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Abstract

The effect of Ni and Co doping within IrO2 on the structure and oxygen evolution
reaction (OER) was studied using integrated theory and experiments. Density Functional
Theory (DFT) calculations show that the metal dopant influences the distribution of electronic
charge and affects the thermodynamics and kinetics aspects of the OER when compared with
undoped IrO2. Using DFT, multiple different reaction pathways were evaluated for O-O bond
formation, and analysis supports the associative mechanism to be the most likely reaction
pathway. Calculations showed lower activation energies for Ni and Co-doped IrO2 compared
to undoped IrO2, in agreement with experimental analysis of the activation energy and OER
activity. From experiments, Co-doping shows significantly improved stability compared to Ni-
doping. Evaluation of the rate-determining step (rds) from calculations and experimental
analysis shows apparent differences that indicate the additional factors need to be considered

to enable improved correlation between theory and experiment regarding the OER rds.
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1. Introduction

Electrolysis of water using renewable electric power, e.g. solar or wind energy, is one
of the goals of humanity: an immeasurable source of energy transformed into a very benign
chemical product such as hydrogen.! To enable a hydrogen-based energy economy, water
electrolyzers will play an essential role since these devices can produce pressurized H> with
relatively high efficiency.? Although electrolyzer technology is already available in the market,
higher efficiency, lower degradation, and lower capital cost are needed to meet the Department
of Energy’s targets for 2025 proton-exchange membrane (PEM) electrolyzers..* With the anode
being one of the largest sources of cell efficiency loss, significant research and development
has been directed towards the development of more active, more stable, and lower cost
electrocatalysts. Both for acidic and for alkaline applications, material composition and
microstructure must be optimized to enhance the rate of the Oxygen Evolution Reaction (OER),
thus minimizing the efficiency loss and the amount of noble metal catalysts.*® Currently, Ir-
based catalysts are considered to provide the best balance of activity and stability for acidic
PEM water electrolyzers anode catalysts; however, the very high cost and scarcity of Ir
(average mass fraction of 0.001 ppm in crustal rock) motivate reducing the amount of Ir

required through approaches that increase catalyst activity and lower the catalyst loading.!%-!?

Determining the parameters that govern the OER catalytic activity and factors that alter
the electrocatalyst durability are primary aspects in the development of new OER
electrocatalysts. Given the significant advances in computational chemistry, using a

combination of theory and simulations with experimental tools can accelerate the discovery of



materials and processes needed to improve the efficiency of state-of-the-art electrolyzers. One
of the main objectives in water splitting research aims to identifying the optimum
electrocatalysts capable of accelerating all the stages of the OER. However, composition,
material preparation and processing, and morphology all affect electrochemical activity,
current selectivity, and stability of oxygen evolution anodes, thus, the development of advanced

catalysts can be achieved only if all these factors are fully identified and controlled.'>-16

Theoretical methods have been broadly applied to determine the factors governing the
reactivity of OER electrocatalysts. The overall water-splitting reaction can simply be described

by the following reaction:

1 I
H,0 > Hp +50, @

Gaseous hydrogen and oxygen products evolve from the surface at the cathodic and anodic
electrodes, respectively. In acidic media, the anodic reaction is far more sluggish than the
cathodic one.!” One pathway to describe the OER is the associative mechanism given by the

following reactions,'® where * denotes a surface site:

H,0 - HO" + H* + e~ (I1)
HO* - O* + H* + e~ (T11)
0* + H,0 » HOO* + HY + e~ (Iv)
HOO* - 0, + HY + e~ V)

Within the associative mechanism, the O-O bond is formed through the association of a water
molecule with an O*, as described by reactions IV and V. Although this reaction path is
commonly used for modeling the thermochemistry of the electrochemical reactions, other
reaction pathways are also possible. For instance, variations of the third step (reaction I'V) of
this mechanism could result in multiple pathways on how the O-O bond is formed. Rather than

proceeding with reactions IV and V, a second possibility is that the O-O bond could be formed



by the association of two O* species, which is described by the following mechanism, known

as the direct oxygen recombination pathway:'’

0" + 0" > 0, (VD)
A third option, referred to here as the O and OH recombination mechanism, is that O" combines

with a HO* intermediate as depicted in the following reaction:

0* + HO* - HOO* (VID)

which is then followed by the subsequent oxidation of HOO* as shown in reaction V.

Recent work has reviewed the OER mechanisms on metal oxides.!? 2°> Mechanisms
derived from density functional theory (DFT) pioneered by Norskov and coworkers® are
discussed in the context of the adsorbate evolution mechanism (AEM), which is formulated in
the context of a single active site. A modification of such mechanism proposed by Shao-Horn
proposes the possibility of two active sites: 6-coordinated and 5-coordinated.?* While the basic
chemical and electrochemical reactions proposed in both approaches are the same, the
consideration of two sites changes the rate determining step from the OOH formation to the
deprotonation of an -OH group stabilizing a -OO group. Deprotonation of this -OH leads to
Oz evolution. Other researchers postulated the participation of the lattice oxygen for the final
step of oxygen evolution where an adsorbed oxygen combines with a lattice oxygen atom.?
However, this lattice oxygen mechanism (LOM) may be present only when the catalyst exposes
certain facets.?® The advantages of the AEM approach is that it allows relatively easy catalyst
screening, based on the characterization of reaction descriptors emerging from a universal
scaling relation between the adsorption energies of HOO* vs HO* 2> Other important concepts
arise from cooperative interactions on the surface due to environmental effects such as
cooperative hydrogen bonding?’ or to surface modifications via dopants or synthesis

treatments.28 29 30



The electrochemical activity of the electrocatalysts depends to a great extent on the
degree of the interaction of the surfaces with the intermediate molecules. Therefore, the oxygen
evolution catalysis is restricted by the interdependence of adsorption energies of the reaction
intermediates and the surface reactivity.>> However, changes can occur when a pure surface is
doped with another metal either by the exchange of the metal or ligands, i.e., active site
modification.* > The exchange of metals (i.e., doping) can affect the adsorption of the
intermediates directly onto the dopant metal or the neighboring sites, thus affecting not only
the reaction rate but possibly the reaction mechanism as well. Moreover, the analysis of the
activation barrier for non-electrochemical steps that require the removal and surface diffusion
of intermediates is of crucial importance to elucidate the changes caused by selective doping
of electrocatalytic surfaces such as IrOz. For IrO: surfaces, significant understanding of the
OER mechanisms was obtained from the computational analyses by Ping, Goddard, and
collaborators,*> who introduced an innovative approach for the potential-dependence of the
reactions, computed reaction energies and activation barriers by DFT at constant potential, and

reaction rates based on microkinetic models.

Within our groups’ prior study of hydrous nickel-iridium oxide,** we showed via
experiments and theory that nickel interaction within IrO2 results in lowering the activation
energy and increasing the OER mass and specific activity. However, our prior study considered
the direct oxygen recombination and did not consider alternative mechanistic pathways. One
of our groups experimentally determined that hydrous cobalt-iridium oxide** two dimensional
(2D) nanoframes exhibit higher activity compared to IrO2; however, calculations of the effects
of Co on the structure and OER mechanism were not explored.

In this work, we combine Density Functional Theory (DFT) and ab initio Molecular
Dynamics (AIMD) simulations with experimental findings to provide a comprehensive and

comparative evaluation of the OER on doped IrO: surfaces. The reaction energies and



activation barriers for intermediate steps of the OER are systematically analyzed with different
reaction mechanisms on Ni and Co-doped IrOz surfaces. The fundamental understanding of the
behavior of multiple oxygen evolution mechanisms on these materials provides insight into the
effect of doping and assists in design of doping elements or agents to develop new materials
for enhanced OER performance in electrolysis processes. Aligned with some of the previous

approaches for the OER theoretical analysis,*

this work emphasizes the importance of
evaluating the activation barriers for each step of the reaction. Analyzing thermodynamics and

kinetics facilitates a comparative analysis with the experimental observations.

2. Methods

2.1. Model and Computational Details

All calculations were performed using the Vienna ab Initio Simulation Package
(VASP)*>37 employing the projector-augmented wave (PAW) pseudopotentials*® * to describe
electron-ion interactions. The revised Perdew-Burke-Ernzerhof (RPBE) generalized gradient
approximation functional was used since it has been found to improve the energies of
adsorption transition-metal surfaces.*’ Spin polarization with cut-off energy for the plane-wave
basis expansion of 400 eV were included. The energy convergence criteria for electronic self-
consistent iteration and ionic relaxation were set to 10 and 107 eV, respectively. For structural
optimizations and energy calculations, the partial occupancies were represented within the
tetrahedron method with Blochl corrections. The Brillouin zone was sampled using a 11x11x1

Monkhorst-Pack*! k-point mesh.

Calculations of activation energies were performed using the climbing nudged elastic
band (cNEB) method,**** in which a set of intermediate images are optimized along a reaction
path defined between the reactants and products. The reactants and products are represented by

the initial and final images, respectively, and are optimized before performing the NEB



calculations. In this case, at least 3 intermediate images were used to compute the activation
energies (see SI for additional details). Moreover, the charge transfer was investigated using
the Bader charge analysis.*>*” In this method, the electronic charges are approximated by the

charge enclosed in a volume defined by zero flux surfaces.

