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ABSTRACT

H, production through water electrolysis is a promising strategy for storing sunlight
energy. For the oxygen evolution reaction, iridium oxide containing materials are state-
of-the-art due to their stability in acidic conditions. Moreover, precious metal content
can be reduced by using small nanoparticles that show high catalytic activities. We
performed DFT calculations on a 1.2 nm large IrO; Wulff-like stoichiometric nanoparticle
model (IrO;) with the aim of determining the factors controlling the catalytic activity of
IrO; nanoparticles. Results show that at reaction conditions tetra- and tricoordinated
iridium centers are not fully oxidized, the major species being IrO(OH) and IrO(OH),,
respectively. Moreover, the computed overpotentials show that low coordinated
iridium centers are more active than the pentacoordinates sites of the well-defined
facets. These low coordination sites are likely more abundant on amorphous
nanoparticles, which could be one of the factors explaining the higher catalytic activity

observed for non-crystalline materials.
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1. INTRODUCTION

The use of H; as sunlight energy storing source is seen as one of the most promising
strategies for obtaining clean energy.[1,2] This can be achieved through the
(photo)electrochemical splitting of water that converts water in oxygen at the anode
through the oxygen evolution reaction (OER) and H; at the cathode by means of the
hydrogen evolution reaction (HER).[3-9] The OER is a four-electron process that
presents high overpotentials and slow kinetics and is considered the limiting half
reaction for the application of water electrolysis as source for sustainable energy
conversion and storage.[10—12] Several OER promising catalysts have been reported in
the literature.[13,14] Within the large list of catalytically active species, IrO; is
considered to be the most efficient one in acidic media due to both its catalytic activity

and stability in harsh reaction conditions.[11,12,15]

Iridium is an expensive precious metal and consequently lowering the iridium content
on the catalyst is an essential issue for the practical implementation of the water
splitting.[15-20] Several research groups have synthetized small IrO,(IrOx) nanoparticles
of different sizes and shapes showing high intrinsic activities that become remarkably
high when normalizing by the catalyst amount.[21,22,31-33,23—-30] Indeed,
nanoparticles of about 1.5 — 2.0 nm have been shown to be within the most active
species,[21,23,26,29,30] the origin of their high activity being associated to three
factors: i) The Ir(ll1)/Ir(IV) ratio; ii) The amount of surface hydroxylated species and iii)

The degree of amorphization.

Three main reaction mechanisms have been proposed for the OER (Scheme

1):[10,11,34-37] i) the water nucleophilic attack (WNA) in which the O-O bond of O; is



formed by the reaction of an Ir=0 species of the surface and a water molecule of the
solution; ii) the oxo-coupling mechanism (I12M) in which the O-O bond is formed by the
coupling of two Ir=0 species on the surface and iii) the lattice oxygen evolution reaction
mechanism (LOER) that involve oxygen atoms from the material in the O, formation.
The latter has been proposed to be important in amorphous materials, but less
important in crystalline rutile-like materials.[11,38] Indeed, for crystalline IrO;, the WNA
pathway is the most accepted mechanism, except in very flexible environments, where
the I12M mechanism becomes competitive.[39,40] Indeed, the local morphology of the

material seems to tune the catalytic activity of IrO; for OER.[41-44]
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From a computational point of view, the catalytic activity of iridium-based materials for
the OER has been addressed either with slab models of the (110) surface[39,45,54—
56,46-53] or small clusters up to 13 Ir centers.[57,58] Regarding the studies with slab
models, most contributions limit the study to the thermodynamic cost of each PCET
step. Only in a few cases, the energy barriers associated with some of the elementary
steps have been computed (mostly the chemical ones) and the associated energy
barriers tend to be low,[49,50,53,55,56] thus suggesting that the thermodynamics of

the PCET is sufficient to get overpotential trends. Moreover, while most of these



contributions agree that the most favorable mechanism on the (110) surface is the WNA,
some discrepancies exist on the nature of the overpotential defining step. Indeed, three
different steps have been proposed to be rate limiting depending on the level of theory
used and the definition of the elementary steps of the reaction: i) the Ir-OH to Ir-O
oxidation; ii) the electrochemical step associated with the Ir-OOH intermediate
formation and iii) the O, release. On the other hand, regarding the OER on cluster
models, Auer and co-workers analyzed the effect of the applied potential and pH on the
structure of two models containing either 3 or 13 iridium centers.[58] Results for the
larger cluster show that at acidic reaction conditions the surface presents mainly Ir-O
and Ir-OH groups, the number of Ir-OH decreasing when increasing the applied potential
and the pH. Moreover, the O-O bond formation through the WNA mechanism is
predicted to present a non-negligible energy barrier that decreases while increasing the

applied potential.

