintained at 

0.13 of an atomic monolayer equivalent (ML). The number of Ir atoms deposited were 

determined by real-time monitoring of the charged flux of clusters landing on the support. At this 

coverage the average inter-cluster distance is calculated to be ~2-4 nm.  Inter-cluster distances 

have previously been verified by transmission electron microscopy (TEM) collected on other 

cluster samples with similar surface coverage.7 

X-ray Fluorescence. Monochromatic incident X-rays (MoK, 𝐸𝛾  =  17.45 keV) were used to 

excite characteristic X-rays from the Ir samples at an incident angle of 2. X-ray fluorescence 

were detected using a silicon drift diode (SDD) positioned approximately normal to the 

specimen’s surface.  Absolute coverage is calculated by calibrating the integrated signal from the 

IrK line to a known standard, an As-implanted Si sample with 3.2  1015 atoms/cm2. 



Electrochemical Characterization. Electrochemical experiments were performed in aqueous 

0.1 M nitric acid with 0.1 M KNO3 supporting electrolyte with at least 15 min deaeration with N2 

(to avoid background oxygen reduction reaction) and a platinum mesh counterelectrode.  A pH 

of 1 is calculated and pH = 1.0 is measured by an Accumet AB15 benchtop meter.  Applied 

potentials were referenced to an aqueous Ag/AgCl reference electrode with Teflon frit (CH 

Instruments).  All potentials are reported with respect to the reversible hydrogen electrode, 

calculated according to VRHE = VAg/AgCl + 0.199 + 1*(0.059) = VAg/AgCl + 0.258.  CV scans are 

corrected for capacitance by subtraction of the substrate scan when described in the main text.   

Resistances in the electrochemical cell were typically measured to be 15-25 Ohm but no 

resistance (iR) compensation nor corrections were applied.  The same scan routine was applied 

to all samples: 1.0 to 1.5 V @ 6 mV/s prior to multiple cycles from 0.4 to 1.4 V and back at 

sweep rates 20 mV/s (3 scans), 50 mV/s (2 scans), 20 mV/s (1 scan), and 1000 mV/s (5 scans).  

Next a quasi-static scan (6 mV/s) from 1 to 1.75V was performed prior to holding at 5 different 

potentials (1-1.5 V) for 5 minutes each.  Finally a quasi-static scan (6 mV/s) from 1 to 1.75V was 

performed before after each of two electrolyte exchanges. 

Computation. All calculations were carried out using the PBE functional8 with a plane wave 

basis set implemented in the Vienna Ab initio Simulation Package (VASP, version 5.3.3).9-12 An 

energy cutoff of 400 eV was used, and the Γ-point was used to sample the Brillouin zones for 

the molecular/cluster systems. A unit cell size of 20 × 20 × 20 Å was used for all the species. 

The structures of Ir2Ox and Ir4O8 were identified by calculating all possible conformations and 

the lowest energy conformation was used for OER calculations. The structure of Ir8O16 was 

constructed by adding 16 oxygen atoms onto the most stable Ir8 cluster. Spin polarization was 

considered for Ir atoms. 

The reaction free energies of each electrochemical step were calculated using the 

computational hydrogen electrode (CHE) method,13-15 which is independent of the pH value of 

the electrolyte. A single coverage of adsorbates was considered. Each electrochemical reaction 

step involves a (H+ + e-) pair transfer from the adsorbed species on the cluster to the solution. 

The free energy change of each (H+ + e-) pair transfer reaction was calculated using the 

computational hydrogen electrode (CHE) method suggested by Norskov et al.16-18 The reaction 

free energy of each elementary reaction can be calculated using the following equation: 

 



∆Gele  =  𝜇[Product] −  𝜇[Reactant] −  0.5𝜇[H2(g)] +  𝑒𝑈  

 

where ΔGele represents the free energy change of the elementary step, μ is chemical potential 

and U is applied electrical potential. When U = 0V, ΔGele is the limiting potential (UL) of 

elementary hydrogenation reaction. The solvation effect at the water-solid interface was taken 

into account by adding an energy correction to the calculated total energy of certain adsorbates.19 

Free energies of intermediate adsorbates were calculated by treating 3N degrees of freedom of 

the adsorbate as vibrational. It is assumed that changes in the vibrations of the cluster were 

minimal.16 Vibrational modes were calculated using a normal-mode analysis. Zero-point 

energies, entropies and heat capacities were calculated from these vibrations to convert the 

electronic energies into free energies at 25°C.  

