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One Sentence Summary: 

We predicted the facet-dependent Oxygen Evolution Reaction (OER) activity of IrO2 from 

Quantum Mechanics in agreement with new experimental data on five facets, elucidating facet-

dependent mechanisms and atomistic understanding of unique rate limiting steps. 

Abstract 

The diversity of chemical environments present on unique crystallographic facets can drive 

dramatic differences in catalytic activity and reaction mechanism. By coupling experimental 

investigations of five different IrO2 facets and theory, we characterize the detailed elemental steps 

of the surface redox processes and the rate-limiting processes for the oxygen evolution reaction 

(OER). The predicted complex evolution of surface adsorbates and the associated charge transfer 

as a function of applied potential matches well the distinct redox features observed experimentally 

for the five facets. Our microkinetic model from with Grand Canonical Quantum Mechanics (GC-

QM) calculations demonstrates mechanistic differences between nucleophilic attack and O-O 

coupling across facets, providing the rates as a function of applied potential. These GC-QM 

calculations explain the higher OER activity observed on (100), (001), and (110) facets and the 

lower activity observed for (101) and (111) facets. This combined study with theory and 

experiment brings new insights into the structural features that either promote or hinder the OER 

activity of IrO2, which are expected to provide parallels in structural effects on other oxide surfaces.  

Key words: OER, IrO2 Thin film, Pulsed laser deposition, DFT, Reaction mechanism, 

Microkinetics 
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Introduction 

IrO2 is highly active and stable for the oxygen evolution reaction (OER) and the electrocatalyst of 

choice for proton exchange membrane (PEM) electrolyzers.1 Given the scale of green hydrogen 

deployment, even subtle gains in IrO2 activity or stability can substantially decrease loading and 

reduce system cost. Under reaction conditions, Ir is oxidized, and most stable when synthesized in 

the rutile crystal structure2 rather than the amorphous phases formed by thermal or electrochemical 

oxidation.3 The rutile crystal structure can be terminated with a number of different 

crystallographic facets that differ in their propensity for surface oxidation and distance between Ir 

sites—expected to influence interaction between reaction intermediates. Given that the 

performance of IrO2 electrolyzers is limited by OER kinetics at the anode,4 understanding the 

orientation-dependence of these kinetics would enable efficiency gains by modifying 

crystallographic texture. Furthermore, mechanistic understanding can suggest strategies for 

catalyst design that directly translate to improved OER kinetics.The stoichiometric surface of rutile 

IrO2 exposes coordinatively unsaturated (CUS) sites, which have been considered to be the active 

sites for water oxidation5, analogous to that of rutile RuO2.6 With increasing potential, IrO2 reacts 

with water and desorbs protons and other adsorbates upon (electro)chemical oxidation. The 

progression between adsorbed species is coupled with charge transfer to/from the surface,7 

resulting in the “redox” features observed in cyclic voltammetry. The potential at which these 

features occur is related to the stability of corresponding adsorbates, and the total charge passed is 

related to their concentration on the surface.8 Thus, understanding differences in these features 

across facets can illuminate the tendencies of electrochemical oxidation that should prove useful 

in controlling catalytic activity of OER.9 

OER activity depends on the reaction mechanism and the energetics between successive 

intermediate species.10,11 The rate-determining step of OER on IrO2 has been proposed to be O-O 

bond formation, which can be formed by water nucleophilic attack (*O + H2O  *OOH + H+ + 

e-) or by direct oxo coupling (*O + *O  *O-*O)7. The dominant mechanisms depend on the 

adsorbate binding energy, their surface population at a given applied potential,12 and on the 

distance between reactive species—all of which depend on the crystallographic facet.13,14 For rutile 

RuO2, OER activity varies amongst crystallographic orientation,15 and calculations indicate the 

local environment of the CUS sites gives rise to differences in adsorbate binding strength16 and 
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subsequent changes in the rate determining step.6,14 Missing, however, is a direct comparison 

between the voltammetric response and theory incorporating the applied potential and equilibrium 

surface coverage for different facets of oxides such as rutile IrO2.  