Electrocatalyst Model: To model the pristine and Co- and Ni-doped IrO2 surfaces, the
lattice and atomic positions of a bulk IrO: unit cell were first fully optimized. The (110)
crystallographic plane has been found to be the most stable exposed facet for rutile-type metals
such as TiOz, IrO2, and RuO2.'® * % Thus, a 4-layer (110)-IrO2 slab was cleaved and a 2x1
supercell was built to represent the surface of the electrocatalyst. A vacuum space of 16 A was
left between the oxide surface and its top neighboring cell images to avoid any interaction. For
slab calculations, only the two bottom layers were kept fixed while the positions of the rest of
the atoms in the model were allowed to relax. We must note that, in a perfectly cleaved (110)
rutile-type oxide, the surface has all metal sites saturated. However, this results on two types
of oxygen on the surface: bridge (2-fold coordinated) and undercoordinated (1-fold
coordinated). The undercoordinated oxygen species will likely react with water to form
molecular oxygen, and once the Oz is produced a vacancy is formed, leaving the 5-coordinates
metal sites exposed, which are active sites for water adsorption.*!:3* In this case, the adsorption
of water is assumed to start on the unsaturated metal sites and follow the OER until Oz is
formed. The resulting surface model is shown in Figure 1a and b, which is formed by four
iridium atoms: two penta-coordinated (5-Ir) and two hexa-coordinated (6-Ir) sites. It is worth
mentioning that the penta-coordinated sites are also commonly referred as coordinatively
unsaturated sites (CUS) in the literature.'®>° Furthermore, the surface is also comprised of two
types of oxygen atoms: four tri-coordinated (Or) and two bridge or double-coordinated (Ov)

oxygen species.



Figure 1. Pristine and doped IrO; electrocatalyst model: (a) lateral and (b) top view of the (110) IrO;
surface. Top view of single-site Co or Ni surface doping at (c) 5-fold (5D-IrO,) and (d) 6-fold (6-D-
IrO») coordination sites. Only the top layer is depicted in color for better representation of the surface
slab: Ir, blue; Co or Ni, yellow; O, red. n-M: n-fold coordinated M site (D: Ni or Co dopant; Ir: Ir).

In order to sample different regions of the electrocatalyst, two doped-IrO2 models were
built for each dopant agent depending on the doping site: Co or Ni substituting either 5-Ir or 6-
Ir sites on the surface resulting in the 5-D and 6-D sites, respectively, as shown in panels ¢ and

d of Figure 1.

Ab initio Molecular Dynamics (AIMD) simulations: to explore the dynamic
interaction between water molecules and modeled catalyst surface, AIMD simulations were
performed within an NV'T ensemble at 300 K during 20000 fs. The hydrogen mass was replaced
with the mass of tritium to set a time step of 1 fs. A Nose thermostat with a Nose-mass
parameter of 0.5 was used to control temperature oscillations during the simulations. In this
case, the Brillouin zone sampling was reduced to a 4x4x1 Monkhorst-Pack*! k-point grid and
a Gaussian smearing with a width of 0.05 eV was employed. The liquid phase was modeled by
pure water where the molecules were added to the free volume of the previously optimized
IrOz slab using the Amorphous Cell packing module as implemented in the BIOVIA Materials
Studio software package.’! This method consists of adding molecules to the free volume in the
simulation cell until the target density (pwae=1 g cm™) is achieved and performing a sequence
of classical molecular mechanics-based structural relaxations. The two bottom layers of the

slab model and the top layer of water (four molecules) were kept fixed to restrict the dynamic



evolution to only one interface. The liquid model was built in contact with the pristine IrO2
surface slab and the exact model was replicated for the doped IrO2 surfaces to allow for a direct
comparison between the different models and avoid significant effects due to different liquid
conformations. It is worth mentioning that in the real system the electrolyte is not pure water.
However, this model still provides a good description since, in this case, we aim to understand

the reactivity of water on the catalyst.

Reaction Mechanisms — activation and reaction energies: In the following analysis
and discussion of our work we use a different nomenclature for numbering and describing
equations than that used in the Introduction (equations I to VII). This is because our study uses
elemental steps (e.g. splitting/adsorption of proton and desorption, and electron transfer)
instead of overall steps for the various OER stages. Three different reaction pathways are
considered in this study. However, they share the same first steps: water adsorption and,
subsequent, double oxidation steps to form O* and 2(H"+e"), as depicted in Eq. 1 and Eq. 2,
Figure 2. The differentiating factor between the three mechanisms lies in how the O-O bond is
formed. The first mechanism is called direct oxygen recombination, which consists of two
water molecules undergoing a two-step oxidation pathway to form two adsorbed O* species,
which, then, combine to form Oz as shown in Eq. 3a, Figure 2. A second pathway evaluated in
this study is the recombination of O and OH. In this mechanism, O* combines with a partially
oxidized water molecule (*OH) to form a hydroperoxyl group *OOH, Eq. 3b. The *OOH is
then oxidized to form Oz and (H™+ ¢’), Eq. 3b.1. Finally, the associative mechanism consists
of a water molecule from the liquid phase reacting with an O* group to form an *OOH group,

Eq. 3¢c. This hydroperoxyl group follows the same mechanism as Eq. 3b.1 to form Oz and (H™+

e).
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Figure 2. Detailed reaction paths of the oxygen evolution reaction considered in this study. * and *
represent an active metal (Ir, Ni, or Co) and O adsorption sites, respectively. Reactions in Part I are
common for all three reaction mechanisms. Part 2 represents the three different reaction pathways under
investigation depending on how the O-O bond is formed.

Here we consider both a thermodynamic approach and, subsequent estimation of kinetic
barriers in order to provide a more comprehensive understanding of how Ni and Co-doping of
IrO:2 surfaces affect the OER pathways. Overall, the reaction mechanisms described in Figure
2 include surface reactions followed by electron transfer and proton formation as well as
oxygen desorption (not depicted in Figure 2). However, although the energies involved in non-
surface reaction steps may influence the overall reaction pathways, we center our attention on
those reactions involving surface active sites which are mainly influenced by the
electrocatalyst. The surface reactions are highlighted in red in Figure 2: Eq. 1, 2, 3a, 3b, 3b.1,
and 3c. Although Eq. 1, 2, 3c, and 3b.1 do not constitute complete electrochemical steps since
the proton remains on the surface, in this work, we use such terminology to make it easier for

the readers to associate a given step with the actual step in the OER. An example of this is the
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use of the terminology “oxidation step” when referring to Eq. 1 and 2. Future work should

include the interaction of species being desorbed with the medium, i.e., electrolyte species.

2.2. Experimental Methods

Hydrous nickel-iridium oxide 2D nanoframes and hydrous cobalt-iridium oxide 2D
nanoframes were synthesized according to procedures reported in our prior publications® 3*
and both treated under the same temperature/reducing atmosphere conditions (300 °C under
Ha/Argon). The materials underwent a subsequent chemical leaching step, as described in our
prior work, to remove unstable metals. Scanning electron microscopy (SEM) and energy
dispersive Xray spectroscopy (EDS) elemental mapping, were obtained with a Helios NanoLab
400 DualBeam Field Emission Scanning Electron Microscope. The samples were prepared by
dispersing the catalyst in isopropanol and coating the sample on an aluminum holder.

The electrochemical conditions were reported in more detail previously.>* ** In short,
the analysis was carried out at constant temperature (298 K), using a three-electrode cell
configuration and a thin-film rotating disk electrode technique (TF-RDE). A gold disk
electrode (0.196 cm?) with a thin film of the prepared catalyst was used as the working
electrode, a Pt mesh, and a freshly prepared reversible hydrogen electrode (RHE) were used as
counter and reference electrodes, respectively. Optimized loadings of 9.1, 15.3 and 11.6 pg
cmgeo” for Nilr, Colr and IrO> respectively, were used for evaluation. The electrochemical
characterization of the catalysts was carried out in 0.1M HCIOs4 electrolyte prepared with 70%
HCIO4 (Veritas Doubly Distilled, GFS Chemicals) (0.000001% CI) and ultrapure water (>18
MQ-cm). Prior to the analysis in the OER potential range, the catalysts were electrochemically

conditioned by cycling between 0.05 to 1.5 Vraue for 60 cycles at a scan rate of 100 mV s™! in

argon-saturated 0.1 M HClOs4, which is designated as the electrochemical oxidation (EO) step.
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The electrochemical surface area of IrO2 (ECSAro02) was then determined by measuring the
pseudocapacitive charge between 0.3 V and 1.25 V obtained using a scan rate of 50 mV s™' and
by subtracting the contribution of the Au disk current collector. The electrochemical surface
area was calculated based on the background subtracted pseudocapacitive charge and the
coulombic conversion factor of 596 mC cmro2™!.%% The oxygen evolution reaction activity, was
determined by performing steady-state (iR-corrected) chronoamperometric measurements by
stepping the potential at steps of 0.01 V from 1.3 to 1.6 Vrue while holding for 5 seconds at
each potential and rotating the working electrode at 2500 rpm. The internal resistance (iR)
values (23-27 Q) was determined prior to every evaluation using the current interruption
method at 1.6 Vrue. The data obtained from chronoamperometric measurements was used for
the Tafel plots and for determining the OER mass activity and specific activity. The activation
energy was calculated using the exchange current density estimated by the extrapolation of the
Tafel slopes, where current was normalized by the electrochemical surface area, to 1.23 Vrue.
Following the measurements of the OER activity, an accelerated durability test was carried out
by maintaining the electrode at a constant potential of 1.6 Vrue for 13.5 hours under a rotation
rate of 2500 rpm. The evaluation of the electrochemical activity after durability test (ADT),

was carried out using the same procedure as used for the EO step, as described above.