An ideal catalyst for OER would have a potential at each (H+ + e-) transfer step of 1.355 eV at 

a potential of 0 V on the reversible hydrogen scale, (1.23 V reference to the free energy of water) 

achieving the needed energy to drive the overall reaction. Therefore the theoretical overpotential 

was calculated by subtracting 1.23 V from the calculated rate-limiting step reaction free energy 

divided by Faraday number. 

 

RESULTS AND DISCUSSION   

Three distinct Ir metal cluster sizes (Ir2, Ir4, and Ir8) were mass-selected, counted, and soft-landed 

onto F:SnO2 conductive glass under high vacuum such that the total number of metal atoms – not 

clusters –  is equal (1.026 x 1014 atoms, 0.17 nanomoles) for all samples.  The cluster deposition 

setup and a representative mass spectrum of cationic Ir clusters are shown as Figure SI 1 and 

SI2, respectively. The samples, prepared in duplicate, comprise an average 13% atomic 

monolayer equivalent coverage of Ir over a circular area of ~8 mm diameter to discourage inter-

cluster interaction.  Elemental analysis via calibrated X-ray fluorescence corroborates the atom 

count to within error and further maps the distribution of clusters to a cross-sectional Gaussian 

width of 6 mm, Fig. SI 3.  Given the equal number of Ir atoms in each sample, the 

electrochemical behavior of substrates can be directly compared and contrasted.   

Cluster Deposition and Oxidation.  Upon soft-landing (kinetic energy of less than 1 eV per Ir 

atom) the clusters may interact with the polycrystalline SnO2 surface, potentially bonding via 



reaction with substrate surface oxide and hydroxide functionality.  After deposition, the clusters 

were exposed to atmosphere at room temperature and no surface oxide was detected by SERS.  

Reduced Ir metal surfaces exposed to atmosphere at 25 °C or pure O2 at temperatures as low as 

100 °C exhibit a ~555 cm-1 surface-enhanced Raman spectroscopy (SERS) feature which is very 

broad20 and assigned to amorphous IrO2.
21  Likewise, hydrous and amorphous IrOx(OH)y(H2O)z 

exhibits several broad Raman peaks from 278 to 713 cm-1).22 However, small Ir clusters may 

exhibit unique oxidation behavior under ambient conditions and the surface coverage of these 

substrates is intentionally low and therefore difficult to probe.  Once under acidic aqueous 

conditions, the application of progressively more oxidizing potentials to Ir nanoparticles (1 - 4 

nm diameter) has previously been shown to exhibit hydrogen absorption to Ir metal (0.05 – 0.4 V 

vs RHE) followed by formation of an Ir(III) species assigned to Ir(OH)3 (0.4 – 0.8 V) and finally 

the irreversible formation of stable hydrous Ir(IV) oxo-hydroxide species at greater than 0.8 V.23-

24  In order to minimize the possibility of dissolution, the cluster-coated electrodes were slowly 

cycled once from 1.0 to 1.5 V @ 6 mV/s prior to multiple cycles from 0.4 to 1.4 V at sweep rates 

from 20 to 1000 mV/s.  Similar to the case for Ir nanoparticles23 we observe the signature of 

formation of stable hydrous Ir(IV) oxide species for all cluster sizes with only a small fraction of 

reducible Ir(III) hydroxide remaining after 6 scans to 1.4 V, Figure 1.  The small size of the 

reductive feature near 0.6 V, characteristic of Ir(OH)3 reduction, is in strong contrast to literature 

reports of the anodic cycling of bulk Ir, wherein a large Ir(OH)3 reduction wave is observed 

which increases and remains significant upon cycling beyond 1.0 V.23  

a)  b)  

Figure 1. a) CVs of clusters recorded at 20 mV/s in deaerated 0.1 M HNO3 (FTO control - gray, Ir2 - 

blue, Ir4 - green, Ir8 - red) after 6 scans to potentials more positive than 1.1 V. Panel b) has been 

subtracted from the capacitive background control sample scan to improve visibility of the Ir cluster 

redox features. Redox species are labeled from literature assignment.23, 25 The single-sided arrow 

highlights the small wave assigned to Ir(OH)3 reduction. 