In this study, we make a direct comparison of cyclic voltammetry between theory and experiment 

for five rutile IrO2 facets. In contrast to typical attribution of redox features as a specific redox 

couple, our calculations reveal complex changes in surface chemistry including substantial 

contributions from changes at the bridging oxygen sites (µ2-O) and partial contribution of multiple 

redox couples to a single redox peak. In our experiment in acid, the OER activity is the highest for 

(100), followed by (001) and (110), whereas (101) and (111) are much less active. To find the 

origin of this activity trend, we performed microkinetic analysis with the energetics from the Grand 

Canonical Potential Kinetics (GCP-K) 17,18 allowing atomic-scale interpretation of physical 

processes with explicit consideration of the applied potential—a factor commonly overlooked but 

crucial in describing electrochemistry.19,20  

 

We find that the mechanism of O-O coupling and the rate limiting step are facet- and potential-

dependent, as are the identity of sites involved in this step. Our findings are further supported by 

the excellent agreement observed between our experimental results and the unified theoretical 

framework, which includes geometric, electronic, chemical kinetic, and applied bias effects. This 

alignment lends significant credibility to our study and offers an atomistic comprehension of the 

facet-dependent voltammetric current response of IrO2. 

 

Results & Discussion. 

Rutile films with (100), (110), (001), (101), and (111) orientations were grown by pulsed laser 

deposition (PLD) under conditions reported previously15 and detailed in the Experimental 

Methods. The orientation was confirmed by X-ray diffraction (Fig. S1A). For stoichiometric 

surfaces, the facets differ in the density of CUS sites (Table S1), as well as the extent of their 

coordination—only four-fold for (001) and mixed four-fold and five-fold for (111) but only five-

fold for all other facets as shown in Fig. 1A (highlighted in yellow). We link these differences in 

geometry and coordination to a unique evolution of surface adsorbates under oxidizing conditions 
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and ultimately, OER activity. We measured the OER activity through cyclic voltammetry (CV) in 

Fig. 1B as well as chronoamperometry (CA) in Fig. S2. Normalizing current to oxide geometric 

surface area gives facet-dependent activity that spans more than an order of magnitude, which 

trend was preserved for OER activity per active site estimated from pseudo-capacitive charge21 

(Fig. 1C, Table S2, Fig. S3). In a previous study, we demonstrated that RuO2 thin film exhibits 

approximately an order of magnitude higher OER current density compared to IrO2.15 Interestingly, 

here, we found that IrO2 is significantly more influenced by film orientation compared to RuO2 

thin films.16 For IrO2, the activity of (100), (110), and (001) is significantly greater than the other 

facets of (101), and (111). These activities agree with those observed for ~7 nm particles that 

primarily have (110) and (101) facets.2  

 

  

 

Fig. 1. (A) Surface geometries of five stoichiometric IrO2 facets. The coordinatively unsaturated 

site (CUS) is highlighted as yellow circle. (B) Experimental OER activity for 5 facets, measured 

in O2-saturated electrolyte in 0.1 M HClO4. The forward and reverse sweep of the 2nd CV cycle 

were averaged to correct for capacitance. Similar trends were observed by chronoamperometry 

(CA) (Fig. S2). CV data for IrO2 nanoparticles (ptcls) extracted from Lee et al. and normalized to 
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surface areas extracted from TEM.2 (C) Redox features, measured in Ar-saturated electrolyte, 

below OER onset. 