Remarkably, nanoparticles, even being crystalline, present particular sites such as tips,
edges and corners whose representation with extended models may not be appropriate,
even if other surfaces other than the (110) are taken into account.[56] In addition, clusters
may not properly represent the electronic structure of the commonly used nanoparticle
sizes. In this contribution, we address the OER reaction on all potentially active sites
present in the stoichiometric Wulff-like (IrO;)33 nanoparticle model. Results show that
the oxygen evolution reaction on tri- and tetracoordinated iridium centers presents
lower overpotentials than on pentacoordinated sites. This is associated with the
presence of Ir(OH), species at reaction conditions. These low coordinated sites are likely

more abundant in amorphous materials, thus giving a potential explanation on the high



catalytic activity of non-crystalline IrO; and its dependence with the presence of Ir(OH),

species on the surface.

2. COMPUTATIONAL DETAILS

Woulff-like stoichiometric nanoparticle models of 1.2 nm size were constructed with the
BCN-M computational tool (Figure 1).[59] The surface energies provided to construct
the model are 0.150, 0.158, 0.185 and 0.206 eV A2 for the (110), (011), (100) and (001)
crystallographic surfaces,[60] respectively. The final model size is close to some of the
experimentally reported active nanoparticles,[21,23,26,29,30] and it is computationally
affordable. The initial BCN-M model (Ir33066) contains 33 IrO; units and it was relaxed
adding to all unsaturated iridium vacant sites one water molecule. This allows to better
describe the aqueous environment in which IrO; nanoparticles are usually synthetized
and avoid unrealistic reconstructions.[61] After full optimization, the added water
molecules were removed, and all nanoparticle atoms, except the singly coordinated

oxygen atoms, were kept fix in all subsequent calculations.

At reaction conditions, it is expected that the nanoparticle would be highly oxidized,
thus presenting several Ir-OH and Ir=0 groups at the vacant sites of the surface iridium
atoms. Inclusion of these groups in each iridium center in combination with the spin
polarized formalism makes SCF convergence challenging and thus, we only considered
the oxidation of the iridium centers involved in the reaction, which requires the
presence of two Ir-O groups. One of the two Ir-O centers acts as the active site and the
neighbor one either actively participate in the oxo-coupling mechanism or it assists the

chemical water nucleophilic attack step. Noteworthy, for surface models, this approach



leads to overpotentials that are similar to those computed when considering a full
surface oxidation,[56] and thus present methodology should be sufficient to get

reactivity trends between the different sites.
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Figure 1. (IrO)s3 nanoparticle model with the undercoordinated
iridium centers (coloured atoms) where OER activity has been

studied.

All calculations were performed with the VASP code,[62,63] using the spin polarized
formalism, the PBE density functional[64] and the Grimme’s D2 empirical correction to
account for dispersion forces.[65] PBE functional has been widely used in modeling the
OER with iridium based materials including finite clusters[39,40,49,50,52,56,58] and
according to Goddard and co-workers represents the metallic nonmagnetic electronic
structure of the bulk in better agreement with experiments than hybrid functionals or
the PBE-U approach.[66] PAW pseudopotentials were used to describe the ionic
cores.[67,68] The valence electrons were represented with a plane wave basis with a
kinetic energy cutoff of 500 eV. Moreover, single point calculations at the final optimized

geometries were performed to include solvent effects (water, € = 80.0) with VASPsol



package.[69] The nanoparticle model was placed in a cubic box of a 30 A edge and the

calculations were performed at gamma point due to the model dimensionality.

