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Abstract

The electrolysis process of water is impeded by the slow kinetics of the oxygen evolution
reaction (OER). While iridium oxide (IrOz2) is considered as one of the most efficient metal
catalyst for the OER, the adsorption of the OER intermediates at the IrO2 surface is not
optimal, the *OH intermediate being too strongly adsorbed. The substitution of iridium
substitution by another metal cation is then a common strategy to improve the catalytic
activity. A combined computational and experimental approach was followed to elucidate the
fundamental effect of nickel on the OER activity of (100)-oriented IrO2. To achieve this,
(100)-oriented Ir1xNixO2 model surfaces were synthesized by pulsed laser deposition (PLD).
Detailed structural and chemical characterizations were performed by XRD, TEM, AFM and
XAS. The composition of the film was varied between 0 and 15 at.%, which is the solubility
limit for the substitution of iridium by nickel atoms in (100)-oriented Ir1xNixO2. All
electrochemical characterizations were performed in an alkaline electrolyte, in which nickel
dissolution is not observed by XPS. The current density recorded at +1.6 V (vs. RHE) was
increased from 35 to 348 PA cm2x between 11Oz to IrossNio1s02. DFT calculations showed
that the energy diagram of the OER intermediates was modified by the substitution of iridium
by nickel atoms through a ligand effect. Also, it was found that iridium is the active site for
low nickel content, whereas nickel is the most active site when its concentration reaches 15

at.%.
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1. Introduction

Hydrogen is an ideal and viable energy carrier for storing intermittent renewable
energy from solar and wind power. As a fuel for power generation in fuel cells, hydrogen is a
central component of current efforts to defossilize the global economy. However, nowadays,
most of the hydrogen production is done by reforming hydrocarbons, which releases CO2.[3l
An environmentally benign alternative is to produce hydrogen by water electrolysis using
green electricity, but this technology is obstructed by the sluggish oxygen evolution reaction
(OER) at the anode side. Indeed, as the reaction involves the transfer of four electrons and
protons, it exhibits a slow intrinsic kinetics and requires highly effective electrocatalytic
materials to proceed at sufficient rate.[l Iridium oxide appears to be the most suitable
electrocatalytic material, as it combines high electrocatalytic activity with excellent
stability.> 61 However, the high cost and scarcity of this metal jeopardize the large-scale
adoption of water electrocatalysis. It is thus necessary to lower the OER overpotential for
iridium-based catalysts while at the same time decreasing the Ir loading.[l One possible
approach that comes to mind is to increase the mass-specific surface area by scaling down Ir-
based electrocatalysts to the size of nanoparticles.l®] Another approach is to enhance the
intrinsic electrocatalytic activity of iridium oxide by alloying or doping with metallic
components. It is vital to understand the OER at the atomistic scale in order to direct the

synthetic efforts to this effect.

The Eley-Rideal (ER)-type and Langmuir-Hinshelwood (LH)-type adsorbate evolution
mechanisms (AEM) are the two commonly accepted paths for the OER in acidic
environments.®®! The distinction between the former (known as acid-base OER) and the latter
(known as direct coupling OER) lies in the step for the O-O bond formation. Under aqueous

conditions, the OER reaction cycle is triggered by the formation of metal hydroxide



intermediates (MOH), which are then transformed to metal-oxide species (MO). The
formation of dioxygen from MO may occur through two distinct pathways. Either two MO
centers are engaged, immediately splitting off dioxygen, or one MO intermediate combines
with water to produce a hydro-peroxide species, which decomposes under dioxygen release.
The nature of the OER mechanism is largely dependent on the type and structure of the
catalyst. Both ER- and LH-type OER reactions entail four stages, beginning with the

conversion of adsorbed OH (OH*) to O*, which results in metal site oxidation.

Because the ER-type AEM mechanism assumes single metal cation active sites, O*
undergoes nucleophilic attack by an active initial water molecule in the second step, resulting
in the production of OOH*. In the third step, OOH* is further oxidized to OO*, which is then
released as O in the final step, giving a free surface site for the following cycle, which begins
with the adsorption of another water molecule. In contrast, the LH-type AEM process implies
two neighboring metal cation active sites. As a result, OO* is generated between two O*
species in the second stage by the direct connection of two near oxidized surface metal sites.
The ER-type mechanism has been reported for Ru-based catalysts, while LH-type
mechanisms have been described for Co-based catalysts.[* 1% All steps in AEM pathways are
assumed to be proton-coupled electron transfer (PCET). The OER overpotential in the RHE
scale becomes pH-independent for catalysts that prefer these pathways, as observed for Ir

oxide catalysts.[*!]