3. Results and Discussion
3.1. Interfacial Evolution between Liquid Water and IrO; and doped-IrO; Surfaces

from AIMD Simulations

Figure 3 describes the evolution process of a pristine IrO2 surface when placed in
contact with liquid water at room temperature. In this case, no external potential is applied to
the simulation box, so that the results are comparable with our predictions of reaction and

activation energies. During the first 500 fs of the AIMD simulation, two water molecules are
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attracted to the 5-fold coordinated Ir sites and become adsorbed as shown in the first three
panels in Figure 3. Remarkably, at around 700 fs, one of the adsorbed water molecules breaks
to form OH and H. While OH remains adsorbed on the Ir site, the H species bonds with a bridge
oxygen from the surface (Ov). At 900 fs, a water molecule from the liquid phase positions
between the other adsorbed molecule and acts as a proton acceptor and donor to split the second
water molecule to OH and H at around 3400 fs. Similar to the previous case, OH remains
adsorbed on the 5-fold coordinated Ir site and H is bonded to the second bridge oxygen. In this
scenario, however, the H was coming from a water molecule in the solution. Nevertheless, the
final products are the same. OH and H species remained adsorbed to S5Ir and Ob sites,
respectively, and no further reactions were evidenced from this point until the end of the AIMD
simulation (20 ps). The dissociative behavior of water on the IrO2 (110) surface agrees with
the early prediction of Scheffler and collaborators® obtained via static DFT and ab initio
thermodynamics predictions of the evolution of the (110) RuO:2 surface under humid

.27 reveal

environments. Moreover, DFT and AIMD analyses reported recently by Sudope et a
the effect of cooperative H-bonding and adsorption interactions with distorted octahedral rutile
oxide surfaces, showing clear differences between the water behavior over TiO2 (molecular

adsorption) vs. RuO:z and IrOz surfaces (dissociative adsorption). Our DFT and AIMD results

are also in good agreement with these observations regarding IrO2.2”
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Figure 3. Dynamic evolution of water molecules interacting with a pristine IrO; slab along the AIMD
simulation. Blue arrows represent the movement of hydrogen species. Atoms at the interface level are
depicted using the ball-and-stick model and water molecules not involved are shown as thin sticks for
better representation of the interface. Color code: Ir, blue; Co or Ni, yellow; O, red; H, white. Different
colors are used for the timestamps to distinguish the orientation of the cell used to take each frame.

Similarly, the above-mentioned behavior is also observed when the IrO2 surfaces are
doped; water molecules are adsorbed on the 5-fold coordinated sites (Ir, Co, or Ni). The Me-
O:bond distances are tracked along the AIMD simulation, and the results are reported in Figure
S1. In every case, water molecules become adsorbed within the first 1000 fs of simulation.
However, a key difference between the multiple surfaces studied is that no water splitting was
observed during the simulated time when water adsorbed on a doped site (Co or Ni). The
simulated time that took each water molecule to split into OH and O (Eq. 1, Figure 2) is
presented in Figure 4. It is noteworthy that only one molecule is split on 5Co-IrO2 and 5Ni-

IrOz surfaces. This is because there are two 5-fold coordinated sites and one of them is doped,
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where no splitting occurred during the time of the AIMD simulation. On the other hand, both
adsorbed water molecules react to form OH and H relatively faster on 6Ni-IrO2 and 6Co-IrO2
surfaces than pristine IrO2. It is important to note that although these observations are
qualitative reflection of the surface reactivity, we can still use them in the analysis of the

calculated reaction and activation energies.

5Co-Ir02 Y/

6co-iro2 {1
SNIHIr02 Y7 0 s s s 2o se s

6Ni-Ir02 @ First H-O-H
@ Second H-O-H
0.0 1.0

Surface

2.0 3.0 4.0
time (ps)

Figure 4. Time to first water splitting reaction (HO - OH and H) obtained from the AIMD
simulations. Blue and red colors indicate two different water molecules, which are adsorbed on 5-fold
coordinated sites. Solid bars represent the direct H transfer from the adsorbed water molecule to the
bridge oxygen, whereas bars with diagonal stripes depict those cases where a water molecule from the
solution (non-adsorbed) servers as a proton acceptor and donor as shown in the panel at 3000 fs in
Figure 3.

Table 1. Reaction (AE,) and activation (AE™") energies for the first and second water splitting reactions
(water oxidation: O-H bond cleavage): Eq. 1 and Eq. 2 in Figure 2. Results from pristine and Co-doped
IrO; and Ni-doped IrO; surfaces were taken from our previous reports: Gonzalez-Huerta ef al.’' and
Godinez-Salomoén et al.,”® respectively, and are summarized here for comparison purposes. Site (5-Ir,
5-Co, or 5-Ni) indicates where the water molecule was initially adsorbed.

. Energies in eV
Surface: Site

AE*Y AE; AE*Y AE:
p-IrOz: 5-Ir - -0.47 0.56 0.18
5Co-Ir0Oz: 5-Ir - -0.37 0.48 0.19
5Co-Ir0z: 5-Co 0.20 0.00 0.47 0.11
6Co-IrOz: 5-Ir - -0.72 0.45 -0.12
5Ni-IrOz: 5-Ir - -0.35 0.81 0.15
5Ni-IrO2: 5-Ni 0.29 0.24 0.74 0.68
6Ni-IrQ2: 5-Ir - -0.82 0.38 -0.23
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Table 1 summarizes the energies of reaction and activation for the first and second
water splitting reactions (O-H bond breakages), which had been reported in our previous

publications.’!:3* The energies of reactions were computed using the following equations:

AEy = Eytino*jcar. — Enyo7jcat. 3.1.1
AE; = Ey#io jcar. — Eno®jcat. 3.1.2
where Ej/¢q;. is the energy of the catalyst surface with the adsorbed species i, and * and # are
the adsorption sites; *: 5-fold coordinated metal site, #: bridge oxygen site. The sites specified
in Table 1 (5-Ir, 5-Co, or 5-Ni) represent the metal site where the water molecule was initially
adsorbed. As shown in Table 1, the energy of first oxidation step, AE1, is exothermic (AE < 0)
with no activation barrier when the water molecule is adsorbed on a 5-Ir site. However,
energetic barriers, AE*', rise for this step when the adsorption occurs on a doped site (5-Co or
5-Ni). This is in good agreement with the results found from AIMD simulations where no water
splitting is observed when adsorption initially occurs on a doped site. However, when the
dopant is located in a 6-fold coordinated site (6-D), the reaction becomes even more favorable,
which may correlate with the relatively faster oxidation process found in our AIMD simulations
for both adsorbed water molecules in systems with barrierless first oxidation step. As discussed
in our previous works,*!* ¥ the presence of the dopant on 6-D sites alters the electronic charge
around bridging oxygen atoms, which act as proton acceptors in this reaction step, resulting in
a higher driving force for the first O-H bond cleavage. In contrast, the energy of second O-H
bond cleavage, AE2, is endothermic (AE > 0) on undoped IrO: surfaces, and although this
process becomes slightly exothermic with the presence of dopant in the 6-D sites, the activation
barriers, AE*", are significantly higher than those in the first reaction step, AE*'1. This could

explain why the second oxidation step is not seen during the timescale of the AIMD simulation
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without an applied external potential. The resulting optimized structures from the reaction and
activation energies are reported in Figure 5a and b. Bond distances associated with the reaction

mechanism are also included in each panel for reference.

H,0* TS, OH* + H¥
a)

2.215A g,

AE*t = 0.29

2.200A
AE, =024
b) t—»y OH*
9979 4
AE#t = 0.74
AE, = 0.68
C) Ly  o*+0*
act —
16934 1769 Amup 1775A 1.957& gi: ;-?):383
d) o ooweor TS, oone
27’1/& I-q,,54
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= -0.25
= 0.66
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Figure 5. Resulting optimized initial and final, and transition state structures (TS;) for all the reaction
mechanisms considered in this study on a sample surface (5Ni-IrO,). Panels represent equations
described in Figure 2: a) Eq. 1; b) Eq. 2; ¢) Eq. 3a; d) Eq. 3b; ¢) Eq. 3b.1; and f) Eq. 3c. Color code: Ir,
blue; Ni, green; O, red; H, white. Structures obtained when other surfaces are used are similar and,
therefore, not shown here. These structures are available to readers upon request. Note about panel e)
the OOH group was slightly rotated and re-optimized to ease the calculation of transition state for the
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oxidation of OOH. Once optimized, the change in energy was found to be, on average, less than 0.04
eV, and no changes to the trends were found. Reaction (AE;) and activation (AE“) energies in eV for
the sample surface are reported on the right side of the figure. These energies are reported here for
reference and will be discussed in the following sections in detail.