Redox Behavior.  The local environment of electroactive Ir atoms was probed through 

detailed examination of the electrochemical oxidation and reduction for each cluster size.  A 

reversible Ir3+/4+ redox feature was observed at ~1.1 V in all cases, similar to previous literature 

reports for electrochemically anodized Ir nanoparticles.23  However, as seen in Figure 1, the 

width of the redox wave and precise center potential vary significantly as a function of cluster-

size.  The most striking difference between the redox behavior of distinct cluster-size samples is 

the reproducibly narrower width of the Ir(III)/(IV) redox wave for the Ir2-based cluster in both 

oxidative and reductive scans (at multiple scan rates, Figure SI 4).  A full width at half max 

(FWHM) of 0.35 V when scanned at 20 mV/s suggests a relatively uniform local environment 

for the metal centers in Ir2-based cluster.  In contrast, the stretched waves of Ir4-clusters and Ir8-

cluster (FWHM > 0.5 V) suggest a significantly greater distribution of local Ir environments, 

comparable to sintered IrOx amorphous and hydrous IrO2 thin films formed by photochemical 

preparation (FWHM > 0.5 V @ 10 mV/s)26 or nanoparticles that result from molecular Ir catalyst 

firing in air (FWHM > 0.5 V @ 10 mV/s).27 Electrochemically anodized Ir films are also 

reported to exhibit at least two distinct sites and several local Ir environments.22 

Cluster Geometries.   Ir(IV) oxide cluster geometries were optimized from first principles.  The 

cluster structure and number of structurally distinct sites (d) in each is illustrated in Figure 2.  

 

a)  b)  c)  

          d = 1                d = 2                       d = 5  

 

Figure 2. Energy-minimized cluster structures of a) Ir2O4 b) Ir4O8 and c) Ir8O16 where Ir atoms are green 

and O is red. d is the number of unique Ir site geometries in each cluster. See Supporting Information for 

the XYZ coordinates. 



Ir2O4 and Ir4O8 cluster models were used to represent the Ir(IV) oxide species of Ir2 and Ir4 

clusters, respectively. The oxidation state in these clusters is equivalent to that in the amorphous 

hydrous Ir(IV) oxo-hydroxides deduced in related materials which share similar redox 

properties22, however, we do not consider solvating water molecules explicitly in our treatment 

of solvation.  Nevertheless, chemically active water species and hydroxyls are considered 

explicitly below.  Similar to the oxo-hydroxide geometry, the Ir2O4 model features two nearly 

identical Ir sites with two bridging oxygens, which are indicative of shared edges in polyhedral 

IrOx species.  Ir4O8 also affords some symmetry but ultimately results in two pairs of distinct 

metal environments with different geometries (i.e. bond lengths and angles, see Fig. 2a). The 

optimized geometries of Ir2O4 and Ir4O8 agree well with previous DFT calculations,28 however a 

computationally derived Ir8O16 cluster has not previously been reported. Although the largest 

cluster contains only eight metal atoms, the energy-minimized cluster contains five distinct sites 

with never more than two similar Ir environments.  Even more possible local environments 

would be present in oxo-hydroxide clusters where some of the oxygens may be exchanged for 

two hydroxyl groups providing additional variability to Ir sites and dispersion of electrochemical 

properties. As such, the energy-minimized clusters, which reveal a minimum bound on 

structurally distinct sites (d), support the interpretation of the stretched redox feature observed 

experimentally (see Figure 1) as a diversity of Ir environments in clusters larger than two Ir 

atoms.  Therefore, we hypothesize that the reproducible increase in redox wave width results 

from differences in the local environment of structurally distinct Ir sites. 