Since the global process has been experimentally determined to be endothermic by 4.92
eV and it implies four PCET, an ideal electrocatalyst should catalyze these reactions at
potentials of 1.23 V. Therefore, the minimum required overpotential (n°tR) is computed
as the AG° difference between the highest in Gibbs energy PCET process and 1.23 V and
it is used to determine the most active sites. Note that the reaction energy is imposed

to be 4.92 eV due to the way the G° of O is computed (see below).
NOER = max[AG°(PCET)]/e - 1.23 (1)

Values reported along the text are based on Gibbs energies at 1 atm and T = 273.15 K
assuming the computational standard hydrogen electrode for the proton coupled
electron transfer steps (PCET).[45,70] Thermal contributions were computed through
different approximations: i) For the OER intermediates, the thermal corrections were
obtained by considering the contributions to the vibrational modes of the adsorbed
species and the Ir-O.gs stretching mode; ii) The entropy term of H,O and H, were taken
from tabulated values for liquid H,O and H; gas, respectively; and iii) In analogy with
previous contributions,[39,45,50] the O, Gibbs energy (in eV) was computed as 4.92 + 2
G%20 — 2G%; where 4.92 is the experimental reaction energy and G%;0 and 2G%; are

the computed Gibbs energies for water and hydrogen, respectively.



3. RESULTS AND DISCUSION

We have studied the catalytic activity for the oxygen evolution reaction of the six
different undercoordinated iridium centers present in the (IrO2)s33 nanoparticle (Figure
1): Asax (brown), Bsax (dark blue), Cseq (orange), Daax/eq (green), Eseqreq (purple) and
Faax/eq/eq (light blue). The six centers differ on the coordination number and
environment. Taking into account that iridium in rutile shows two short Ir-O axial
distances and four long equatorial ones,[60] the six centers can be divided in five
different types: i) pentacoordinated atoms with an axial vacant site (Asax and Bsay); ii)
pentacoordinated sites with an equatorial vacancy (Cseq); iii) tetracoordinated centers
with one axial and one equatorial vacant site (Daax/eq); iv) tetracoordinated sites with
two equatorial vacant sites (Eaeq/eq); and v) iridium centers presenting only three bonds
with lattice oxygens (Fzax/eq/eq). While other sites exist in larger Wulff-like nanoparticle
models, they can all be classified in one of these five types of centers.[59,61] Indeed, we
found that the water adsorption in the existing sites of (IrO2)s3 and (IrO2)115s nanoparticle
models is mainly determined by the nature of the vacant site and nanoparticle
morphology and not by the nanoparticle size.[61] Therefore, the results reported here

should be indicative of how the different sites of the nanoparticle react.

The results and discussion section is organized in two parts. We first focus on the
oxidation of the surface iridium centers in presence of water as a function of the applied
potential[61] and afterwards, we explore the OER reaction starting from the most stable
species at 1.5V, through either the I2M and WNA mechanisms. The choice for 1.5 V is
based on the fact that this potential is close to the optimal value for performing the OER

reaction with different Ir-based materials.[23,50,71]



3.1. Oxidation of surface Ir-(H.0)x. The oxidation of the six iridium centers of (IrO,)s3
model (Figure 1) in the presence of water as a function of the applied potential have
been analyzed with the aim of establishing the most stable structure at potentials
around 1.5 V. Since we considered both the I2M and WNA mechanisms and the former
path requires the participation of two Ir-O groups, the active site oxidation was modeled
by considering either one single center that could lead to the formation of two oxo
groups (Daax/eq, Eaeq/eq OF F3ax/eq/eq) OF two vicinal iridium centers (Asax-Asax, Daax/eq-Bsax,
Daax/eq-Ceq, F3ax/eq/eq-AsaxOr Faax/eq/eq-Daax/eq). The oxidation process takes place through
several proton coupled electron transfer steps (PCET) and transforms the adsorbed
water molecules to either Ir-OH or Ir-O species. The initial structure arises from adding
one water molecule per vacant site in its preferred form (molecular or dissociated) as
discussed in our previous contribution.[61] Then we considered the PCET processes until
all metal centers present Ir-O species only. We explored all possibilities for the individual
tri- and tetracoordinated sites and for systems involving two centers the combinations
of the most stable structures of each site only. The optimized structures of the most
stable isomers involved in the surface oxidation (Figures S1 to S8), the relative Gibbs
energies between the different isomers of the intermediates involved in the oxidation
process and the reaction Gibbs energies for all steps (Tables S1 to S15) are reported in

the supplementary material.