3.2. Reaction Mechanisms: O-O bond formation

The water oxidation steps described in the previous section are shared for all the three
reaction pathways considered in this study. In this section, we focus our attention on the steps
leading to the formation of the O-O bond and the formation of Oz. In any of the reaction
pathways considered at least one water molecule must undergo a double O-H bond cleavage,
resulting in the formation of an adsorbed O* species as shown in Figure 2. This O* species can
then react with a water molecule or one of the intermediates of water splitting (O or OH) to
subsequently form the O-O bond. It is assumed that for the recombination mechanisms (Eq. 3a
and Eq. 3b), the intermediates are still adsorbed on the same sites where the water molecules
were initially adsorbed. Therefore, a difference in the adsorption strength of the intermediate
species could yield lowered energetic barriers when combining O with either OH or O (non-
electrochemical steps). Thus, we have evaluated the adsorption strength of OH and O on the 5-
fold coordinate doped site of an IrO2 surface. For this, the pristine IrO2 surface model was taken
and one of the 5-Ir was substituted with multiple transition metals (Ag, Au, Cu, Co, Ni, Os, Pd,
Pt, Rh, and Ru). The calculated adsorption energies of OH and O, which are given by the

Eqas; = Eijcat. — (E; + E_qt) expression, are reported in Figure S2. The adsorption of O and

OH on a 5-Ir site is -4.23 and -3.06 eV, respectively. However, the adsorptions of these species
on a doped Ni or Co site have intermediate strength, which could result in a lowered energetic
requirement for desorbing and moving OH or O to a different site to form the O-O bond.
Besides, the adsorption energy is strong enough that the adsorption can still occur. The

adsorption energy of O and OH on a 5-Co (5-Ni) site is -3.09 and -1.91 eV (-2.21 and -1.64
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eV), respectively. Thus, the trend in adsorption strength for metallic sites would be 5-Ir > 5-
Co > 5-Ni on the IrOz electrocatalyst.

To study the water splitting steps given by the reactions in Eq. 3a, 3b, and 3c (Figure
2), we start by considering the intermediate adsorbed species that would give place to one of
the recombination mechanisms (O and O or O and OH) or the associative mechanisms (O plus
H20()). An example of the structural configuration of these adsorbed species is shown in Figure
5S¢, d, and f for direct oxygen recombination (eq. 3a), O and OH recombination (eq. 3b), and
associative mechanisms (eq. 3c), respectively. In every case, the adsorption element is an O
species. The electronic charge transferred from the electrocatalyst to the species involved in
the reactions is reported in Table 2. The adsorption of O on the dopant site (5-D) results in less
charge transfer and a weakened adsorption strength. In the case of the adsorption of OH, no
significant impact on the transferred charge is observed. Finally, the H2O molecule in the
associative mechanism (3c) slightly losses some charge most likely due to the interaction of H
with bridge oxygen atoms from the surface; however, the change is minimal as expected due

to its non-adsorbed nature.

Table 2. Electronic charge (in |e|) transferred from electrocatalyst to adsorbed species. Underlined and
italicized values indicate adsorption on the doped site; * represents the site where the species containing
the O-O bond remains adsorbed after the reaction.

Mechanism 3a Mechanism 3b Mechanism 3¢
Surface: Site

Oo* o o* OH o* H20¢)
p-IrO2: 5-Ir -0.48 -0.47 -0.49 -0.30 -0.49 0.03
5Co-IrO:: 5-Ir -0.47 -0.44 -0.53 -0.26 -0.49 0.05
5Co-IrO:: 5-Co -0.44 -0.47 -0.48 -0.29 -0.38 0.01
6Co-IrO:: 5-Ir -0.48 -0.48 -0.51 -0.29 -0.46 0.04
SNi-IrOz: 5-Ir -0.41 -0.37 -0.42 -0.32 -0.48 0.03
SNi-IrOz: 5-Ni -0.37 -0.41 -0.40 -0.30 -0.35 0.07
6Ni-IrO:: 5-Ir -0.47 -0.43 -0.44 -0.29 -0.52 0.02
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Direct oxygen recombination mechanism: The reaction and activation energies for
the reaction described by Eq. 3a are presented in Figure 6. The energy of reaction was computed

using the following equation:

AE;, = Eo’;/cat. - EO*+O*/cat. 3.2.1
The results for pristine IrO2 and Ni-doped IrO2 were obtained from our previous work>® and
are presented here for discussion. The reaction energy to form Oz from two adjoined adsorbed
O* species on a pristine IrOz surface was found to be 0.82 eV with no transition state.** Doping
IrO2 on 6-fold coordinated sites (6Co- or 6Ni-IrO2) was found to make this reaction step
slightly less favorable than on pristine IrOz surfaces: 1.03 eV on 6Co-IrOz (Figure 6a) and 0.91
eV on 6Ni-IrO:z (Figure 6b). However, the presence of the doping agent on a 5-fold coordinated
site was found to diminish the energy of reaction significantly; the effect is more pronounced
when the formed O: is adsorbed on the 5-Ir site: AEsa was predicted to be 0.01 eV and -0.87
eV on 5Co-IrO2 and 5Ni-IrOz2 surface, respectively. As previously discussed, the adsorption
strength of atomic oxygen on the 5C sites directly correlates with the energy of reaction for
this step. Adsorption of O on a 5-Ir site was found to be -4.23 eV, whereas this strength
(adsorption energy) was diminished by 27% and 48% when the adsorption occurred on 5-Co
and 5-Ni sites, respectively. Therefore, the lower the strength of adsorption of one of the sites
where O has adsorbed the more favorable energy of reaction appears to be. Overall, the 5Ni-
IrOz surface was found to perform better for the oxygen recombination reaction step than the
5Co-IrOz. The activation energy for 5Co-IrOz (0.85 eV) was predicted to be comparable with
the energy of reaction on pristine structures (0.82 eV). However, this barrier is remarkably
reduced (~0.38 eV) on 5Ni-doped electrocatalysts. The resulting structures for this reaction

step on 5Ni-IrOz (O2 adsorbed on 5-Ir site) are reported in Figure Sc.
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Figure 6. Relative reaction and activation energies for the oxygen recombination step (Eq. 3a in Figure
2) of the OER on pristine (p),” (a) Co-doped and (b) Ni-doped™ IrO; electrocatalysts. In the case of
5D-IrO; systems, two curves are shown depending on the adsorption site (5-Ni or 5-Ir) of the resulting
molecule. TS, indicates the transition state for the oxygen recombination step. The legend defines the
surface and the final adsorption site (surface: site). Raw values for this step are tabulated in Table S1.

An important consideration to account for in the formation of Oz in the direct oxygen
recombination mechanism is the O-O bond distance in Oz due to potential errors typically seen
in gas-phase DFT calculations. For that reason, the O-O bond distances of O2* adsorbed species
have been evaluated for all the systems, and the data is presented in Table S2. Our findings
show that the O-O bond lengths range between 1.26-1.30 A. These results agree with reported
0-O bond lengths for adsorbed Oz (1.28 A)>*. In addition, the O2” bond length is in the range
of values calculated for adsorption of O2 on small Pt clusters®. The bond length for molecular
oxygen, on the other hand, is ~1.21 A. These results provide additional support for the validity

of the methods used in this work.

O and OH recombination mechanism: The energy of reaction for this step is given

by the following equation:

AE3, = EOOH*/cat. - Eo*+Ho*/cat. 322
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Despite the OH adsorption being considerably weaker than the O (Table 2), the
recombination of O and OH was found to be less favorable than that of oxygen, see Figure 7.
Weak interactions of the OH group with oxygen atoms from the surface may be causing the
OH motion over the surface to be less energetically favorable leading to higher activation and
reaction energies despite its lower adsorption strength on the metallic sites. Figure 7 shows that
the AEspb is 1.49 eV when the reaction occurs on an undoped surface. However, the reaction
energy decreases substantially on 5D-IrO:2 surfaces, especially when the formation of the
hydroperoxyl group (OOH) occurs on the 5-Ir site. Similar to the case of direct oxygen
recombination, the lower the adsorption strength of the OH the more favorable the energy of
reaction becomes. Once again, the reaction energy for Eq. 3b is found to be less endothermic
when the surface is doped with Co or Ni on a 5C site — 0.51 eV and 0.25 eV, respectively —
and the effect is more marked when the OOH is formed on the 5-Ir site leaving the site where
OH was initially adsorbed vacant. When doping is performed on a 6C site, the AEsb’s are found
to be similar to those of the undoped surfaces. However, the activation energy is higher (~7%)
on 6Co-IrOz than the p-IrO2 electrocatalyst. In the case of 6Ni-IrO2, both activation and reaction
energies are comparable with those of the pristine surface. The activation energies for the
hydroperoxyl formation are considerably diminished for SD-IrO: surfaces: up to 34% and 55%
in the case of 5Co- and 5Ni-IrOz2 structures, respectively. Interestingly, although the reaction
energy is significantly lower for 5Ni-doped systems when the OOH is formed on the 5-Ir site,
the activation energy is slightly lower (0.77 vs 0.68 eV) when the OOH is formed on the 5-Ni
site, which stresses the importance of evaluating not only the thermodynamics but also the
kinetics of the reactions. The resulting structures for this reaction step on 5Ni-IrO2 (OOH

formed on 5-Ir site) are reported in Figure 5d.
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The energy of reactions for the oxidation of the OOH (Eq 3b.1; an example of the

optimized structure is shown in Figure 5e) to form molecular oxygen, which is given by the

following equation:

AE3b_1 = EO§+H#/cat. - EOOH*/cat. 323

is reported in Figure 7. This reaction step was found to be exothermic and, in most cases,
barrierless for all the studied systems — in a couple of cases (see Table S3), transition states
with activation energies of less than 0.02 eV were found (not shown in Figure 7); however,
these can be neglected for this study. Similar to the behavior observed for reactions involving
proton transfer (Eq. 1 and 2), the doping of 6-fold coordinated sites was found to lead to the
most favorable reaction energies — AE3b.1 was calculated to be -0.43 and -0.75 eV for Co- and

Ni-doped IrO2, respectively. For 5D-IrO2 systems, Co-doping was found to yield more

favorable reaction energies than Ni-doping.
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Figure 7. Relative reaction and activation energies for the O and OH recombination (Eq. 3b in Figure
2) and OOH oxidation (Eq. 3b.1) steps of the OER on pristine (p),” (a) Co-doped,’® and (b) Ni-doped
IrO; electrocatalysts. In the case of 5D-IrO, systems, two curves are shown depending on the adsorption
site (5-Ni or 5-Ir) of the resulting molecule. TS3, indicates the transition state for the O and OH
recombination step. The legend defines the surface and the final adsorption site (surface: site). Raw

values for these reaction steps are tabulated in Table S3.