 

To understand the origin of OER activity, we examined facet-dependent Ir redox features in Ar-

saturated 0.1 M HClO4 at potentials below the onset of OER (Fig. 1C). These redox features have 

been referred to as specific redox couples, and redox features are dependent on facet,22 indicating 

the binding of deprotonated adsorbates from H2O such as *O and *OH on the active sites, which 

can be correlated with the catalytic activity.23 We performed DFT calculations to predict the 

evolution of surface speciation as a function of applied potential on these five facets including two 

different terminations of (111) facet, (111)A and (111)B. The free energy was computed ranging 

from the fully reduced surface which is covered by water (μ1-H2O) and all bridge hydroxide (μ2-

OH), to the fully oxidized surface, where the surface consists of 1-fold terminal oxo (μ1-O) and 2-

fold bridge oxo (μ2-O) species as shown in Fig. S4. In particular, on the (111)B facet, two distinct 

μ1-O sites are identifiable. One is bonded to the low-coordinated surface site Ir4c, while the other 

is associated with the high-coordinated surface site Ir5c, both situated on the stoichiometric surface 

(Fig. S4R) which are referred to as μ1L- and μ1H- respectively. The adsorbate-adsorbate interaction 

is explicitly included for various configurations and all μ1- species are bonded to the Ir CUS sites 

(yellow circle in Figure 1A) regardless of facet orientation. 

Fig. 2A to 2E show the evolution of equilibrium intermediate coverage with applied potential 

derived from the predicted surface free energy for the five facets (Fig. S5A to S5F). The gradient 

of the coverage for each species (Fig. 2F to 2J) quantifies the contribution of a redox couple to a 

CV feature. The amount of charge density flowed from the redox reactions were calculated by 

summing up the number of redox reactions to reach the equilibrium state at a potential from the 

fully reduced state (Fig. S5M to S5R).  Taking the gradient of the charge density with respect to 

potential multiplied by the scan rate of 50 mV/s gives CV’s analogous to our experiment (Fig. 2K 

to 2O).24 A more detailed description is included in the Supplementary Materials. Remarkably, 

the general redox features agree well between theory and experiment, providing unprecedented 

atomistic insights into the evolution of surface adsorbates. The magnitude of computed current 

densities also agrees well with experiments, where experimental values are expected to be slightly 

higher from small amounts of roughness on the thin film surfaces (Fig. S1 and Table S2).  
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Fig. 2. Predicted surface intermediate coverages and experimental cyclic voltammetry (CV) 

curves (A to E) Evolution of equilibrium surface intermediate coverages as a function of applied 

potential for the five IrO2 facets. The turquoise, light green, and pink lines represent the surface-

bound H2O, OH, and O, respectively. The solid lines indicate the 1-fold (μ1-) and the dashed lines 

2-fold (μ2-) species. Summing all μ1-  and μ2- species leads to unity. (F to J) The gradient of the 

surface intermediate coverages as a function of potential. (K to O) Comparison between the 

predicted current density from surface oxidation (solid line) and the experimental CV curve 

(dashed line). 

 

We assigned these oxidation peaks to the following redox reactions. On (100) and (110), the major 

redox features near 1 VRHE mostly originate from the μ2-OH/μ2-O redox pair, with a minor 

contribution of μ1-H2O/μ1-OH couple. The gradient of different coverages (Fig. 2F to 2J) allows 

the deconvolution of an apparent single redox peak into multiple redox reactions. For example, the 

0.62 VRHE peak on (110) has contributions from two redox pairs, μ2-OH/μ2-O and μ1-H2O/μ1-OH 

with a ratio of 1 : 1.17. 
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For (001), all the redox features come from μ2-OH/μ2-O at potentials up to 1.03 VRHE and then 

from μ1-H2O/μ1-OH up to 1.34 VRHE, where the latter appears as a shoulder peak, having its 

intrinsic maximum at 1.24 VRHE which can be seen clearly in the gradient plot (Fig. 2H).  