Density Functional Theory (DFT) studies have shown that the adsorption of the
intermediates on the 1rO2 surface is not optimal. Indeed, the metal oxide surface strongly
binds the *OH intermediate, resulting in an OER overpotential that could be further reduced if
the binding energy of the *OH intermediate could be decreased.[*?l As the active metal’s
electronic state and band structure impact the adsorption energy of intermediates, one strategy

to tailor the adsorption energy of the OER intermediates is to modify the electronic structure
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of IrO2. An efficient method, as previously investigated for the synthesis of Pt-based alloy
catalysts for the oxygen reduction reaction, is the preparation of Ir1xMxO2-based catalyst,
with M as a metallic element.['>151 Indeed, in a previous joint experimental-computational
study, well-defined (100) surface of Ir1.xMxOz prepared by Pulsed Laser Deposition (PLD) has
identified nickel as the optimal candidate to substitute partially iridium. Along with lowering
the precious metal content, replacing iridium by nickel allows for a weaker binding of the

*OH intermediate.1®]

Alloys of nickel mixed with iridium have been the subject of numerous studies in the
literature. Indeed, various systems have been investigated, including IrNi bimetallic
nanoparticles,[*”-2% IrNix-1rOx core-shell nanoparticles,'?* 22 Ir-Ni binary oxide,?* 2l thermally
prepared Ir-Ni mixed oxide thin films,?! and also the synthesis of an IrO2 shell on an Ir-Ni
core by a galvanic replacement process.?s: 21 Another avenue investigated was the
preparation of Ir-Ni-based oxide composites, utilizing the strong interaction of the support to
enhance the catalytic properties, such as nickel electrodeposition on polycrystalline and
oriented iridium surfaces,?®! pulsed-electrodeposition of Ir-Ni oxides,” and deposition of
isolated iridium atoms on a NiO matrix.% Finally, the substitution of iridium with cobalt and

nickel inlrO2 rutile structure nanoparticles was investigated.!!

However, most of the electrocatalytic materials described above were synthesized at
the nano-scale and subsequently oxidized thermally and/or electrochemically, sometimes
followed by an acid leaching treatment, resulting in a variety of surface morphologies. While
these preparation methods are viable for the development of durable catalysts, using them to
elucidate the OER mechanisms behind performance improvements is challenging. Moreover,
when computational work is involved, the typical slab-like geometries of regularly spaced
atoms with distinct and well-defined surface terminations employed for DFT calculations may

deviate from the real structure/surface morphologies examined in the experiments. Therefore,
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the comparison of experimental and theoretical results can be tricky. In addition, most studies
have characterized the activity for the OER in an acidic environment, in which nickel is
leached. Although the vacant site left by nickel dissolution has been shown to enhance the
OER activity,[??l the mechanistic role of nickel in enhancing the electrocatalytic activity of

IrO2 in alkaline solution, in which Ni dissolution does not occur, has not been determined.

To fill this gap, using pulsed laser deposition, well defined Ir1-xNixO2 surfaces were
prepared along the (100) crystallographic orientation, owing to its superior catalytic properties
for the OER compared to IrO2‘s most thermodynamically stable (110) plane.*? The
electrochemical behaviour of (100)-oriented Ir1xNixO2 surfaces was characterized in alkaline
media. DFT calculations, in addition to extensive structural and chemical analyses, were
performed to better understand the role of nickel when mixed with iridium oxide, which

exhibits a significant improvement in the OER activity.
2. Experimental conditions
2.1. Thin film synthesis

Iridium-nickel mixed oxide films with (100) orientation were grown by reactive
pulsed-laser deposition (PLD) in a custom-made turbo-pumped stainless-steel vacuum
chamber with a vacuum base pressure of 10°Torr. A KrF laser beam (248 nm; pulse width of
17 ns) was focused on an iridium target (99.99%, Kurt J. Lesker Company) partially covered
by a nickel foil (99.994% from Alfa Aesar). A 6 J.cm? laser fluence was used with a
repetition rate of 20 Hz and 60,000 pulses. The target was kept in a continuous rotational and
translational motion for uniform ablation. The substrates used were commercial (100)-
oriented SrTiOs crystals (10 x 10 x 0.5 mm, epi polished from MTI Corporation) that were
kept in continuous rotation. During deposition, the substrates were heated to 600°C and

oxygen pressure was 100 mTorr. The distance from the target to the substrates was



maintained at 5.5 cm. Before deposition, the substrates were cleaned by sonication in acetone

(15 min) and in isopropanol (15 min), and then dried under an argon stream.
2.2. Thin film characterization

The films’ crystallographic orientation was analyzed by x-ray diffraction using a four-
circle x-ray diffractometer (PANalyticalX’pert Pro diffractometer, with a Cu Kou+2 radiation).
Out-of-plane orientation was measured in the 0/20 Bragg-Brentano mode (step size =
0.016°/step and counting time = 1 s/step). The epitaxy relationship was studied via x-ray pole
figure measurement that were obtained from ¢-scan, with ¢ varying from 0 to 360 degrees at
1°/step with 0.5 s/step, performed at different y inclination, with y varying from 0 to 85
degrees at 1°/step with 0.5 s/step. The thickness of each film was measured by x-ray
reflectivity measurements conducted by varying the incident angle from 0.1° to 4° every

0.005° (1 s/step).

The chemical composition was measured by energy-dispersive x-ray spectroscopy
(EDX) with a Bruker Quantax detector on a Scanning Electron Microscopy Tescan Vega3

LMH.