Associative Mechanism: This mechanism assumes that only one water molecule
undergoes full oxidation to O due to direct contact with the surface, while the second molecule

will react with the formed O to produce the hydroperoxyl group as a reaction intermediate.
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This step is described by Eq. 3¢ and the resulting optimized initial and final, and transition state
structures for one of the systems (5Ni-IrO2: 5-Ir) are reported in Figure 5f. The reaction

energies were calculated using the following expression:

AE;. = EOOH*+H#/Cat. — Eo*jcat+H,0 324
and the results are presented in Figure 8. When the reaction takes place on an undoped surface,
the energy of the reaction is 0.45 eV with an activation energy of 0.66 eV. In the case of 5D-
IrO2 systems with the OOH formation on 5-Ir sites, the energies of activation and reaction for
this step are similar to those obtained when the OER occurs on undoped. Conversely, if a 6-
fold coordinated site is doped with either Ni or Co, the energy of reaction for this reaction step
(0.20 eV) is diminished by 56% when compared with the pristine electrocatalytic surface.
Similarly, the activation barrier for this step is also lowered by 18% (11%) in the case of Co-
doped surfaces (Ni-doped). This behavior is in good agreement with our previous findings on
steps of the OER involving proton transfer, where 6D-IrO:z systems have been found to perform
better than pristine IrO2 and, in many cases, better than 5D-IrO2 surfaces as well>! 33 A
remarkable behavior seen with this reaction mechanism is that, if the reaction takes place on
the O* adsorbed on the doped site of a 5Ni-IrO2 surface, the reaction becomes exothermic
(AE3.=-0.38 eV) with an activation barrier of 0.51 eV, which is 23% lower than the IrO2. On
the other hand, a different behavior is seen on 5Co-IrO2 (OOH formed on the 5-Co site). In this
case, the reaction energy is similar to that of the undoped anode, and the activation energy is
found to be considerably higher (0.92 eV). The oxidation step of OOH is the same as the one

given by Eq 3b.1, which was discussed in the previous subsection.
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Figure 8. Relative reaction and activation energies for the associative step (Eq. 3¢ in Figure 2) of the
OER on pristine (p), (a) Co-doped, and (b) Ni-doped IrO, electrocatalysts. In the case of 5D-IrO;
systems, two curves are shown depending on the adsorption site (5-Ni or 5-Ir) of the resulting molecule.
TS;. indicates the transition state for the associative step. The legend defines the surface and the final
adsorption site (surface: site). Raw values for this step are tabulated in Table S4.

3.3. Double doping of IrO; surfaces

In the previous section, the performance of the doped electrocatalytic surfaces was
found to be dependent on the site of the surface that is doped. Therefore, the effect of doping
the IrO2 surface on both penta- and hexa-coordinated sites was evaluated to understand such
synergistic effects. A similar approach to the one described in the previous section was
followed. However, in this case, two Ir sites (5-Ir and 6-Ir) are substituted with the dopant
element within the surface layer yielding to 2xD-IrO: surfaces, where D is the dopant metal
(Co or Ni). Electronic density difference (Ap = paxp-1ro, — Prro,) due to the double doping
is reported in Figure 9. It can be seen that the effect of doping is qualitatively the same
regardless of the metal used for doping; significant electron accumulation (purple) is evidenced
at the doped sites and depletion (yellow) between the doped site and the neighboring oxygen
atoms. It is noteworthy that the presence of the dopant in the 6-fold coordinated site yields a
strong accumulation of electron density around its bonding oxygen atoms including the bridge
oxygen atoms, which can serve as proton acceptors during multiple steps of the OER. Overall,
the effect of doping on the electron density seems to follow an additive behavior of those of

the single doping system as discussed in our previous work.*!: 3 Therefore, similar changes to
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the chemical environments of both doped sites are expected to yield a synergistic effect on the

catalytic activity of the anode on the OER when compared to the single doped surfaces.

Top View

Side View

Figure 9. Electronic density accumulation (purple)/depletion (yellow) on the surface plane of (a) 2xCo-
IrO; and (b) 2xNi-IrO; structures. Surface layer color code: O, red; Ir, blue; Co, light blue; Ni, green.
Black lines depict the edges of the simulation cell. Subsurface atoms are shown in white.

The reaction and activation energies for the first and second water oxidation steps were
calculated and are reported in Table 3. The first oxidation step (Eq. 1) is found to be barrierless
when the water is adsorbed on a 5-Ir site and the energy of reaction is significantly more
favorable — -0.81 and -0.66 eV for Co- and Ni-doped IrO2, respectively — than on pristine
surfaces (-0.47 eV). It is noteworthy that this step was found to be slightly endothermic and to
have an activation barrier (> 0.20 eV) on singled doped 5D-IrO2 surfaces when the adsorption
took place on the 5D site (Table 1). In this case, however, although the reaction energy is less
favorable than p-IrO2, the process is still exothermic and just a small activation barrier is
predicted (< 0.10 eV). This difference can be attributed to the presence of a second dopant on
the hexa-coordinated sites, which have been found to facilitate the reaction steps of the OER
involving proton transfer. On the other hand, the second oxidation step (Eq. 2) is found to be

endothermic (0.18 eV) with an activation barrier of 0.56 eV on IrOz2 surfaces. However, when
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the surface is double doped with Co, the reaction becomes exothermic (~-0.10 eV) and the
activation barrier is lowered to 0.36-0.47 eV, which is also an improvement from the single
doped surfaces. Similar behavior is exhibited for surface double doped with Ni when compared
with single doping. However, in this case, the activation barriers are comparable with those of
the undoped electrode. Interestingly, the energy of reaction considerably differs depending on
where the OH is adsorbed; -0.28 ¢V and 0.31 ¢V when adsorbed on 5-Ir and 5-Ni sites,
respectively.

AIMD simulations (20 ps) of these two double-doped surfaces in contact with liquid
water showed similar behavior to the one observed on the single doped IrO: systems. The first
oxidation of the water is seen when the molecule is adsorbed on the 5-Ir site. This is a good
agreement with our predicted activation and reaction energies. In the case of water molecules
that are adsorbed on the 5-D site, the driving force is much smaller for the reaction to occur. In
addition, there is a small activation barrier that needs to be overcome, which, similar to single
doped surfaces, is likely the reason no reaction is observed during the timescale of the
simulation. Thus, only one molecule of water reacted in each case, see Figure S3 and Table S5.
At 490 fs, a water molecule reacted on the 2xCo-IrO: surface, and a water molecule in the
solution acts as proton acceptor-donor to assist in the reaction, similar to what is seen in the
frame at 3400 fs in Figure 3. Conversely, the water molecule that reacts in the 2xNi-IrOz system

transfers its proton directly to the bridge oxygen from the surface at 360 fs.

Table 3. Reaction (AE,) and activation (AE*) energies for the first and second water oxidation steps
(Eq.’s 1 and 2 in Figure 2) on doubled doped surfaces. Site (5-Ir, 5-Co, or 5-Ni) indicates where the
water molecule was initially adsorbed.

Energies in eV
Surface: Site
AE**Y AEq AE#Y AE;
2xCo-IrOz: 5-Ir - -0.81 0.47 -0.09
2xCo-Ir0O:: 5-Co 0.06 -0.24 0.36 -0.10
2xNi-IrO:: 5-Ir - -0.66 0.58 -0.28
2xNi-IrOz: 5-Ni 0.10 -0.14 0.56 0.31
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Reaction and activation energies for Equations 3a-c, which is where the three reaction
mechanisms being studied differ from each other, are tabulated in Table 4. No significant
changes are seen for non-electrochemical steps such as Eq. 3a and 3b when compared to their
equivalent systems in single doping (5D-IrO2) systems. Thus, although some fluctuations in
the absolute values for the predicted energies, these are still comparable with our analysis in
the previous section. As such, the presence of Ni or Co on a hexa-coordinated site may not
have a notorious impact on the reaction and activation energy of the non-electrochemical steps.
On the contrary, the presence of 6-D sites on the [rO2 surface makes the proton transfer from
OOH to form Oz (AEsb.1) considerably more favorable (i.e., more exothermic) than when the
reaction takes place on undoped or 5D-doped electrodes. In the case of the associative
mechanism (Eq 3c), the presence of the 6Co site results in a lowered energy of reaction when
compared to those calculated using 5Co- and p-IrO2 models. However, the activation energy
for this step is still higher than that obtained from the pure IrO2 (0.66 e¢V). On the other hand,
if the reaction takes place on a 2xNi-IrO2 and the OOH is formed on a 5-Ir site, the activation
energy (0.63 eV) is comparable with that of the undoped system. However, the energy of
reaction is reduced by 36% if the OOH is formed on a 5-Ni site, although the activation energy
is similar to the one for 5Ni-IrOz systems. However, the step becomes more exothermic — e.g.,

AE3c lowers from -0.38 to -0.66 eV.