Relative stabilities of the different species as a function of the applied potential were

computed following equation 2

X(HzO)-Y(HzO) > X(L1)-Y(|.z) +ne +nH* AG° = GOL1/L2 - GOHZO/HZO -nU (2)
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where X(L1)-Y(Lz) stands for the oxidized species arising from X(H20)-Y(H20), n is the
number of PCET processes required to go from X(H20)-Y(H20) to X(L1)-Y(Lz) and U is the
applied potential. Figure 2 summarizes the results. The color labeling indicates the most
oxidized species in each center: i) grey indicates that all vacant sites are occupied by
molecular or dissociated water molecules; ii) the green color indicates that at least one
OH group as most oxidized species is present in one of the two considered centers; iii)
the blue series accounts for structures with at least one OH group as most oxidized
species at each iridium site; iv) orange color describes species with one Ir-O group in one
of the metal centers and ; v) the pink colors indicate the presence of two Ir-O species
(Scheme 2). According to our results on surface models,[56] the oxygen evolution
catalysis requires the formation of species represented in pink in Figure 2, at around 1.5

V potentials.
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Figure 2. Phase diagram of the different sites of (Ir0,)s3 at pH =0, T=298 Kand P =

1 atm as a function of the applied potential. Color labeling according to Scheme 2.

Results show that the required potential for the H,0 to OH oxidation is sensitive to the
neighbor metal that is also being oxidized. The computed potentials for the H,0 to OH
oxidation for one specific center can vary up to 0.2 eV and this appears to be related
with the formation of hydrogen bonds. Centers able to establish strong hydrogen bonds
with neighbor adsorbed species tend to present higher potentials for the H,O to OH
oxidation. However, this difference will likely be smaller if explicit solvent water
molecules are added in the simulation due to the formation of hydrogen bonds between

the adsorbed species and the solvent. Moreover, the H,0 to OH transition always takes

12



place at low potentials and thus this oxidation step does not appear to play a key role in

the OER with iridium-based metals.

The Ir-OH to Ir-O oxidation is much less sensitive to the neighbor iridium center that it
is being oxidized and this is related with the fact that Ir-OH species do not form strong
hydrogen bonding with species adsorbed in the vicinity. Consequently, the values for
each iridium center are essentially not affected by the nature of the other metal that it
is being oxidized (< 0.08 eV). The formation of the first Ir-O species at tri- and
tetracoordinated iridium centers occurs at potentials between 1.18 and 1.50 V and the
computed values tend to be lower than the required potentials for oxidizing
pentacoordinated centers (between 1.45 and 1.54 V). Despite the small differences
between the values, the general trend of the required potential for the formation of the
first Ir-O species follows the order Eseq/eq < F3ax/eq/eq < Daax/eq < Asax ~ Bsax < Cseq and this
agrees with the observed trends for extended surface models.[56] Remarkably, the Ir-
OH to Ir-O oxidation of the equatorial and axial sites of Daax/eq With the other vacancy
containing a Ir-OH group occurs at very similar potentials (difference of less than 0.03

V) and thus, both Daeq/ax(0/OH) and Daeq/ax(OH/O) structures should coexist.

Full oxidation of the tri- and tetracoordinated iridium centers (Daeq/ax, F3ax/eq/eq) requires
high potentials (over 1.6 V). This suggests that at reaction conditions these centers will
not be fully oxidized and they will remain as Ir(O)(OH)x (x = 1 or 2 for Daeq/ax and F3ax/eq/eq
sites, respectively). Eaeq/eq lOcated at the tip of the nanoparticle is an exception.
According to calculations, the full oxidation of this center occurs at 1.29 V and thus, it
will present two Ir-O groups in one single iridium atom at reaction conditions as already

found for the analogous centers of the (001) surface.[56] Overall, at 1.5 V the most

13



stable structures for all considered systems are: Daax/eq(OH/O), Easeqreq(0/O),
F3aX/eq/eq(0/0H/0H), ASaX(O)'ASaX(O)r D4aX/eq(0H/O)'BSaX(O), D4aX/eq(0H/0)'c5eq(0),

F3ax/eq/eq(O/OH/OH)-Asax(0) or Fsax/eq/eq(0/OH/OH)-Daax/eq(OH/O).

3.2. Oxygen evolution reaction catalytic activity. In a second step, we studied the
OER reaction starting from the most stable structure at potentials around 1.5 V. We
performed the study in the pairs of sites described above to have two Ir-O groups on the
surface. We also considered Easeq/eq(0/O) that already has two oxyl species at 1.5 V.
Despite being slightly less stable (less than 0.06 eV), we considered Daax/eq(O/OH)-
Bsax(0) and Daax/eq(O/OH)-Cseq(O) instead of Daax/eq(OH/0)-Bsax(0) and Daax/eq(OH/O)-
Cseq(0), since the OER reaction can only take place when the oxyl group is in the axial
site (see Supplementary material). We considered the I2M and the WNA mechanisms

shown in Scheme 3.