X-ray photoelectron spectroscopy (XPS) measurements were carried out with a VG
Escalab 220i-XL spectrometer using monochromatic Al Ka radiation (1486.6 e¢V). The
analyzed sample area measured was 250 x 1000 um2. The analysis chamber pressure was
roughly 1.10~° mbar. Scan survey spectra were recorded using a constant pass energy of 100
eV, whereas high-resolution spectra of Ir 4f and Ni 2p core levels were collected with a
constant pass energy of 20 eV at ¢ = 0° take-off angle (angle between the surface normal and
the detection direction). The binding energy scale was calibrated from the hydrocarbon

contamination using the C 1s peak at 284.6 eV. All spectra were analyzed using CasaXPS



software (Casa Software Ltd, 2005). Core peaks were analyzed using a nonlinear Shirley-type

background.

X-ray Absorption Spectroscopy (XAS) measurements were performed using the
Sector 20-BM beamline of the Advanced Photon Source at Argonne National Laboratory
(Argonne, IL). The beamline was equipped with a double-crystal Si(111) monochromator. A
12-element Ge fluorescence detector was used to collect spectra of the Ir L3 and Ni K edges.
The energy was calibrated according to the absorption edge of a pure Ir powder or Ni foil, as
appropriate. Data processing and fitting were performed using WinXAS and Analyzer v0.1
software, with scattering paths generated by FEFF8.[3% 341 502 values for Ir (0.92) and Ni

(0.71) were obtained by fitting Ir powder and Ni foil, respectively.

Film thickness was checked using a FEI-Titan 80-300 cubed TEM operated at 300 kV
in scanning TEM mode (STEM). The microscope is equipped with a high-brightness Schottky
electron source, aberration correctors for both probe-forming and image-forming lenses, and a
high-resolution Gatan-K2 direct electron detector. A focused ion beam (FIB) technique was
used to carefully lift out ultra-thin cross-sections of the (Ir,Ni)O2/SrTiOs samples, which in
certain cases required further surface cleaning with low energy Ar milling. Detailed elemental
mapping was carried out using electron energy loss spectroscopy (EELS) involving a
recording of EELS spectra at every pixel while recording the high angle annular dark field
(HAADF) image and subsequent signal extraction of the Ni-L2,3 edges and signal

quantification using the built-in quantification in the Gatan Digital Micrograph software.

The films’ surface morphologies were obtained through atomic force microscopy
(AFM Smart SPM1000-AIST-NT Inc.), with images acquired in intermittent mode. An AIST-
NT Smart system in an acoustic enclosure on an active anti-vibration support was operated

with an aluminum coated n-type silicon cantilever (HQ:NSC15/Al BS, MikroMasch) with



nominal values (tip radius of 8 nm, a force constant of 40 N/m, and a resonance frequency of

325 kHz).
2.3. Electrochemical characterization

Electrochemical measurements were carried out in a custom made 4 mL one-cell
compartment, described previously.*® A gold wire located outside the cell and in contact with
the thin film was used as the current collector. A platinum mesh, which was previously flame-
annealed and quenched in water, was used as the counter-electrode. The reference used was
an Hg/HgO electrode separately located in an external compartment and connected to the

main cell via a Luggin capillary.

After each thin film characterization, the reference electrode’s potential was calibrated
against a hydrogen electrode using the same electrolyte from the same batch, and then
converted to the RHE scale. The electrolyte used was sodium hydroxide (NaOH99.99%, Alfa
Aesar) at a concentration of 0.1 M. The electrolyte was purged for 10 minutes with high-
purity argon before measurement. Subsequently, a constant argon flow was maintained during
characterization. Ultrapure water (Millipore Gradient, MilliQ, resistivity > 18.2 MQ cm) was

used to prepare the electrolyte.

Prior to each measurement, all glassware was cleaned by overnight immersion in an
aqueous H2S04/KMnOs solution. Finally, after rinsing, the glassware was boiled in a nitric
acid solution followed by several boils in MilliQ water. All measurements were carried out
with a BioLogic VSP potentiostat equipped with a low-current option, controlled by EC-Lab
software. The exposed geometric surface area was 0.28 cm?. The electrochemically active
surface area (EASA) was obtained by determining the double-layer capacitance in a potential

region where there is no Faradaic reaction, in accordance with the method reported by



McCrory et al.l®®l The EASA was calculated by dividing the double-layer capacitance by a

specific capacitance of 0.080 mF cm 2.
2.4. DFT calculation

Vienna Ab Initio Simulation Package (VASP) was used to perform the DFT
calculations.B7-4%" All calculations were based on the Projector Augmented Wave (PAW)
method.[**l According to this method, core electrons were kept frozen and replaced by
pseudopotentials (Ir, M, O, H), and valence electrons (Ir: 5d76s2; O: 2s2 2p4; H: 1s1) were
expanded in a plane wave basis set with a kinetic energy cut-off of 400 eV. The ionic
relaxation loop terminates when the forces on all atoms are less than 0.01 eV/A. Exchange-
correlation effects were incorporated within the generalized gradient approximation (GGA),
using the functional by Perdew, Burke, and Ernzerhof (PBE).[* The Brillouin zone was
sampled using the Monkhorst—Pack[*? system, using 6 x 6 x 8 k-points for the bulk and 4 x 4

x1 k-points for the slab calculations.
3. Results and discussion
3.1. Thin film synthesis of (Ir,Ni)O2