Electrochemical Analysis.  The well-defined redox behavior of hydrous Ir2Ox(OH)y allows a 

detailed analysis of the CV scan in which each of two clear redox features is modeled as a 

Gaussian, Figure 3.  The Gaussian fits for the Ir(III)/Ir(IV) couple of hydrous IrO2 reveals an 

E1/2 = 1.115 V vs RHE with peak separation of 60 mV.  The redox feature assigned to Ir(OH)3 

formation and reduction is observed at E1/2 = 0.725 V and shows roughly twice the peak 

separation (110 mV).  Therefore, Ir(OH)3 formation and reduction is appears a less reversible 

process, as previously reported for Ir oxo-hydroxides in acidic solution.25 



 

Figure 3. CV of Ir2 cluster recorded at 20 mV/s in deaerated 0.1 M HNO3 after 6 scans to potentials more 

positive than 1.1 V, in which the capacitive substrate sample scan has been subtracted to improve 

visibility of the Ir redox features.  Gaussian features have been overlayed for Ir(III) hydroxide (formation, 

solid orange; reduction, dotted orange) and Ir(IV) oxo-hydroxide (formation, solid purple; reduction, 

dashed purple).  The total simulated spectrum is shown in dashed black, the residual in solid gray. 

 

Water Oxidation.  The residual current after fitting, not assigned to redox waves, reveals the 

sharp rise in anodic current typically assigned to formation of catalytically active Ir(V) species 

which leads to oxygen evolution, Figure 3.  Further evidence for this assignment is seen in the 

cathodic scan residual, which reveals a small feature around 1.3 V that may be assigned to the 

reduction of Ir(V).26 From the anodic residual (i.e. after deconvolution from capacitive charging 

and subtraction of redox features) the catalytic OER current due to hydrous Ir2Ox(OH)y is 

estimated to be ~ 0.14 μA, at an overpotential of 0.15 V (1.38 V vs RHE).  Assuming that every 

Ir atom deposited is active (see further discussion below), this current corresponds to 0.13 

O2/min or at least 3.7 A/goxide. Although approximate due to the deconvolution process, this rate 

is comparable to the highest performing heterogenized molecular Ir catalyst at the same 

overpotential where ~9 nanomoles of catalyst bound to a 3 μm-thick nanoITO film produced ~5 

uA of OER current, which corresponds to 0.09 O2/min per Ir atom.27  A comparable mass 

activity in rutile IrO2 nanoparticles requires 100 mV greater overpotential (1.48 V vs RHE) to 

reach 2-5 A/goxide.
29-31 



The catalytic OER current is more clearly observed in slower scans to larger overpotentials 

(~500 mV) for each of three cluster samples and the FTO control, Figure 4.  

 

Figure 4. Current versus applied potential at quasi-static scan rates (6 mV/s) in deaerated 0.1 M 

HNO3 (solid lines, FTO control – gray, Ir2 - blue, Ir4 - green, Ir8 - red). Inset: Current under potentiostatic 

conditions recorded in the same electrolyte and plotted on the log scale after subtraction from the current 

measured from a bare FTO substrate at the same potential. 

 

The OER current for IrOx(OH)y clusters of 2, 4, and 8 metal atoms are clearly similar at 

potentials greater that 1.5 V.  These CV scans also provide further assurance that the current is 

attributable to water oxidation (versus further cluster oxidation or decomposition) given that the 

oxidative charge passed exceeds the number of Ir atoms deposited by many orders of magnitude. 