Noteworthily, and similarly to the mechanistic proposal made by other
authors[50,55,58] for the OER on the IrO, (110) surface, we decoupled the water attack
in two steps: i) the splitting of water over two Ir-O groups (1 to 2wna process in Scheme
3) and ii) a PCET process from the Ir-OOH/Ir-OH species (2wna to 3wna). Another reaction
mechanism where the water attack is coupled with the PCET has also been explored in
the literature.[53] With the aim of analyzing the influence of the considered reaction
mechanism, we also decided to consider this second possibility (see Table S15 of the
supplementary material). We realized that the Ir-OOH/Ir-O species usually considered
in this second route (3’wna in Scheme S1 of the supplementary material) is less stable
than the Ir-O0/Ir-OH intermediate involved in the main mechanism reported here. This

is in agreement with previous results on surfaces.[50,56] Moreover, similar results are
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obtained for RuO; surfaces: the Ru-OO/Ru-OH intermediate is more stable than the Ru-
OOH/Ru-O one and the geometrical features of the former matches with the
experimental observations.[72] Therefore, it is very likely that regardless how the WNA
process takes place (concerted or stepwise), the main intermediate involved in the O;
formation is Ir-OO/Ir-OH rather than Ir-OOH/Ir-O. Comparison of the two
approximations, assuming that the two routes involve the Ir-O0/Ir-OH species, suggests
that the description of the WNA mechanism does not modify the general trends. Finally,
since the two iridium centers are not equivalent in most of the pair of sites considered,
there are two different WNA attack mechanisms depending on the iridium presenting
the Ir-OOH species. We considered the two possibilities (WNAx and WNAy in Scheme S2
of the supplementary material), the associated Gibbs energies for each pathway are
reported in Table S15 and the optimized structures of all species considered in the OER
processes are shown in Figures S9-S24 of the supplementary material. The values
reported in the text correspond to the most favorable pathway for each pair of sites.
The AG values for the individual steps are reported in Table 1 and Figure 3 shows the

global energy profile for the WNA mechanism.
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The 12M mechanism starts with the coupling of two Ir-O species on the surface (1 to 2i2m
in Scheme 3 and Table 1). The process is in all cases endergonic, and the reaction Gibbs
energies varies from 0.63 to 1.26 eV. These values tend to be slightly higher than those
obtained with extended models,[56] although this may originate from the restrictions
imposed for the optimizations with the nanoparticle models (See computational
details). The energy cost for the O-O bond formation correlates reasonably well with the
O---0 distance in the initial structure (Table 1), since the more separated the oxygens
initially are, the more unfavorable the process is. After O-O bond formation, O release
by adsorption of two water molecules is thermodynamically favorable (AG® between -
0.92 and -1.33 eV) in all sites except at Eaeq/eq, Where the reaction occurs in one single
metal center. The catalytic cycle is closed through the oxidation of the adsorbed water
species through processes that are equivalent to those described before and require
potentials between 1.29 V and 1.58 V to recover the two Ir-O species. Overall, the 12M
mechanism presents relatively low overpotentials (between 0.06 and 0.35 V). Indeed,
these values are similar or even lower than those obtained for the WNA pathway (see
below). However, the feasibility of the I2M mechanism is highly controlled by the oxo-
coupling process, an endergonic chemical step whose reaction energies range between

0.63 eV and 1.26 eV.
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Table 1. Reaction Gibbs Energies (in eV) for the chemical and electrochemical steps of the I12M and WNA reaction
mechanisms. For those sites including Ir centers of different nature, only the most favorable pathway is reported. Reaction
conditions are 0 V potential versus SHE, pH =0, T=298 Kand P =1 atm.