Table 4. Reaction (AE,) and activation (AE**,) energies for the three reaction mechanisms being studied
(Eq.’s 3a, 3b, and 3¢ in Figure 2) on doubled doped surfaces. Site (5-Ir, 5-Co, or 5-Ni) indicates where
the water molecule was initially adsorbed.

Energies in eV
Surface: Site lll)ézf)fltllgl’:;]tgl?)]:l O and OH Recombination Associative
AE*Y, AE3, AE* AEsp AE3p.1 AE%, AEs,
2xCo-Ir0,: 5-Ir 0.84 0.07 1.13 0.58 -0.52 0.74 0.40
2xCo-Ir0,: 5-Co 0.84 0.62 1.39 1.30 -0.84 0.86 0.22
2xNi-IrO,: 5-Ir 0.38 -0.72 0.89 0.39 -0.68 0.63 0.29
2xNi-IrO,: 5-Ni 0.38 -0.13 0.79 0.69 -0.99 0.54 -0.66
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3.4. Experimental Comparison of NilrOx and ColrOx with IrO;

To gain insight into the similarities and differences between cobalt and nickel
interacting with iridium oxide, we compared the structure and intrinsic OER activities (i.e.,
mass and specific activity) and their stabilities of hydrous nickel-iridium oxide 2D nanoframes,
hydrous cobalt-iridium oxide 2D nanoframes and compared these with commercial IrO2. The
as-prepared nickel-iridium 2D nanoframes are notated as “Nilr-CL”, and the cobalt-iridium 2D
nanoframes are notated as “Colr-CL”. The “CL” denotes that the materials have undergone a
chemical leaching step, which was shown to remove unstable metals within our prior studies.*:
34

Scanning electron microscopy (SEM) images of Nilr-CL and Colr-CL (Figure 10a and
b) show the materials have a nanostructured morphology which is composed of interconnected
network of solid particles (2D nanoframe) and pores. Energy-dispersive x-ray spectroscopy
(EDS) mapping images (Figure 10c and d) show that iridium, oxygen, and the non-noble metal,
either nickel or cobalt, are well distributed within the structure, and their relative percent’s were

in line with values determined by inductively coupled plasma mass spectrometry (ICP-MS). 3%

34
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Figure 10. Comparison of morphology and composition of nickel-iridium (Nilr-CL) and cobalt-iridium
(Colr-CL) 2D nanoframes; scanning electron microscopy (SEM) images of Nilr-CL (a) and Colr-CL
(b); energy-dispersive x-ray spectroscopy (EDS) mapping images of Nilr-CL (¢) and Colr-CL (d) and
showing distribution of iridium, cobalt or nickel, and oxygen within the structures (Adapted from ref.
33 and reproduced with permission; copyright 2018, American Chemical Society; adapted from ref. **
and reproduced with permission; copyright 2021, Royal Society of Chemistry)

The comparison of cyclic voltammetry (CV) scans of hydrous nickel-iridium oxide 2D
nanoframes (Nilr-CL-ro), hydrous cobalt-iridium oxide 2D nanoframes (Colr-CL-ro0), and
commercial IrOz is shown in Figure 11. The CV scans were obtained after exposing the as-
prepared materials to an “electrochemical oxidation” step (notated with an “EO” subscript)
comprising 60 scans between 0.05-1.5 Vrug, which exposes the surface to OER potentials. In
the region from 0.05 V to 1.0 V, the CV scans show two mains anodic (Ao and Bo) and cathode

peaks (Ar and Br) associated with oxidation and reduction, respectively, of surface iridium
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hydroxide/oxide species. In particular, the CVs of Nilr-CL-go and Colr-CL-go show an anodic
peak, Ao, at a significantly lower potential of ~0.27 Vrue for Colr and ~0.42 Vrue for Nilr
compared to the voltage of the peak at IrO2,g0 (~0.48 Vrug). For IrO2,ko0, the anodic peak at
~0.48 Vrue (labeled Ao) has been attributed to formation of iridium (III) hydroxide®’ and
modelled as the oxidation of two Ir**-OH2 groups to two Ir**-OH groups,”® and the peak at
~0.81 V (labeled Bo) has been attributed to oxidation of iridium (III) hydroxide to tetravalent
IrO2 or IrO(OH)2.°” > The lower voltages of the Ao peaks within Nilr-CL-eo and Colr-CL-to
compared to IrO2.go suggest lower activation energy may be related to different local chemical
environments for the hydrated Ir-OH species at the surface, in agreement with the electronic

distribution effects illustrated in Figure 9 and activation energies (Table 1 and 3).

The importance of the environment of surface -OH groups is supported by prior studies
that report iridium hydroxy (Ir-OH) surface species are strongly linked to OER activity,® OH
groups that act as reactive surface intermediates for the OER catalytic reaction,®' and Ir-OH
groups can be considered as descriptors for OER activity.®? Indeed, as discussed in the above
sections, the initial water oxidation steps are spontaneous on p-IrO2 and generate OH groups
adsorbed on 5-Ir sites, whereas H is adsorbed on Op sites. Similar behavior was observed in the
doped surfaces, although the easiness of the first water oxidation step was dependent on the
amount of the dopant on the surface (Table 1 and Table 3). Note that the mechanism of the 1
water oxidation is similar in the doped surfaces, with OH adsorbing on the 5-Ir site and H on
Ob with the doped element located on the 6-D sites. The presence of these adsorbed OH sites
are crucial for the subsequent Oz evolution steps. In relation to the electronic structure effects,
it is useful to computationally analyze structures having large amounts of dopants on the
surface to maximize the contribution of the dopant and determine its effects. As shown in
Figure 9, we found a significant electron accumulation at the doped sites and depletion between

the doped site and the surrounding O atoms. We emphasize that the dopant in the 6-D site
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induces a strong accumulation of electron density around its proton acceptors neighboring O
atoms which play a crucial role during the various OER electrochemical steps, as remarked in

the above discussion of the reaction mechanisms.
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Figure 11. Comparison of cyclic voltammograms of Colr-CLgo, Nilr-CLgo, and IrO..go after
electrochemical oxidation; peaks A and B are notated as oxidation (labelled with subscript “O”) or
reduction (labelled with subscript “R”) peaks; the AuOxreduction peak from the Au current collector is
marked “Au” (Adapted from ref. ** and reproduced with permission; copyright 2018, American
Chemical Society; adapted from ref. ** and reproduced with permission; copyright 2021, Royal Society
of Chemistry).

The OER activity and stability were determined using thin-film rotating disk electrode
measurements, using methods previously reported by our group.>*3* We determined the initial
OER activity after electrochemical oxidation (notated with “EO”), and the OER activity after
an accelerated durability testing protocol (notated with “ADT”) that consisted of applying a
constant potential of 1.6 V for 13.5 hours. The chronoamperometric polarization curves,

normalized versus the mass of Ir, for Colr-CL, Nilr-CL and IrO2, after EO and after ADT are
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shown in Figure 12a. The higher Ir mass-normalized currents observed for Colr-CLEo and Nilr-
CLeo within the OER chronoamperometric curves clearly showed a more efficient use of Ir
during OER compared to IrO2.eo. The higher mass activity is a combination of higher specific
activity (discussed below) and the contribution of surface area of the Colr-CLeo and Nilr-CLeo
catalysts.’*3* The mass-normalized OER activities of Colr-CLto, Nilr-CLeo and IrO2,eo were
compared at 1.51 Vrue and are shown in Figure 12c. At a potential of 1.51 Vrug, the mass
activities of Colr-CLeo (243 £ 47 A gir'!) and Nilr-CLeo (146 + 35 A gi'!) are 17 and 10 times
higher than the mass activity of IrO2eo0 (14 £ 1 A gir'!). We also determined the specific activity
by normalizing the current at 1.51 Vrue to the electrochemical surface area determined by
pseudocapacitance measurements.*> 3* The comparison of the specific activities of Colr-CLEo,
Nilr-CLko and IrO2.ko (Figure 12d) shows that Colr-CLeo and Nilr-CLEo exhibit substantially
higher specific activities compared to IrO2,e0. The higher activities of Colr-CLEo and Nilr-CLEo
are attributed to the presence of highly active Ir-OH species that may interact with subsurface
Co or Ni. Our prior studies of Nilr-CL and Colr-CL using x-ray photoelectron spectroscopy
showed that Ni and Co are within the surface region of the catalysts.’* 3 The presence of Co
or Ni within the IrOz surface structure may modify the electron density distribution around the
doped sites as supported by our computational analysis (Figure 9). The presence of doping
elements, mainly on 6-coordinated sites, demonstrated an important impact on the electron
density distribution, affecting principally the bridging oxygen atoms, which can serve as proton
acceptors and increase the reactivity toward OER, although the effects are heavily dependent

on the surface composition, as noted in the Discussion section below.
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Figure 12. (a) Current in the oxygen evolution reaction (OER) voltage region determined from
chronoamperometry measurements of Colr-CLgo 2D nanoframes, Nilr-CLgo 2D nanoframes and
commercial IrO, before and after accelerated durability testing (ADT) in Os-free 0.1 M HCIO4. The
stability was carried out using a potentiostatic procedure by holding the working electrode at 1.6 Vrue
iR-corrected for 13.5 hours under rotation at 2500 rpm; (b) Tafel slopes before and after accelerated
durability testing determined by chronoamperometry using the iR-corrected potential; (c) comparison
of OER mass activities at 1.51 Vrug before and after accelerated durability testing; and (d) comparison
of OER specific activities at 1.51 Vrug before and after accelerated durability testing (Adapted from
ref. ** and reproduced with permission; copyright 2018, American Chemical Society; adapted from ref.
3* and reproduced with permission; copyright 2021, Royal Society of Chemistry).