A log plot of current under potentiostatic conditions (inset Figure 4) reveals further similarities 

between the clusters, within error, at similar overpotentials. The inset also reveals a roughly 

linear increase in the log of current vs applied potential in the potential window from 1.45 to 

1.65 V vs RHE, however at more oxidizing potentials the current markedly deviates.  In order to 

more rigorously quantify the intrinsic OER activity of these cluster samples, several 

experimental challenges arise.  First, the nature of the mass-selective deposition method makes 

fabrication of rotating disc electrodes challenging, therefore convective electrolyte flow is absent 

and a rotating ring O2 sensor is not available.  Second, the total number density of Ir atoms is 

small, making capacitive background effects significant even at slow scan speeds.  The Ir 



number density is restricted by the prerequisite cluster separation on the surface to minimize the 

complication of potential cluster interaction (i.e. agglomeration into larger particles).   Finally, 

the stability of the cluster samples is modest, as is common for many of the most active hydrous 

IrO2, and is exacerbated here by the small number of Ir atoms (see stability discussion below).  

However, a comparison to previously reported OER rates at modest overpotential is still possible 

with the aforementioned caveats.  At ~1.55 V (~320 mV overpotential) the cluster samples 

exhibit a current of ~2 uA, which corresponds to 1.8 O2/min per deposited Ir atom or 52 A/goxide.  

A comparable mass activity (50 A/goxide) in rutile IrO2 nanoparticles requires a similar 

overpotential (1.54 V vs RHE).29-31  Heavily hydroxylated and high surface area nanoparticles 

have also been reported up to 50 A/goxide at 1.52 V vs RHE.32 Although not unique in their 

catalytic activity, few-atom clusters show among the highest OER activity in their class, 

consistent with many reports correlating greater surface area with increased mass activity.32 

All Ir cluster samples also exhibit approximately the same Tafel slope (Δη/Δlog(i)) of ~90 

mV/decade in the linear regions (1.45 to 1.65 V).  In contrast, the bare FTO control sample 

shows very small current density (< 0.1 uA/cm2) at 1.75 V and a Tafel slope of ~250 mV/decade.  

A slope close to 60 mV/decade is most often reported for hydrous IrOx oxyhydroxides 

nanoparticles,23 although others amorphous films have been reported with slope as low as 34 

mV/decade.26  

Density functional theory (DFT) calculations of IrOx clusters may enable further insight into the 

cluster site-specific OER reaction mechanism. We focus primarily on results for Ir2 and Ir4 

clusters shown in Figure 5, with results of Ir8 cluster shown as Figure S5. The reaction 

pathways of OER were calculated and plotted for Ir2O4 and at both possible reaction sites (sites 1 

and 2) of Ir4O8 (Figure 5). Note that addition of water in the first step of the reaction results in 

IrOx clusters converting to IrOx(OH)y species as discussed above.  While we consider these 

hydroxylated and hydrous species we continue to refer to them as Ir2O4 and Ir4O8 based on their 

original computational structure.  Our calculations indicate that addition of water and surface 

hydroxyl formation is not a rate limiting step for OER.  



           

Figure 5. Calculated reaction pathways of OER on Ir2O4 vs. Ir4O8. The theoretical overpotentials 

of Ir2O4 and sites 1 and 2 of Ir4O8 are 0.45, 0.62 and 1.53 V, respectively. 

For the smallest cluster studied here, Ir2O4, the rate-limiting step is calculated to be the last step, 

*OOH → O2 + (H+ + e-), but is followed closely by the 3rd step, *O + H2O → *OOH + (H+ + e-). 

In contrast, for both sites of Ir4O8 the rate-limiting step is the third step. Adsorbed oxygen reacts 

with water in the 3rd step to form O-O bond. This nucleophilic attack was suggested to happen 

more readily if the oxidation state of surrounding Ir atoms is flexible so that adsorbed oxygen 

becomes more electrophylic.33  Comparing structures of Ir2O4 vs. Ir4O8 (Figure 2) we observe 

that the former structure is much less constrained than the latter, which indicates that formation 

of adsorbed OOH will be more favorable, resulting in 3rd step being not rate-limiting and in 

lower overpotential. Similarly, more constrained structures of metal atoms in Ir8O16 correlate 

with higher overpotentials for the corresponding site (Figure S5). Theoretical overpotentials 

were estimated from the rate-limiting step reaction free energies (see Methods for details). The 

results show that the theoretical overpotentials for both Ir2O4 and site 1 of Ir4O8 are relatively 

small (0.45 and 0.62 V, respectively), while that for site 2 of Ir4O8 is much larger (1.53 V). A 

range of site-dependent overpotentials where calculated for the 5 distinct sites on Ir8O16 that span 