The Ir — Ni — O system was explored in all composition ranges by varying the
iridium/nickel target surface exposed to the PLD beam. The films’ structure was characterized
by 6-26 x-ray diffraction, and the determination of the atomic ratio iridium/nickel was
measured by EDX. All XRD patterns show the reflections of the (h00) SrTiOs substrate at ca.
20 = 23 and 46°, labelled in black in Figures 1A and S1. For a nickel content between 0 and
15 at.%, the peak present at ca. 26 = 40° is attributed to the (200) plane of IrO2. However, we
notice a weak reflection of the (110) IrO2 plane (26 = 28°) in the film composed of 15 at.%
nickel. On one hand, the ratio intensity [Aa10/(A@10+A00))] of ca. 0.9% may be considered

negligible (Awki being the integrate surface under the (hkl) peak); but on the other hand, it
10



indicates a limit to the substitution of iridium with nickel and together, preserving the (100)
orientation. Indeed, as shown in Figure S1, the XRD patterns of the films with a nickel
content between 15 and 40 at.% present the (200) and (110) orientations of IrO2. Moreover,
for a composition of 50 at.% nickel, a new reflection was observed at ca. 26 = 43°,
corresponding to the (200) plane of NiO. Films with a rich nickel composition (> 60 at.%)
present only the (200) NiO peak. These results indicate that the (100) orientation of IrOz2 is
preserved only when the nickel content is low, and that the (110) orientation of IrO: start to
appear as the Ni content exceed 15 at.%. Indeed, the (110) plane of IrO2 is the most
thermodynamically stable facet (surface energy y(110) <y(100)#4); and a small perturbation,
such as substitution of iridium by nickel atoms, appears to turn on the overall system’s energy
balance. Also, IrO2 crystallizes in a tetragonal structure with a = b = 4.4983 A and ¢ = 3.1544
A, whereas the structure of NiO is cubic with a = 4.1771 A. The difference in the crystal
structure of both oxides explains the presence of a bi-phasic film for intermediate nickel
content. In the remaining of the work, we will focus solely on the (100) iridium-rich oxide

with nickel contents between 0 and 15 at.%.

A detailed view of the (200) IrO2 reflection of the latter films is depicted in Figure 1B,
and the out-of-plane lattice parameters a are summarized in Tablel. The lattice parameter
decreases as nickel content increases, and the evolution of the out-of-plane parameter is
consistent with the formation of a solid solution, as will be presented in the section on

EXAFS characterization.

To evaluate further the in-plane epitaxy relationship, x-ray diffraction pole figures
along the <110> direction of IrO2 have been recorded (Figures S2). All pole figures show
spots oriented at y 45° with respect to the out-of-plane <100> direction of IrO2, which confirm
the epitaxial growth of (100) single crystals. However, all films exhibit a signature with 12

spots instead of four for the SrTiOs substrate, whose intensity varies with the Ni content. This

11



is indicative that there are two domains of (100) IrO2 single crystals with different
orientations with respect to the substrate. These results are in line with our earlier work,
showing that (100) 1rO2 on (100) SrTiOs grows along two commensurate domains oriented in-

the-plane at +14° (7b x 5¢) and + 45° (5b x 7¢) with respect to the substrate.[**]

To make sure that nickel is homogeneous distributed in IrO2, a detailed compositional
characterization was performed by EELS. Figure S3 illustrates the elementary mapping of
nickel in the thin film region. The distribution of nickel is homogeneous all over the film, as it

was expected from the slight decrease of the lattice parameters measured by XRD.

The film thickness was measured by x-ray reflectivity (Table 1), where the thickness
of the films decreases as nickel content increases. This tendency comes from the different
ablation rates of nickel and iridium.[ In addition, the HAADF-STEM image in Figure S4
provides a reliable estimation of film thickness at about 80 nm, close with the XRR

measurements.

Finally, the thin films’ surface topography was observed by AFM, as seen in Figure
S5. Grains of (Ir,Ni)O2 present a rice shape, as previously observed,[*! and their orientations
with respect to the substrate are in line with the pole figure measurements. Also, the RMS
roughness (Table 2) decreases with nickel content, from 1.67 nm to 0.93 nm with 0 at.% and
15 at. % nickel, respectively. These low values highlight the benefit of using PLD to produce

a smooth film, leading to a proper way to measure the intrinsic catalytic properties.
3.2. Electrochemical characterization

The electrocatalytic performances of epitaxial (100) (Ir,Ni)O2 films for the oxygen
evolution reaction were characterized by near steady-state cyclic voltammetry in 0.1M NaOH.
The current density was normalized by the electrochemically active surface area (EASA), as

described in the experimental section and summarized in Table 2. The EASA values, as well
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as the roughness factor from AFM measurements, decrease when nickel content increases.
Also, the EASA values are close to the geometrical surface area (0.28 cm?), in agreement with
the low RMS roughness (< 1.7 nm). This emphasizes the flatness of the films prepared by
PLD and dismisses the contribution of the texture that could have varied with the film's
composition. The measured electrochemical performances are then relative to the material’s

intrinsic properties.