Interestingly, for (101), the peaks at both 0.86 VRHE and 1.30 VRHE originate mostly from the 

reduction of water to μ2-OH. However, each corresponds to different configurations: 2μ1-H2O/(μ1-

OH+μ1-H2O) and (μ1-OH+μ1-H2O)/2μ1-OH (Table S3), respectively, which shows the importance 

of adsorbate-adsorbate interactions.  

Among two (111) terminations, (111)B leads to closer agreement with experimental CV compared 

to (111)A (Fig. S5W) indicating that the (111)B is the dominant surface phase in our experiment. 

The peak at 0.99 VRHE has three partial contributions, 47.5% from μ1-OH/μ1-O, 28.9 % from μ2-

OH/μ2-O, and 23.7 % from μ1-H2O/μ1-OH.  

Overall, our predictions indicate that most of the experimental CV features between 0.30 and 1.23 

VRHE originate from μ2-OH/μ2-O for (100), (110), and (001) and μ1-H2O/μ1-OH for (101) and 

(111)B. This difference originates from the high stability of μ2-O on (101) and (111)B as the bond 

strength between Ir and μ2-O correlates well with the onset potential for μ2-OH/μ2-O transition. 

(Fig. S6) 

Interestingly, we found that the equilibrium μ1-O density already captures the key trends of the 

facet-dependent OER activity suggesting μ1-O is required as a precursor to O2 evolution.14,16 The 

highest peak for μ1-O formation from Fig. 2F to 2J locates at 1.52 VRHE for (100), 1.51 VRHE for 

(110), 1.54 VRHE for (001), 1.78 VRHE for (101), and 1.48 VRHE for (111)B leading to higher μ1-O 

density at 1.6 VRHE for highly active (100), (110), and (001) facets compared to less active (101) 

as shown in Fig. S7. However, (111)B stands out as a clear exception, suggesting that the reactivity 

of μ1-O could be notably lower than that of other cases. Therefore, it is necessary to explicitly 

compute the OER energetics on each local atomic configuration of a facet in order to explain the 

OER trend. 
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Fig. 3. Free energy landscape for the OER pathway at 1.60 VRHE on (A) (100) facet, (B) (110) 

facet, (C) (001) facet, (D) (101) facet and (E) (111)B facet. The reaction coordinates of the most 

favorable pathway have bold black labels while those for minor pathways have thin grey labels. 

For clarity, labels of oxo species (μ1-O, μ2-O) are omitted. The opacity of lines represents the 

kinetics of each elementary reaction step in a logarithmic scale. (F) Comparison between 

theoretical (solid) and experimental (dashed) LSV curves for the five facets. For geometric 

representations of the most favorable pathway are shown in Fig. 4. 
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Fig. 4. The most favorable OER pathway for each of the five IrO2 facets (A) (100) facet, (B) 

(110) facet, (C) (001) facet, (D) (101) facet, and (E) (111)B facet. The grey, red, and white spheres 

represent Ir, O, and H atoms, respectively, with orange representing adsorbed O. The red arrow 

denotes O-O coupling, the blue arrow denotes deprotonation, and the green arrow denotes O2/H2O 

exchange steps. On (100), (110), (001), and (111)B facets, the water nucleophilic attack (WNA) 

mechanism is favorable for O-O coupling while the direct oxo coupling (DOC) mechanism is 

dominant on the (101) facet.  

 

To probe the origin of activity trends correctly, we examined the energetics of possible OER 

pathways for all facets considered. Fig. 3A to 3E show the free energy landscapes of OER along 

the reaction coordinates for each facet at 1.60 VRHE and the atomic configurations of elementary 

steps along the most favorable pathway are depicted in Fig. 4. To describe the reaction free energy 
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and the kinetic barrier of the potential-dependent non-electrochemical step, such as new O-O bond 

formation step, we employed the grand canonical potential kinetics (GCP-K) method17 to obtain 

the reaction free energy and kinetic barrier as a function of applied potential (Fig. S8).  