0.24 to 0.89 V (see SI for details). These calculated overpotentials suggest that for clusters with 

four or more Ir atoms, the local geometry and coordination of inequivalent Ir sites will result in 

dispersion of the atom-normalized catalytic activities.  For completeness, the oxidation state of Ir 

was also explored to examine its role in the theoretical overpotential, Figure S6.  As expected 

the Ir(IV) species exhibit by far the lowest theoretical overpotential.  While small overpotential 



differences in the rate determining step are calculated between Ir2O4 and Ir4O8 clusters (0.45 V 

versus 0.62 V) experiments indicate even more similar electrochemical behavior.  Therefore, we 

posit that support effects may have a significant effect on the mechanism of OER, especially in 

the limit of few-atom clusters, as might be postulated for ultra-small clusters with all or a 

significant fraction of atoms in immediate proximity to the support.  The surface chemistry and 

modeling of support-bound clusters is the subject of ongoing study.  

Stability. As small and well-defined few-atom clusters, these unique structures are 

expected to be exceptionally sensitive to small changes in cluster structure.  The operando 

stability of OER catalysts in general and IrOx species specifically have been the subject of 

several recent investigations.3, 34-35  Although these few-atom clusters may serve as sensitive 

probes of stability, they are particularly challenging to physically characterize.  The smallest 

clusters (Ir2) are beyond the limits of conventional TEM, especially after electrochemical testing 

on stable conductive substrates – namely F:SnO2, with greater than 30 nm roughness.  Instead, 

we probe the clusters electrochemically, with continued deconvolution of the CV (as in Figure 

3) allowing precise integration of the reductive and oxidative charge passed in order to determine 

the remaining number of electroactive Ir atoms in each oxidation state.  Close agreement in the 

integration of both large anodic and cathodic waves centered around 1.115 V produce a value of 

3.5 x 1013 assuming a one electron Ir(III)/Ir(IV) redox process for hydrated iridium oxo-

hydroxide. This suggests ~35% of the total Ir atoms soft-landed and counted during the 

deposition process remain as electrochemically accessible Ir2OxOHy. The charge passed in the 

redox waves center at 0.725V is even smaller, corresponding to only 0.1 x 1013 Ir atoms (1% of 

total Ir deposited) if a three electron reduction of Ir3+(OH)3 to Ir(0) metal is posited, as 

previously assigned.  One explanation for <100% yield is that some Ir has been lost to solution 

during the oxidation of Ir2 to Ir2OxOHy.  Electrochemical quartz crystal microbalance studies 

have previously shown a large discrepancy between theoretical and experimental mass gained (or 

even lost) during the anodic oxidation of Ir(0), suggesting significant dissolution during the 

anodization process.24 The degree of mass loss or gain depend strongly on the details of both the 

initial Ir deposit and the anodic oxidation process. Furthermore, upon operando elemental 

analysis of electrolyte composition, Cherevko found evidence for Ir loss to the electrolyte at 

nearly all potentials between 0 and 1.6 V vs RHE with the exception of a small window near 

1.0V.3  At water oxidation potentials, dissolution rates of 600 pg cm-2 s-1 were measured for an 



electrochemically anodized Ir metal surfaces held at 1.75 V vs RHE.  If a corresponding rate is 

postulated for our electrochemically anodized Ir cluster samples (each with ~33 ng of Ir 

deposited, which represents an equivalent Ir metal area of ~ 0.076 cm2) then all Ir atoms could be 

dissolved in 12 min at 1.75 V.  We evaluate the stability of cluster samples through investigation 

of redox behavior and OER performance before and after 25 minutes of chronoampometry (1.3 

to 1.8 V) as well as the introduction of fresh electrolyte solutions.  The redox response of the 

most well-defined Ir2OxOHy clusters, the Gaussian fits of which are shown for clarity, highlight 

significant Ir loss over the course of the full electrochemical screening, Figure 6.  