Reaction Asax-Asax Eseq/eq Daax/eq-Bsax D4ax/eq-Cseq F3ax/eq/eq-Asax  F3ax/eq/eq-Daax/eq
12M
1> 2pm 0.81 0.80 0.63 1.02 1.17 1.26
22m +2 H0 2 3pm+ 0, -1.26 0.33 -0.92 -0.89 -0.36 -1.33
B3am 2> dom+H + e 0.96 0.57 0.93 0.55 0.55 1.38
4om~> Sam+H + e 1.44 0.75 1.35 1.22 0.74 0.82
S5om—~> 6+H +e 1.45 1.18 1.44 1.49 1.28 131
62> 1+H +e 1.52 1.29 1.49 1.58 1.53 1.48
WNA
1+ H,0 2 2wna -0.53 0.47 -0.17 -0.27 0.09 -0.03
2wna 2 Bwna + HF + € 131 0.88 1.19 1.01 0.93 1.16
3wna= dwna+ H + e 1.62 1.25 1.54 1.53 1.47 141
4wna+ H20 = S5wna + 02 -0.40 0.47 -0.11 0.44 0.26 -0.09
Swna2 6+ H +e 1.40 0.56 0.99 0.68 0.83 0.99

6> 1+H +e 1.52 1.29 1.48 1.52 1.34 1.48




Table 2. Ir-O, distances (in A) and spin moment for the most stable structures at working potentials.

b

Species Iri-011 Ir1-O12 Ir1-0O13  1r-021 1r-O22 0:1-07° So1 Sox© Sir1 Sir2
Ao-Ao 1.805 1.808 3.067 0.626 0.640  0.533 0.527
Eo/o 1.772 1.770 - 2.900 0.233/0.255 0.406

Don/o 1.941 1.794 N/A 0.582 0.565

Do/ou-Bo 1.772 1.934 1.796 2.889 0.441 0.471  0.240 0.281
Do/on-Co 1.939 1.794 1.950 1.804 4.434 0.587 0.698  0.582 0.532
Fo/oH/oH 1.778 1.917 1.930 1.804 0.314 0.314
Fo/on/oH-Ao- 1.776 1.916 1.931 1.787 3.249 0.412 0.646  0.389 0.538
Fosonson-Dono 1.768 1.927 1.921 1.804 3.234 0.692 -0.242  0.700  -0.239

2 Distance between oxygens involved in the oxo-coupling step.

b Oxygen atom of the Ir-O species at Ir;

¢ Oxygen atom of the Ir-O species at Ir;
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The WNA mechanism starts with the water attack to the two Ir-O of the surface, which
leads to the formation of Ir-OOH and Ir-OH species (1 to 2wna in Scheme 3 and Tablel).
The reaction Gibbs energies for this step varies from -0.53 to 0.47 eV, but in most cases
the process is essentially isergonic. In general, the reaction Gibbs energies for the WNA
step at the different sites of the nanoparticle and the values obtained with extended
surface models are very similar and they all suggest that the process is easy. The sole
exception is when the reaction takes place at Eaeq/eq. In this case, the process is
unfavorable and the computed value (AG°=0.47 eV) is larger than that of the closely
related (001) surface (AG°=0.25 eV).[56] However, comparison between the WNA
reaction Gibbs energy (0.47 eV) and that for the O-O bond formation in the 12M
mechanism (0.80 eV) in this Eaeq/eq Site suggests that even in this case, the initial step for
the WNA pathway is the preferred chemical step. Analysis of the spin densities over the
oxygen atoms of Ir-O species (Table 2) shows that they have a marked oxyl radical
character and thus, according to electronic density distribution, the water attack should
be viewed as homolytic instead of nucleophilic. This is consistent with the fact that

Eseq/eq is the center presenting the lowest spin densities over the oxygen atoms.

After the O-O bond formation through the WNA mechanism, two PCET are required
before O, is released (2wna = 3wna + 1H* + 1e” and 3wna =2 4wna + 1H* + 1e7in Scheme
3 and Table 1). For all centers, the 3wna to 4wna PCET is more challenging than the 2wna
to 3wna one, the computed values being similar to those of the Ir-OH to Ir-O oxidation
in the vicinity of a Ir-O group (6 2 1 + H* + 1 e step). Thus, the potential determining
step involves in all cases a Ir-OH to Ir-O oxidation and depending on the site, this step is

either the 3wna to 4wna oxidation or the 6 to 1 process (Scheme 3 and Tables 1 and S17).
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The resulting overpotentials are similar to those of the 12M pathway and range from

0.06t0 0.39 V.
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Figure 3. Calculated Gibbs energy profile for the most favorable OER catalytic cycle through the WNA
mechanism at: a) the reference (110) sites of the nanoparticle; b) the tip site of the nanoparticle; c)
sites including one penta and one tetracoordinated metal center and d) sites including one
tricoordinated site. The blue lines correspond to chemical steps, the black lines correspond to the
energetics of the PCET at an applied potential of 0 V and the red values are for an applied potential

of 1.5 V. Labelling taken from Figure 1 and Scheme 3.