Analysis of the Tafel slopes of Colr-CLko, Nilr-CLEko, and IrO2ko (Figure 12b) was
performed to provide insight into the reaction mechanism. The Tafel slopes of Colr-CLko
(40.5 £ 2.0 mV dec) and Nilr-CLeo (40.5 £ 0.6 mV dec™!) are similar to the Tafel slope of
IrO2e0 (44.9 £ 2.8 mV dec!). The similar Tafel slopes suggest similar reaction mechanistic
pathways and a similar rate-determining step occurs within the oxygen evolution reaction
pathway on the catalyst surface with the caveat that the coverage of adsorbed species may alter

Tafel slopes.5® This inference is in agreement with the theoretical results which reveal the same
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mechanism and rate determining step (rds) for the pristine and doped surfaces, as detailed in
the next section. The experimental Tafel slopes are in the range of ~40 mV dec™!, which
considering calculations of theoretical Tafel slopes (Table S6, ESI) suggests that the adsorption
energies and kinetic barrier associated with the second oxidation stage of water (eq. I1I) would
be the reaction limiting step. The comparison of the rds determined from the experimental Tafel
slopes with the rds determined from DFT and factors involved with the predicted Tafel slopes
are presented in the following Discussion section.

In addition to analysis of the Tafel slopes, we determined the activation energy, AG,
of the rds building on prior work that established that the exchange current density, jo, is
correlated with activation energy of the reaction, AG*.** The exchange current density is
typically represented as a current normalized electrode geometrical area (i.e. A cmgeo). Within
nanomaterials, the effective catalyst area is much larger than the geometric area of the
electrode,® and therefore the exchange current density is also a function of the catalyst loading
and catalyst specific surface area. Considering the nanostructured morphology (Figure 10) of
our materials, we determined a specific exchange current density, jo,s, which considers the
loading and catalyst specific surface area, as represented by the following equation:

._Jo 3.4.1
Jos =T ECSA

where L is the catalyst loading (mgear cm2ge0) and ECSA is the electrochemical surface area,
(m? g') determined from pseudocapacitive measurements.>* 3* Modifying the equation

1.%% for the specific exchange current density, we calculated AG* using

reported by Over et a
equation below:

Jos "R ) 3.4.2

AGH = —les T -In (22—
G kg - In kgT - zeT, .t

where ks is Boltzmann’s constant, 7 is absolute temperature in K, % is Planck’s constant, z is

number of electrons transferred in the reaction, and I'act is the number of electrocatalyst active
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sites per surface area with an above reactant molecule or ion in the double layer. Considering
this equation as describing a rate-determining step, we used z=1. For the value of T'act, we
determined the area of the (110) IrO2 slab used within our simulations of 41.317 A? (Lattice
a=6.396 A and b=6.460 A) and 2 active sites within this area; the sites per area is 0.048
sites/A%. Regarding the number of sites, the surface slab has 4 metallic sites exposed (two 5-
Me and two 6-Me); however, the adsorption of water only takes place on the 5-Me sites since
the adsorption energy on 6-Me sites is very weak or non-favorable. There are also 2 oxygen
atoms that act as proton acceptors, which are affected by the 6-coordinated metallic sites. The
values for the specific exchange current density and activation energy for IrO2-ro, Nilr-CLEo,
and Colr-CLgo are shown in Table 5. From our calculations, IrO2-ro has a higher activation
energy compared to Nilr-CLeo and Colr-CLko, and Nilr-CLko has a slightly lower activation
energy than Colr-CLeo. The calculated values of AG” are in good agreement with the OER

specific activities (Figure 12): lower activation energy correlates with higher specific activity.

Table 5. Comparison of specific exchange current density and calculated activation energy for IrO,-
£0, Nilr-CLEgo, and Colr-CLgo.

. Specific exchange current density, jos Activation energy,
Material (mA cm102) AG? (eV)
IrO2-r0 1.12x 108 1.17
Nilr-CLEo 1.93 x 10 1.04
Colr-CLko 2.65x10° 1.09

We next compared the stability of the Colr-CL and Nilr-CL nanoframes. While the
Colr-CL and Nilr-CL nanoframes showed similar initial OER activity, the stability was
significantly different between the materials. The comparison of the iridium mass-normalized
current, Tafel slopes, OER mass activities, and OER specific activities of Colr-CLapt, Nilr-
CLapt and IrOz-apt (after ADT) are presented in Figure 12a-d. The mass activities were

corrected for dissolution of iridium. The Tafel slopes for the catalysts remained relatively
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similar before and after ADT (Figure 12b), suggesting similar reaction mechanisms before and
after ADT. For IrO2, the OER mass activity (Figure 12c¢) and specific activity (Figure 12d)
decreased after the durability testing. For Nilr-CL and Colr-CL after ADT, the two materials
showed vastly different stabilities. The mass activity and specific activity of the Nilr catalyst
decreased significantly after ADT. However, for Colr-CL the specific activity remained similar
after ADT, which translates into a higher mass activity retention of ~78 % after ADT which
was significantly higher than the value for Nilr-CL nanoframes of 25%.

The Nilr-CL and Colr-CL nanoframes show structural differences that may contribute
to observed different stabilities. The presence of cobalt oxides within Colr-CL even after acid
leaching was supported by XRD and XPS analysis;** in contrast, nickel oxides were not clearly
observed after thermal treatment at 300 °C in hydrogen and acid leaching.*® The cobalt-
containing Colr-CL nanoframes also did not show a clearly defined metallic alloy phase after
thermal reduction in hydrogen,** in contrast to the nickel-containing Nilr-CL nanoframes.*
Considering their similar morphologies and structures, these electrochemical stability
differences may be related to a stronger Ir-O-Co interaction in comparison with Ir-O-Ni. A
prior computational analysis has demonstrated a higher relative formation energy toward Co-
doped IrO2 structure compared with Ni-doped IrO2,%° which may contribute to the enhanced
stability of Colr-CL compared with Nilr-CL. In addition, the calculated results shown in Figure
S2 indicate that the O-Co interactions are stronger than those of O-Ni which may suggest that
the Ir-O-Co could be also a stronger interaction than the corresponding for Ni, considering that
the Ir-O interaction is similar for both doped systems.

3.5. Discussion

Overall, from our theoretical analysis, the presence of Ni or Co atoms within the
surfaces of IrO2 improved the energetics of reactions both thermodynamics and kinetics when

compared with the pristine metal oxide. Co-doping is found to yield better results than Ni-
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doping for substituting penta-coordinated sites on the first two electrochemical steps (Eq. 1 and
2, Figure 2). On the other hand, Ni-doping is more impactful on the formation of the OOH on
the associative mechanism as well as on non-electrochemical steps. The impact on the non-
electrochemical steps (Eq. 3a and 3b, Figure 2) is most likely due to the difference in adsorption
energies. Similar behavior is found from single or double-doped IrO:2 electrocatalysts. When
the doping is performed on hexa-coordinated sites, the presence of Ni and Co yields a
substantial improvement on the energies of reaction and activation for electrochemical steps,
i.e., reactions involving proton transfer (Eq. 1, 2, 3b.1, and 3c, Figure 2). However, the
energetics of reaction are comparable or worsen for recombination reactions (non-
electrochemical steps: Eq. 3a and 3b, Figure 2) when compared to those obtained from the
pristine electrode surface.

In order to determine the rate determining step (rds) from the DFT calculations, the
activation energies of the multiple reactions steps are summarized and tabulated in Table 6 and
Table 7 for comparison.

Table 6. Summary of activation (AE*",) energies for Eq. 1, 2, 3a, 3b, and 3¢ in Figure 2 on pristine or
single Co- or Ni-doped IrO; surfaces. Results from pristine and Co-doped IrO, and Ni-doped IrO;
surfaces are taken from Tables 1, S1, S2, and S3 and are summarized here for comparison purposes.
Site (5-Ir, 5-Co, or 5-Ni) indicates where the water molecule was initially adsorbed. Underlined values
identify those steps where no transition state was found, and the endothermic reaction energy is
tabulated instead. Italicized and bolded values represent the activation energy for the rate determining
step for each of the modeled systems. “Electrochemical steps.

Activation Energies in eV
Surface: Site
AE*4# AE*%* AE*, AE*%p AE*t#
p-IrOz: 5-Ir - 0.56 0.82 1.53 0.66
5Co-IrOz: 5-Ir - 0.48 0.85 1.01 0.70
5Co-IrO:: 5-Co 0.20 0.47 0.85 1.42 0.92
6Co-IrOz: 5-Ir - 0.45 1.03 1.64 0.54
5Ni-IrOz: 5-Ir - 0.81 0.38 0.77 0.66
5Ni-IrOz: 5-Ni 0.29 0.74 0.37 0.68 0.51
6Ni-IrO:: 5-Ir - 0.38 091 1.50 0.59
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Table 7. Summary of activation (AE*",) energies for Eq. 1, 2, 3a, 3b, and 3¢ in Figure 2 on double Co-
or Ni-doped IrO; surfaces. Results from double doped IrO; surfaces are taken from Tables 3 and 4 and
are summarized here for comparison purposes. Site (5-Ir, 5-Co, or 5-Ni) indicates where the water
molecule was initially adsorbed. Underlined values identify those steps where no transition state was
found, and the endothermic reaction energy is tabulated instead. Italicized and bolded values represent
the activation energy for the rate determining step for each of the modeled systems. “Electrochemical
steps.