 

 

Figure 6. Fitted redox features of Ir2OxOHy recorded at 20 mV/s in deaerated 0.1 M HNO3 as function of 

time in the experiment. The capacitive background control sample scan was first subtracted, followed by 

Gaussian oxidation and reduction overlay for redox waves assigned to Ir(III) oxide (grey) and Ir(IV) 

oxyhydroxides (color).   

As noted previously, a Gaussian feature centered around 0.73 V (grey line in Figure 6) is 

required to capture a previously assigned Ir(OH)3 formation feature.  However, after more than 

15 min at potentials greater than 1.5 V vs RHE, the same redox CV scan in freshly degassed 

electrolyte shows no sign of a redox feature near 0.73 V.  This is consistent with the irreversible 

formation of hydrous Ir(IV) oxide species in previously reported nanoparticle systems scanned to 

more oxidizing potentials.23  Figure 6 also reveals a significant reduction in the number of 



addressable hydrous Ir(IV) oxo-hydroxide species during the course of the experiment.  As 

detailed in the inset table, the redox peak height (and integrated area) is significantly reduced 

during the course the experiment, however the RMS width (or standard deviation) as well as 

peak center remains nearly constant.  This suggests that while Ir2Ox(OH)y clusters may be lost to 

solution – similar to other hydrous Ir(IV) oxides –  there is no evidence for structural change, 

agglomeration, nor cluster consolidation under the strongly acidic and oxidizing electrochemical 

conditions used here.  While the peak separation of the oxidative and reductive wave is small (60 

mV) before OER, the peak separation increases to 144 mV and then 169 mV after application of 

high overpotentials and electrolyte exchange.  The increased separation suggests the presence of 

significant electrochemical irreversibility. A clear drop in integrated area as the stability 

experiment progresses indicates a loss in the number of electroactive Ir species from 3.5 to 3.2 

and finally 2.4 x 1013 Ir atoms (23% of the Ir atoms deposited).  Although quantitative analysis is 

complicated by the range of potentials applied during chronoampometry and CV scanning as 

well as the exchange of electrolyte solution, a loss of ~3 ng Ir would be reasonably consistent 

with previous reports under similar conditions.  However, X-ray fluorescence after 

electrochemical testing corroborates the original atom count to within error and further maps the 

distribution of clusters to the same cross-sectional Gaussian width of 6 mm (Figure S3).  

Therefore, the inactivation (without loss or macroscopic re-arrangement) of Ir clusters remains a 

possibility to be investigated in future studies.  High temperature (250 or 450 °C) annealing of Ir 

metal in order to form the dehydrated rutile IrO2 phase has previously been shown to improve 

the stability of IrOX nanoparticles, typically at the expense of activity.3  However, the possibility 

of few-atom-cluster migration and ripening at elevated temperature along with resulting OER 

activity is has yet to be examined and thus also remains the subject of future studies. 

 

CONCLUSION 

In order to limit the diversity of electrocatalytic Ir sites, three distinct mass-selected Ir metal 

cluster samples (Ir2, Ir4, and Ir8), each with equal atom number were deposited and shown to 

exhibit unique electrochemical properties under acidic water oxidation conditions. Most 

distinctly, the Ir2Ox(OH)y cluster exhibits a significantly narrower Ir(III)/(IV) redox peak which 



suggests that few-atom clusters with an unusually homogeneous metal environment can be 

synthesized. Despite this difference in redox behavior, the OER performance of all cluster size 

samples is similarly excellent and comparable to the most efficient Ir-based catalysts to date.  

First principles computation of clusters reveals the structure of the Ir-site in each cluster 

predicted to be most active for water oxidation, but the more realistic analysis of experiment 

conditions will require consideration of support effects.  Finally, we find no evidence of few-

atom cluster consolidation under these electrochemical conditions, which paves the way for 

future studies of other controlled atom-number clusters. 
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