We considered three different pathways for the water nucleophilic attack (WNA) mechanism 

where water first attacks the electrophilic μ1-O, leading to the new O-O bond by forming 

hydroperoxo (μ1-OOH) while simultaneously transferring the other H to a nearby μ1-O or μ1-OH 
5 or μ2-O 7 site to form a μ1-OH or μ1-H2O or μ2-OH, respectively. The contribution of μ2-O site 

to the total OER current density was found to be trivial at 1.60 VRHE (Fig. 3A to 3E and Supporting 

Information Appendix). We also considered a direct oxo coupling (DOC) mechanism 25–27 for 

(101) and (001) (Fig. S8) based on the short distance between two μ1-O (Table S1).  

The energetics of the WNA mechanism is potential-dependent since an anodic potential makes μ1-

O more electrophilic, but the DOC mechanism shows a weak potential dependence (Fig. S8). The 

rest of the elementary steps along the OER pathway are also described grand canonically, but 

coupled to the Bell–Evans–Polanyi relationship28,29 which assumes a linear dependence of kinetic 

barrier on reaction energy allowing efficient exploration of various oxidation steps on different 

surfaces. The whole reaction network was established by considering all possible connections 

between those states (Fig. 3A to 3E). Then, the theoretical current density (Fig. 3F) was obtained 

using the microkinetic analysis with the steady-state assumption (see Supplementary Materials 

for further details). For each facet, the major OER pathway (Fig. 4) was determined by the fastest 

kinetics. The predicted OER current density (j) is in excellent agreement with the experiment (Fig. 

3F), successfully following the trend of j(100) >  j(001) >  j(110) > j(101) >  j(111)B. Compared to the 

experimental results, the disparities in current density between facets were predicted to be more 

significant which may stem from the ideal flat facets in our theory which are different from those 

in experiments, potentially involving edges and other surface terminations. 

Here we discuss mechanistic details responsible for the activity trend at 1.6 VRHE for these facets. 

The (100), (110), and (001) facets —all highly active—share a similar main pathway through the 

μ1-OOH/μ1-OH state based on the WNA mechanism (Fig. 4A to 4C), which have deprotonation 

steps through μ1-O2/μ1-OH and 2μ1-OH states. While the WNA occurs on two Ir sites for the (100) 

and (110) facets, it occurs through a chelating transition state (η2-H2O) on the (001) facet (Fig. 
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S9C), which has 0.11 eV lower barrier compared to the WNA involving two Ir (Fig. S10). The 

DOC mechanism is excluded due to the very high barrier (Fig. S11).  

On (101) with two μ1-O close to each other (2.77 Å, Table S1), the DOC mechanism has a lower 

kinetic barrier than WNA (Fig. S8B). After O-O coupling followed by O2/H2O exchange, the two 

intermediates take turns being oxidized toward the 2μ1-O state (Fig. 4D).  

On (111)B, WNA involves 2μL-O as proton acceptors leading to μ1H-O2/2μ1L-OH with a higher 

barrier compared to WNA on other facets (Fig. 4E and S8B). Following the O2/H2O exchange and 

the subsequent μ1H-H2O oxidation to μ1H-OH, the μ1H-OH undergo deprotonation to form μ1H-O 

prior to 2μ1L-OH species.  

On (111)A, the proton is transferred to μ2-O rather than μ1-O during the WNA forming the μ2-

OH/μ1-OOH state (Fig. S12A and S12B) because of the large distance between μ1-O (5.52 Å). 

Due to intrinsically unstable μ2-OH state at 1.6 VRHE (Fig. S5K), this step is highly endothermic 

(+0.65 eV) with a high barrier of 0.81 eV (Fig. S12A to S12C) which leads to a notably small 

current density of < 0.2 nA/cm2 at 1.6 VRHE. This further verify that the (111)B is dominant in our 

experiments. 