Figure 2A illustrates the catalytic behavior of the (100) (Ir,Ni)O2 films after they have
reached a steady-state, and shows that the current density is influenced by nickel content; the
higher the nickel content, the higher the electrochemical performances. The electrocatalytic
activity of (100)-oriented NiO film substituted with 20 at.% of iridium atom was compared
(100)-oriented Iro.ssNio.1502 film in Figure S6). The OER activity of the former film is
negligible compared to the latter film, emphasizing that the substitution of a small fraction of
iridium by nickel atom in the rutile structure of IrOz is key to increasing the OER activity of
the material. The inset in Figure 2A and Table 2 shows the current density measured at 1.6V
(vs. RHE) of the Ir-rich (100) (Ir,Ni)O2 films. With 15 at.% nickel, the current density is 348

HA.cm2x, which is 10 times higher than that of the IrO2 parent compound.

Figure 2B displays a zoom of the IrO2 and Iro.gsNio.1502 CV in the potential region
before the OER take place. The sample with nickel shows redox waves in the forward and
backward sweeps at ca. 1.45 V vs. RHE. This signature is characteristic of nickel oxidation-
reduction,*” as pure iridium film does not exhibit any redox peak in the potential range.
However, these redox reactions are not occurring in the same potential range compared to
pure nickel (average position between the forward and backward scan at around 1.33 V vs.

RHE), and must be relative to the chemical/structural environment around nickel.[#7: 48]
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Figure S7 presents the cyclic voltammetry (scan rate: 100 mV s) of IroesNio.1502 and
IrO2 films. On IrO2, a very broad redox peak was observed at 0.9 V vs. RHE, assigned to the

Ir¥*/1r** redox reaction, which is not seen in the Ni-substituted sample.

Figure 3 presents the Tafel plot measured via near steady-state cyclic voltammetry at a
low scan rate of 1 mV.s™, and calculated by averaging the forward and backward sweeps. The
overpotential measured at 10 pA.cm2x decreases from 0.341 V to 0.314 V and 0.300 V for 0,
4 and 15 at.% nickel, respectively (see Table 2). The overpotential is more than 40 mV lower
for (100) IrossNio.1sO2 than (100) pure IrO2, indicating the beneficial effect of partially
substituting Ir by Ni atoms in the rutile structure of IrO2.1%1 As mentioned above, for Ni
content larger than 15 at.%, a non-negligible fraction of the film grows along the (110)

direction, and the electrochemical properties of these samples were not investigated.

The (100) IrO2 film has a slope of 56 mV.dec?, consistent with previous results.?
However, the slope of the 15 at.% nickel film is 40 mV.dec™. Interestingly, this value is close
to the Tafel slope found for Ni-based catalyst, which ranges also around 40 mV.dec®.[47-4
This change of Tafel slope with the introduction of Ni atoms into the crystalline structure of

rutile IrO2 suggests a possible role for nickel as an active site.
3.3. Geometric and electronic structure characterization

A more complete picture of the films’ structure and surface electronic configuration is
required to understand the effect of Ni substitution in the 1rOz2 rutile structure. At this point, it
seems relevant to investigate the local environment of the iridium and nickel atoms. For this
purpose, a detailed characterization was conducted by x-ray absorption spectroscopy, and
investigation of the local structure and coordination environment around the iridium and

nickel sites was carried out by extended x-ray absorption fine structure (EXAFS). Figure 4A
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shows the Fourier Transformed EXAFS (FT-EXAFS) spectra for the iridium signal extracted

from the L3 edge.

The first peak below 2 angstroms for all the iridium-based oxide samples represents
the Ir-O bond, whereas the double peak in the region of 2—3 angstroms may be assigned to
the Ir—O bond tail. Further peaks above 3 angstroms were assigned to the long-distance Ir—Ir
bond in iridium oxide. Table 3 and Figure S8 show the results of the fitting of the FT-EXAFS.
According to these results, the coordination number (CN) of the Ir—O bond in the pure IrO2
sample is 6.0 and the bond distance is 1.95A; this is in line with the octahedral environment of
iridium in the rutile structure. Although the Ir—O distance is shorter than expected (1.98A), it
is in accordance with our previous work and calculations due to the small orthorhombic
distortion induced by the SrTiOs substrate.[**] The coordination numbers for the mixed oxides

decreased slightly, whereas the bond distance remained relatively the same as that of IrOo.