Comparison between the O-O bond formation steps of the I2M and WNA mechanisms
(Table 1) shows that the water attack is always more favorable than the oxo-coupling
process. Moreover, the equivalent Gibbs energy barriers computed with different surface
models show that the barriers are low and usually follow the same general trend as the
thermodynamics of these individual steps.[50,56] In particular, for the WNA step, the AG*
values range from 0.42 to 0.55 eV in the main crystallographic facets. Therefore, assuming

a similar value for the centers of the nanoparticle, the WNA will be preferred in all sites.
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Consequently, the analysis of the overpotentials required to perform the reaction in each

site is made by comparing the values of the WNA mechanism.

Figure 3 summarizes the Gibbs energies of the most favorable WNA pathway for the 6
different sites of the nanoparticle. It also reports the required overpotentials (n°®) and
outlines the potential determining step. The Figure is divided in four groups. Asax-Asax Site,
which corresponds to two iridium centers on the most stable (110) surface and thus, its
reactivity is taken as the reference value (Figure 3a). The energetics associated with
Eseq/eq, Which is the sole site involving only one iridium center, is shown in Figure 3b and
those of all other sites, organized as function of the coordination number of the least
saturated site, are given in Figure 3c for tetracoordinated metals and in Figure 3d for
tricoordinated species. The computed overpotentials vary from 0.06 V to 0.39 V and they
are mostly between 0.24 and 0.31 V. Despite the differences are small, the computed
overpotential for the reference Asax-Asax site corresponds to the highest value (0.39 V).
This suggest that most of the sites of the nanoparticle are more reactive than the sites on
the most stable (110) surface. This agrees with the higher activity found for
nanoparticles.[22—24] The case of Eaeq/eq is Special: it presents the lowest overpotential
(only 0.06 V) but the corresponding chemical processes are unfavorable, which could be
detrimental in the final catalytic activity. Finally, the overpotentials computed for sites
including one tetracoordinated metal as the least saturated center (Daax/eq-Bax and Daax/eq-
Ceq, Figure 3c) are larger than those computed for sites including initially tricoordinated
iridium atoms (F3ax/eq/eq-Asax and F3ax/eq/eq-Daax/eq, Figure 3d) by 0.05 — 0.07 eV. The two
groups show overpotentials that are lower to those of the Asax-Asax site of the (110) facet.
This is indicative that centers that are initially bonded to the nanoparticle with a smaller

number of bonds are more active. This correlates with the number of surface OH groups
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at reaction conditions. Indeed, at working conditions it is expected that all vacant sites
will be saturated with adsorbed species and according to the required overpotentials for
the Iridium oxidation, this will mostly be OH groups. As a consequence, the tricoordinated
metals present two OH groups on the surface and the tetracoordinated species, one single
OH. Overall, our results suggest that the highest activity of IrO, nanoparticles when
compared with crystalline materials and particularly the (110) facet arise from the higher
activity of low coordinated sites. Remarkably, these low coordinated centers are likely
more abundant on non-crystalline materials, thus suggesting that this could be one of the
key factors for the highest activity of amorphous materials and, particularly,

nanoparticles.[23,27,32]

4. CONCLUSIONS

Calculations on the oxygen evolution reaction catalytic activity of several iridium sites
present on the (Ir02)s3 Wulff-like stoichiometric nanoparticle model show that
pentacoordinated sites located at the (110) surface are poorly active when compared to
other centers of the nanoparticle. In contrast, tri- and tetracoodinated sites mainly
located at tip, corner or edges (in larger models) of the nanoparticle present lower
overpotentials. This suggests that these low coordinated sites are responsible for the
higher catalytic activity observed for nanoparticles when compared to crystalline
materials. These low coordinated sites are not fully oxidized at potentials around 1.5 V
and the most stable structure at reaction conditions is Ir(O)(OH)x (X = 1 or 2 for tetra- or

tricoordinated centers, respectively). These low coordinated sites are likely more
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abundant in amorphous materials, which can be one of the factors contributing to the

higher catalytic activity of amorphous materials.
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