Activation Energies in eV
Surface: Site
AEactl# AEactz# AEaCt3a AEaCtSb AEact3c#
2xCo-IrOs: 5-Ir - 0.47 0.84 1.13 0.74
2xCo-Ir0O:: 5-Co 0.06 0.36 0.84 1.39 0.86
2xNi-IrO:: 5-Ir - 0.58 0.38 0.89 0.63
2xNi-IrQ:: 5-Ni 0.10 0.56 0.38 0.79 0.54

From the results, the direct oxygen recombination by reaction of two O* adsorbed
species (non-electrochemical) is very unlikely in most surfaces, except for 5-Ni doped surface
(Figure 6 and Table 4) where this step is predicted to be favorable. The alternative route
requires formation of HOO* (non-electrochemical, eq. 3b, or electrochemical, eq. 3¢/3¢”), and
although more favorable than the direct oxygen recombination, it is the least favorable step in
the complete reaction scheme (i.e., the rds) for each case. Table 6 and Table 7 clearly show
that the associative mechanism (electrochemical reaction 3c/3¢’), where a water molecule from
the liquid phase acts as proton donor and acceptor leading to the HOO* and H* adsorbed
species, is the most likely scenario on the pristine and doped surfaces. On the Co-doped
surfaces, the best configuration for this step was found for Co on the 6D, with 5-Ir for the active
site. In contrast, on the Ni surface, Ni substituted on the 5D, and the 5-Ni site performs best for
this step. It is important to notice that, in this case, the activation energy of the second
electrochemical step (eq. 2) could be higher than that of the equation 3c depending on the
concentration of the dopant on the surface and the active site (see values in bold for AE*%" in
Table 6 and Table 7). If we considered this and the lower activation barriers for the oxygen

recombination steps, either the direct oxygen recombination or associative mechanism could
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take place on Ni-doped surface and the preferential mechanism will depend on the sites being
substituted and the active sites on the surface of the electrocatalyst.

To allow comparison of the rate determining step (rds) from calculations and
experiments, we first compared the experimental Tafel slopes to the predicted Tafel slopes for
the different mechanistic steps. The experimental Tafel slopes for the Ni- and Co-doped IrO2
and pristine IrO2 are within the range of 40-45 mV dec™! (Figure 12b) which suggests that the
reaction proceeds via similar pathways on pristine and doped IrO2 surfaces. Theoretically
predicted Tafel slopes considering each of the mechanism steps as the anodic rds were

calculated using the following equation

dE 2303RT 3.5.1

- dlogj, aF
where b is the Tafel slope, E is the potential, j. is the anodic current density, R is the gas
constant, T is temperature, o is the anodic transfer coefficient, and F is Faraday’s constant.'”:
66.67 Considering the OER as a multistep reaction that consists of elementary steps with a single

rds, the anodic transfer coefficient was calculated using the following equation

g = — + n,
where ny is the number of electrons transferred before the rds, v is the number of occurrences
of the rds in the electrode reaction (in this case, v=1), nr is the number of electrons transferred
during the rate determining step, and [ is the symmetry factor (usually assumed to take values

close to 0.5).%

For each of the three mechanisms considered from our DFT analysis
(Associative mechanism, Direct oxygen recombination mechanism, and O and OH
Recombination Mechanism), we calculated the theoretically predicted Tafel slopes for each of
the different reaction steps as the rds, as presented in Table S6, ESI. Using a value of = 0.5,

the 2™ oxidation step (equation III) has a theoretical Tafel slope of 40 mV dec™! which is similar

to the values of experimentally measured Tafel slopes of 40-45 mV dec™! which would support
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that from this analysis that the 2" oxidation step is the rds. In contrast, our DFT analysis
indicates that for most cases the HOO* formation step described by equation IV is the rds
which has a predicted Tafel slope of 25 mV dec™! (Table S6, ESI) from the current analysis.

The apparent difference between the rds determined from experiments and DFT
calculations using the predicted Tafel slopes suggests additional factors are involved and need
to be further included to enable agreement between theory and experiment of the rds. The
analysis used for the predicted Tafel slopes assumes a symmetric potential energy barrier
(B=0.5)% and does not consider the contribution of adsorbed species, possible rearrangements
of reaction site(s), and the influence of the electrolyte. There are different models and
interpretations of the meaning of the symmetry factor with no generally agreed upon
consensus.®® %7 Large deviations from f=0.5 are predicted when the reactant and product force
constants are different and if the reactant exchanges an electron with the metal while being in
the adsorbed state.%® The relative contributions of enthalpic and entropic components can also
influence the value of B.°* ¢ In addition to factors affecting the symmetry factor, microkinetic
analysis supports that changes of the coverage of adsorbed species, which were not considered
here, may alter Tafel slopes.®> Tafel slopes can also be influenced by rearrangement as
suggested by the OER on Ru02.7%7! 69, 70 The water structure and/or solvation properties of
the ions in the electrolyte also alters the OER kinetics.”” 71 Additionally, we note that there are
structural differences (edge sites, contribution of a less ordered/amorphous IrOx surface layer,
etc.) between the structure used for theoretical analysis and the experimentally determined
structure that can affect the comparison.

It is evident that modeling and experimental analysis of such a complex and
continuously evolving surface is far from trivial, and additional work is needed before we can
provide a conclusive statement from both theory and experiment with respect to the rds.

However, the value of the activation energies AG* calculated from the exchange current density
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is in the range of the values predicted from DFT, and from these values Nilr-CL and Colr-CL
have lower activation energies compared to IrO2. Our theoretical analysis provides additional
insights about the role of the dopants on facilitating the OER, and about the nature of the active
sites. The comparison with the experimental activities suggests what surface configurations
would optimize the catalytic performance. Further work is needed to bridge the gap that would
allow a better integration between theory and experiments. On the experimental side, further
surface characterization would be useful to distinguish possible mechanisms, particularly to
determine the presence of surface HOO* species that occur in the mechanistic steps of Eq. 3b,
but not Eq. 3a. On the theoretical side, understanding metal dissolution effects and the
evolution of the catalyst surface under reaction conditions are challenges that need to be
addressed in future studies. In addition, the importance of ab initio simulations at constant
potential have been demonstrated*> and combined with microkinetic modeling shown to
provide further realistic insights. Moreover, a model based on constrained-ab initio molecular
dynamics”® 72 would be particularly useful for incorporating solvation effects and
characterizing protonation and deprotonation steps as well as solvation of intermediate species,
and also to evaluate metal dissolution reactions.” 73Representative hydroxyl surface coverage
as determined by ab initio thermodynamics modeling of the surrounding environment® as a
function of acidic medium and applied potential is another important point toward a more

accurate model.

4. Conclusions

We evaluated the effects of cobalt and nickel-doping within IrO2 on the oxygen
evolution reaction using calculations and experiments. Our DFT calculations show that the
metal dopant affects the distribution of electronic charge and affects the thermodynamics and

kinetics aspects of the OER when compared with undoped, pristine IrO2. When Ni or Co is
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present within IrO2, the activation energies are lowered and the reaction energies become more
exothermic. The effect of the dopant is dependent on the location of the dopant species within
the surface layer, and dopants affect the adsorption of the intermediates directly onto the dopant
metal or the neighboring sites. The comparison of three different pathways on how the O-O
bond is formed shows that the associative mechanism, where a water molecule from the liquid
phase acts as proton donor and acceptor leading to the HOO* and H* adsorbed species, is the
most likely scenario on the pristine and doped surfaces. The comparison of the distribution of
electronic charges for the pristine and doped surfaces for the three different pathways clarifies
why the associative mechanism is preferred for the Oz formation, since it avoids the repulsive
interaction between the two highly charged adsorbed O atoms. The direct oxygen
recombination by reaction of two O* adsorbed species is very unlikely in most cases, except
for 5-Ni doped surface, where this step is predicted to be favorable. For the case of the Ni-
doped surface, the preferred mechanism may depend on the sites being substituted and the
active sites on the surface of the electrocatalyst. Therefore, our DFT calculations show that the
metal dopant can in some cases affect not only the reaction rate but the preferred reaction

mechanism as well.

The activation energies calculated from exchange current densities were lower for Ni
and Co-doped IrO2 compared to undoped IrO2, which is in good agreement with the theory.
From the Tafel slopes determined experimentally, we concluded that there is a unique
mechanism for the pristine and doped surfaces. The apparent difference between the rds
determined from experiments and DFT calculations using the predicted Tafel slopes suggests
the predicted Tafel slopes do not fully account for the multiple factors involved in the reaction,
and additional studies are needed to connect experiment and theory in regard to the rds. In
addition to the effect on OER activity, Ni or Co within IrO2 was determined to also affect the

stability with Co providing a significantly better stability compared with Ni which may be due
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to a higher metal-oxygen bond strength within the Co-containing material. Understanding the
effect of doping within IrO: furthers our ability to design materials with enhanced OER

performance that result in improved water electrolyzers and other electrolysis processes.
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