We also studied the geometric environment around the nickel. Figure 4B presents the
FT-EXAFS results. The first peak below 2 angstroms of the spectra represents the Ni—O bond,
whereas the peak around 3 angstroms may be assigned to the long-distance Ni—Ni bond. Table
3 and Figure S9 present the results of the fitting. These findings show that the Ni-O bond’s
coordination number decreases (from 5.7 to 5.0) as the Ni content increases; however, the
bond distance for all samples is close to 2.03 angstroms. The local Ir/Ni—O environment from
XAS seems to conclude that nickel atoms do not adopt the signature of a nickel oxide (NiO),
where the first shell coordination of nickel is 6, with a bond distance of 2.10 angstroms.
Consequently, nickel atoms are located in the center of the typical octahedral sites found in
rutile 1rO2, and the original [IrOs] geometric structure is not disrupted by the addition of

nickel.
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We performed complementary x-ray photoelectron spectroscopy measurements to
investigate the chemical nature of the (Ir,Ni)O2 thin films’ surface. Figure 5A displays the Ir
4f region of a native surface of the films (Figure S10A after OER), presenting the usual
asymmetric double-peak shape (4f72 and 4fsi2). The peak binding energy (62.0 eV) is similar
to that for iridium oxide, and there is no metallic iridium at the surface, whose binding energy
is expected at ca. 60.9 eV.’% The asymmetric peak is representative of the final state
screening and the metallic behavior of Ir02.5% As we observed from the spectra, the binding
energy of the IrO2 sample occurred at 61.9 eV, which corresponds to a +4 oxidation state of
iridium.® When iridium was substituted for nickel, the peak position occurs at a lower
binding energy of 61.8 eV, indicative of a change in the oxidation state of iridium from +4 to

+3.

Figure 5B shows the XPS spectra of as-deposited film in the Ni 2p region and Figure
S10B after OER. The spectrum has the common double-peak 2ps2 and 2pis2, along with their
satellite peaks. The main 2ps2 peak is positioned at ca. 855.5 eV with a second contribution at
ca. 853.5 eV. The line shape of the Ni 2p peaks are then characteristic of an oxidation state of
+2/+3, and no metallic nickel is observed, whose binding energy is expected at ca. 852.6

eV.[52

Lastly, the Ir/Ni ratio was quantified on the pristine samples and after the
electrochemical characterization steps (see Table 4). The XPS survey spectra of both samples
are shown in Figure S11. Compared to EDX measurements (Table 1), the surface appears
richer in nickel than the bulk. In addition, there was no significant decrease in the Ir/Ni ratio

after OER, which suggests that metal cations are not dissolved during the OER.

3.4. Discussion
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In view of the observations provided above, the significant increase in Ir1xNixO2
activity raises questions regarding the role of nickel in the OER mechanisms. To gain a better
grasp of this role, we carried out a series of DFT computations using different surface
structures. The mechanism that governs the OER is influenced by the electronic structure of
the catalyst, which determines the adsorption energies of OER intermediates. Based on the
structural and physicochemical analyses described before, it was found that nickel atoms are
dissolved and thus distributed homogeneously into the rutile structure of IrO2 at a Ni

concentration < 15 at.%, while preserving the film’s (100) surface structure.

Next, two (100) Ir1xNixO2 surfaces with nickel compositions were investigated, linked
to the films prepared using PLD: one with a lower nickel content (Iro.94Nio.0602, Figure S12B),
and another with a higher content (Iro.7sNio.2s02, Figure S12C). Additionally, a third surface
model, (100) IrO2 (Figure S12A), was considered. For this, a four-layer slab with a rutile
structure was constructed, with iridium atoms uniformly substituted by nickel atoms in the

targeted compositions, in contact with a vacuum layer of about 15 A.

Next, the surfaces with intermediate species (*O, *OH and *OOH) were optimized

according to the OER mechanism (Figure S13),[*%
H20 > *OHag + H* +€ (1)
*OHad 2 *Oad + H" + & )
H20 + *Qag 2> *O0Ha + H  +&° (3)
*OOHad 2 *+ 02+ H  + ¢ (4)
The adsorption energies of the OER intermediates were calculated as,

AE(*OH) = E(*OH) — Eret(*) — [E(H20) - %E(H2)] (5)
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AE(*OOH) = E(*O0H) — Eref(*) — [2E(H20) — 1.5E(H2)] (6)
AE(*0) = E(*0) — Eref(*) — [E(H20) — E(H2)] @

where Eref(*), E(*OH), E(*O), and E(*OOH) are the ground state energies of the slab and the
slab with adsorbed *OH, *O, and *OOH intermediates, respectively; E(H20) = -14.2239 eV
and E(Hz) = -6.7658 eV are the calculated DFT energies of H20 and H2 molecules in the gas

phase.

The influence of nickel on the OER activity can be seen from the OER energy
diagram, shown in Figure 6A-C, which corresponds to the energy required for each
intermediate to be adsorbed on the catalyst surface. The black curve corresponds to an ideal
catalyst, according to the computational hydrogen electrode,® for which the transition
between the different OER intermediates requires the same energy (1.23 eV). The OER
energy diagram of Figure 6A compares the adsorption energy of each intermediate at iridium
site on the (100) surface of IrOz2, Iro.94Nio.0sO2 and Iro.7sNio.2502. On this site, each OER
intermediate binds less strongly to the surface of the mixed oxides than pure iridium oxide. As
shown in Figure 6D, the thermodynamic overpotential of both mixed oxide surfaces are closer
to the apex of the volcano plot compared to pure IrO2, and close to the thermodynamic
overpotential of pristine NiO,¥ although there is not much difference between 1ro.9aNio.0602
and Iro.7sNio.2502. The trends derived from the DFT calculations are in agreement with those
established experimentally, where it has been shown that the activity for the OER increases in
the order (100) IrO2 < (100) Iro.94Ni0.0602 < (100) Iro.7sNio.2sO2. However, the data of Figure
6A and 6D cannot account for the factor of 3 improvement of the OER current density at

+1.60 V observed in Figure 2A when the Ni content is increased from 0.04 to 0.15.