We further performed a sensitivity analysis to identify which elementary reaction step limits the 

overall current density for each facet. We employed the degree of rate control (DRC) method30 to 

estimate the influence of each elementary reaction step on the net reaction rate, thereby identifying 

the rate-determining step (RDS). This analysis (Fig. S13) indicates that the O-O coupling step 

through WNA limits the OER current at > 1.6 VRHE for (001) and (111)B while deprotonation is 

the RDS for (100), (110), and (101). This difference can be attributed to higher barrier of O-O 

coupling for (001) and (111)B (Fig. S8B), having  0.79 eV and 0.77 eV at 1.6 VRHE, respectively, 

compared to 0.59 eV for (100), 0.54 eV for (110), and 0.46 eV for (101) along the most favorable 

OER pathway (Fig. 4A to 4E). The WNA becomes rate-limiting at higher potential on (001) and 

(111)B facets due to a much weaker potential dependence of the barrier (-0.1 ~ -0.2 eV/V, Fig. 

S8B) compared to that of deprotonation barrier (~ -0.5 eV/V).  

The (100) facet has the highest OER activity due to both a low O-O coupling barrier and to overall 

exothermicity of deprotonation steps at 1.6 VRHE. Interestingly, we found the proton release from 

μ1-OOH stabilized by an adjacent μ1-OH through hydrogen bonding (1.721 Å , Fig. S9F) is rate-
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limiting for (100) which was suggested in our previous work on RuO2(110).6 This oxidation 

reaction also becomes rate-limiting for (001) and (111)B facets at lower potential, and it makes a 

marginal contribution to the OER rate on (110).  

Distinct from other facets, the overall kinetics on (110) and (101) facets is governed by μ1-OH 

oxidation, owing to the less stable μ1-O state.  This RDS is related to the μ1-OH/μ1-O redox couple, 

which requires a higher potential on the (101) compared to the (110). Consequently, it elucidates 

the lower OER activity observed on the (101) facet. The crystal orbital Hamilton populations 

(COHP) analysis 31 indicates that the (110) and (101) surfaces exhibit the 2nd and 1st antibonding 

characteristics between surface Ir and μ1-O, respectively (Fig. S14). We found a significant 

antibonding contribution of the t2g band,32 which explains the low stability of μ1-O on these two 

facets. Additionally, μ1-OH on the (101) facet is further stabilized by a highly-structured HB 

network with uniform 1.92 Å distance (Fig. S15D), leading to the highest overpotential to form an 

active μ1-O species (Table S3, Fig. S7).  

The involvement of PCET in the RDS for the most active (100) facet provides direction for efforts 

in improving IrO2 OER activity. Firstly, catalyst design should target prevalence of the (100) facet 

while minimizing the presence of (101) and (111) facets using plane-selective capping or etching 

agent during the catalysts synthesis.33 Secondly, approaches should be considered to modulate the 

interface environment in ways that facilitate the oxidation of intermediates by modulating such as 

pH, buffer or anion of electrolyte,34–37 or analogous promotion of proton transfer at the catalyst-

ionomer interface at the device level. 

In summary, we observed that OER activity varies by an order of magnitude depending on the 

orientation of IrO2 thin films despite the similar structural motif of octahedral IrO6. We showed 

that various physical and chemical factors including atomic geometry, active site density, type of 

active sites, redox energetics, and OER pathways need to be combined into a single model to 

compare the direct voltammetry between theory and experiment to arrive at a comprehensive 

understanding of OER process at the atomic scale. Our approach facilitates assignment of redox 

peaks on the heterogeneous catalyst surface, allowing the contributions from multiple redox 

couples to a single redox peak to be quantified, often assigning a single redox couple to multiple 

redox peaks. The full kinetic analysis validates our experimentally measured intrinsic activity of 

these facets, which provides guidance for interpreting experiments. Mechanistic guidelines 



14 

 

originating from geometric effects presented in this study are expected to facilitate new 

heterogeneous catalyst designs. 
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