The influence of nickel can originate from the combined effects responsible for

modifying the catalytic properties of the iridium site: (i) a geometric effect due to the
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expansion or shrinkage of the rutile structure, which induces a redistribution of the energy
state close to the Fermi level, and (ii) a ligand effect that changes the chemical nature of the
bond between atoms, and which is thus dependent on the electronic nature of the foreign
atom. XRD and XAS characterizations have shown a decrease of the lattice parameters and
the Ir-O interatomic distance, respectively, resulting in a compressive strain compared to
IrO2.The effect of a compressive strain on the catalytic properties for the OER is well
documented. As an example, for perovskite structures, the beneficial effect of a lattice
compression on the OER was attributed to a splitting and an asymmetric occupancy of the eg
orbital.®>%"1 However, this effect is less likely to occur in rutile structures. Indeed, earlier
works on IrO2 have shown that strain-induced OER enhancement was negligible, because the
strain does not break the symmetry around the adsorption site.®®! On the other hand, the
presence of Ni modifies the d-band structure of surface Ir atoms. IrO2 exhibits a metallic
conductivity due to hybridized O 2p and Ir 5d electronic states in the valence band around the
Fermi level.5® On the other hand, the adsorbate-surface bond is formed by the coupling of
adsorbate orbitals to the active site-projected d-band. Therefore, by knowing the electronic
structure of the active site, the relative binding strength of the adsorbate can be, in principle,
obtained. The presence of Ni modifies the d-band structure of surface Ir atoms due to both
ligand and strain effects.l® According to the d-band model, an upshift in the average energy
of the d-states, also called the d-band center, relative to the Fermi level results in a stronger
interaction between surface sites and adsorbates.[®!1 Indeed, as shown in Figure 7 for the
computed d-projected density of states of surface Ir atoms, the d-band center down-shifts in

the presence of Ni, resulting in weaker binding between the adsorbates and the surface Ir sites.

Furthermore, in order to isolate the strain effect from the ligand effect, DFT
calculations were performed on a strained IrOz2 slab with the same level of compression as

found experimentally in the Iro.7sNio.2s02 mixed oxide but without any substitution of any Ir
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atoms by Ni. In the calculation, the out of plane lattice parameter of the strained IrO2 slab was
4.46 A, instead of 4.51 A for un-strained IrO2. Chemisorption of the OER intermediates was
calculated at the iridium site of the (100) surface (Figure 6B). The OER energy diagram
reveals that strain alone has a negligible influence on the binding energy of the intermediates,
with the chemisorption energy of each intermediate only reduced by 0.02 - 0.05 eV compared
to pure IrOz2. This suggests that decreasing the Ir—O interatomic distance of the rutile structure
does not significantly improve the OER activity. This is consistent with previous works on the
strain effect in doped 4d and 5d late transition metal rutile oxides, which was found to be an
order of magnitude lower than the ligand effect, with the effect being also dependent on the

metal cation’s chemical identity.[6?]

Up to now, the effect of "doping™ 1rO2 with Ni atoms to form (100) Ir1-xNixO2 surfaces
has focused on the Ir site of the slab. However, the CVs of Figure 2B clearly show peaks
associated with the Ni*3/Ni™ redox transition at a potential less positive than the onset
potential for the OER. Thus, the adsorption energy of the OER intermediates were computed
at the nickel site of the (100) Iro.7sNio.2s02 slab (Figure 6C and Figure 6D). On this surface,
chemisorbed intermediates *OH and *OOH exhibit binding energies that more closely
approach the values expected for an ideal catalyst. Indeed, the energy difference between the
adsorption of *OOH and *OH was 2.48 eV for the (100) Iro.7sNio.2sO2 surface, very close to
the energy difference of an ideal catalyst (2.46 eV).I*2 8% This suggests that Ni could be the
active site in the (100) IrossNio.1sO2 electrode that were investigated in the first part of this

work.
4. Conclusion

A joint computational and experimental investigation of the activity of (100)-oriented

Ir1-xNixO2 layers was performed. It was shown that iridium atoms in the rutile structure can be
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substituted by 15% nickel atoms without affecting the (100)-orientation of the electrode
surface. Both DFT calculations and experimental data indicate that the OER characteristics of
(100)-oriented Ir1xNixO2 are better than (100)-oriented IrO2. The improved performance for
the OER was observed in an alkaline electrolyte, in which Ni dissolution is minimal, as
assessed by XPS investigation of the electrode surface before and after electrochemical
characterization, and the current density at +1.6 V was increased from 35 to 348 pA cm?x
between (100)-oriented IrO2and IrossNio.1s02. DFT calculations showed that the substitution
of iridium by Ni atoms modifies favorably the adsorption energies of the intermediates
involved in the OER through a ligand effect. At the iridium site, the thermodynamic
overpotential of Iro.9aNio0sO2 and Iro.7sNio2502 are almost superimposed, which makes it
difficult to explain the factor of 3 increase of the OER current between these two electrodes.
At the iridium site, the beneficial effect of substituting iridium for nickel in the (100)-oriented
Ir-xNixO2 electrodes saturates rapidly. This saturation effect is not observed at the Ni site and
it is suggested that the active site of the electrode may change with the Ni content, iridium
being the active site for a low nickel content (ca. Ni < 4 at.%), while nickel is the active site
when the Ni content reaches ca.15 at.%. A similar conclusion was reached for Fe-doped

nickel bilayer hydroxides, the catalytic site being the doping iron atoms instead of Ni.>4 64]
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Table 1: Nickel composition, thickness, and out-of-plane lattice parameters for the (100)

(Ir,Ni)O2 thin films

Nickel content by EDX

Thin film thickness by XRR

Out-of-plane lattice parameter a

(at.%) (nm) (A)
62.5+3.5 4.4988 = 0.0001

4+1 60.4 3.5 4.4991 £ 0.0002

15+1 51.8+34 4.4684 = 0.0002

Table 2: The electrochemical active surface area compared to the surface roughness from
AFM, and the OER performances of the (100) (Ir,Ni)Oz2 thin films

) RMS ) J measured at 1.60 Overpotential
Nickel content Electrochemically
roughness ) V vs. RHE measured at 10
by EDX (atm. active surface area
from AFM (HA.cmo) HA.cmZox (V)
%) (cm?)
(nm)
0 1.67 0.525 35 0.341
4 1.54 0.475 102 0.314
15 0.93 0.450 348 0.300
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Table 3: Summary of the EXAFS fit parameters for the (100) (Ir,Ni)Oz2 films

Nickel content (atm. Scattering
CN R (A) o* (A?) AFEo (eV)
%) path

Ir-0 6.0+0.8 1.95+0.01 0.002 + 3716

0 0.002
Ir-0O 55+£0.7 1.96 £ 0.01 0.001 = 6.6x14

0.002
) Ni—O 57x0.7 2.03+£0.01 0.004 = -71.7+£1.2

0.002
Ir-0 55%20.8 1.95+0.01 0.001 42+17

0.002
o Ni—O 50£1.2 2.02 £0.02 0.002 = -8.2+2.7

0.003

CN is the coordination number; R is bond distance; o? is Debye-Waller factor (a measure of

thermal and static disorder in absorber-scatterer distances); AE? is edge-energy shift (the

difference between the zero-kinetic energy value of the sample and that of the theoretical

model); amplitude reduction factors of So? = 0.92 and 0.71 were used for the Ir-O and Ni-O

scattering path, respectively (obtained by the fitting of Ir powder and Ni foil).

Table 4: XPS quantification of the Ir and Ni contents, before and after OER, in the (100) (Ir,

Ni)O2 thin films

Nickel content (atm. Before OER After OER
%) Ir (%) Ni (%) Ir (%) Ni (%)
4 93.7 6.3 92.8 7.2
15 67.2 32.8 67.3 32.7
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Figure 1: 6/26 XRD patterns of (Ir,Ni)O2 films with different nickel compositions: (A)
general view and (B) zoom on the (200) plane of IrO2. Peak positions of bulk IrOz are

referenced according to JCPDS file no. 00-015-0870.
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Figure 2: Electrochemical characterization of (100) (Ir,Ni)Oz thin films, (A) near steady-state
cyclic voltammetry in a Ar-saturated 0.1M NaOH electrolyte and recorded at 10 mV.s%, with

current density summarized in the inset, and (B) zoom on the columbic charge before the

OER wave.
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Figure 3: Tafel plots of (100) Ir1-xNixO2 thin films measured by near steady-state cyclic

voltammetry with a scan rate of 1 mV s in Ar-saturated 0.1 M NaOH electrolyte.
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Figure 4: FT-EXAFS of (100)(Ir,Ni)Oz2 thin films at the (A) iridium Ls-edge, and (B) nickel

K-edge.
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Figure 5: XPS spectra of (100) Iro.ssNio.1502 films measured before OER in the (A) Ir 4f

region, and (B) Ni 2p region.
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Figure 6: DFT calculation of the adsorption energy of OER intermediates at the (100) surface
of Ir1xNixO2 model slab. In (A), at the iridium site. In (B), on strained IrO2. In (C), at the
nickel site. In (D), thermodynamic overpotential of different Ir1xNixO2 surfaces with respect
to AG+o - AG+on. For comparison, the value for pristine NiO, taken and adapted from ref [54],

is also shown.

39



25— o O

' Surface Ir atom

= 20-inIrO, (100) —5d -
)
Q
% 15 g4~-1.94 eV |
D
Q
210
v
Q 05
(Al
0.0
-10

=
(6}

=L
o

PDOS [states/eV/cell]
o
(&)}

Figure 7: d-projected density of states of surface Ir atoms for (a) (100)-oriented IrOzand (b)

(100)-oriented Iro.75Nio.250z.
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