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ABSTRACT: This study targets one of the grand challenges of e
electrochemical hydrogen production: a durable and cost-effective "‘f‘».q.;“f ‘%
oxygen-evolution catalyst. We present a thin-film composite gl M
electrode with a unique morphology and an ultralow loading of i 4{: =
iridium that has extraordinary electrocatalytic properties. This is A2 S&

® N ©

accomplished by the electrochemical growth of a defined, high-
surface-area titanium oxide nanotubular film, followed by the
nitridation and effective immobilization of iridium nanoparticles.
The applicative relevance of this production process is justified by a
high oxygen-evolution reaction (OER) activity and high stability.
Enhanced OER performance is due to the strong metal—support
interaction (SMSI). The high durability is achieved by self-
passivation of the titanium oxynitride (TiON) surface layer with
TiO,, which in addition also effectively embeds the Ir nanoparticles while still keeping them electrically wired. An additional
contribution to the enhanced durability comes from the nitrogen atoms, which according to our density functional theory (DFT)
calculations reduce the tendency of the Ir nanoparticles to grow. Materials are analyzed by advanced electrochemical characterization
techniques. Namely, the entire process of the TiON—Ir electrode’s preparation and the electrochemical evaluation can be tracked
with scanning electron microscopy, X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) at identical locations. In
general, the experimental approach allows for the unique morphological, structural, and compositional insights into the preparation
and electrocatalytic performance of thin films, making it useful also outside electrocatalysis applications.

'l’l’ B

KEYWORDS: electrocatalysis, oxygen-evolution reaction, TiON—Ir-nanotube catalyst, thin-film electrode,
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1. INTRODUCTION oxides supported by a titanium substrate with a thickness of a
few micrometers.''~'® This results in a high crystallinity as well
as mechanical and electrochemical stability, both of which
meet industrial demands for long-term operation. Although
these electrodes are very stable, they require high noble-metal
loadings. As iridium is one of the scarcest metals on earth as
well as being geologically unevenly distributed (it is
predominantly concentrated in the Republic of South Africa),
it is of the highest importance to utilize it as effectively as
possible if the technology of electrochemical hydrogen

In the field of electrocatalysis, catalytic materials are utilized in
the form of a high-surface-area, highly conductive thin film.
The benefits of such materials are the good accessibility of the
reactants and the assurance of good electrical contacts with the
supporting material. However, the design of such materials is
often challenging due to the harsh electrochemical environ-
ment that leads to degradation of the thin-film catalyst." This is
especially true for the oxygen-evolution reaction (OER), where
electrochemical conditions are more severe in comparison to
other reactions of the energy-conversion sector. Ruthenium
and iridium oxides are the material of choice for OER.>™¢ Received: August 24, 2020 ElCatalysis|

Especially, iridium, due to its high price, must be dispersed on Revised:  October 29, 2020
Published: November 10, 2020

a substrate with a high surface area to increase the utilization of
the catalyst layer.””'° Among OER thin-film approaches, the
state of the art are still dimensionally stable anodes (DSAs)
that are synthesized by the co-precipitation of RuO, and IrO,
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Figure 1. Procedure for preparing the immobilized TiON—Ir thin-film electrode.

production is to be scaled up. For example, one of the best
polymer electrolyte membrane (PEM) electrolyzers in terms of
iridium-anode loading (0.25 mg cm™2)"'® obtained so far still
means that approximately 100 tons of iridium would be needed
to produce devices that generate hydrogen at a rate equivalent
to 1 TW of energy storage (1 TWy,). Considering that the

current annual global production of iridium is merely <10
tons,'” only a significant improvement in iridium utilization
can justify the economic feasibility of PEM electrolyzers.

In this respect, dispersing the Ir catalysts on a high-surface-
area support would provide the desired lowering of the noble-
metal loading. However, as carbon-based supports, otherwise
the most commonly used in electrocatalysis, are unstable under
OER electrochemical conditions,'®™° alternative solutions are
needed.”’ In order for such composites to be industrially
relevant, their preparation should be as scalable and
straightforward as possible. In this respect, the electrolyzer
technology would benefit even more if such a synthesis
provided an immobilized catalyst that can be directly used as
an electrode rather than a catalyst in the form of a powder.

Considering the above requirements, electrochemical
anodization (oxidation) seems an appropriate platform.”
Furthermore, this method enables the growth of oxide
nanostructures of different morphologies.”> The most well-
known and studied are TiO, nanotubes,>* which, however,
cannot be used for electrochemical applications exhibiting high
current densities, since titanium dioxide is a semiconductor
and thus might not provide sufficient electrical conductivity.

There have been many attempts to increase the electrical
conductivity of TiO, nanotubes.” One of the most important
ways to change the properties of titanium dioxide is its
conversion into other compounds that can have different
properties, including electrical conductivity. Examples of these
materials include barium titanate®® and strontium titanate,’’
both of which retain their nanotubular structure after the
transformation during a hydrothermal treatment. These
materials are used primarily for sensor applications.”® On the
other hand, conductive titanium oxynitride (TiON) is also a
very promising candidate for electrocatalytic applications;””*’
however, it is rarely employed for the OER. Besides our recent
studies,"”*! there have been no other reports dealing with Ti
oxynitrides in conjunction with Ir.

In this investigation, we focus on the development of a novel
thin-film electrode material for the oxygen-evolution reaction
that exhibits an extraordinarily high OER activity and good
stability. The beneficial properties of our thin-ilm OER
electrode are in our opinion due to the strong metal—support
interaction or SMSI effect, which we support by experimental
data and also the density-functional-theory (DFT) calculations.
To obtain an in-depth insight into the development of the
material’s features during its synthesis, as well as the impact on
the final properties, we used a unique characterization
approach. Namely, for the first, the entire process of
electrocatalyst preparation and electrochemical operation was
tracked with the so-called identical-location scanning electron

microscopy (IL-SEM), X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS) techniques.

2. EXPERIMENTAL SECTION

2.1. Synthesis of the TiON—Ir Catalyst. The TiON—Ir
catalyst was prepared in an immobilized form following the
procedure shown in Figure 1. In the first step, the TiAl6V4 (90
wt % Ti, 6 wt % Al, 4 wt % V) alloy in the shape of an scanning
electron microscopy (SEM) pin stub was subjected to
potentiostatic anodization in a two-electrode electrochemical
cell using a stainless-steel counter electrode (Figure Sla). The
titanium alloy was first cleaned with acetone and ethanol in an
ultrasonic bath and then anodized in an electrolyte consisting
of 0.3 wt % NH,F (99.99%, Sigma-Aldrich) and 2 vol %
deionized water in ethylene glycol (99.5%, Carlo Erba
Reagents). The anodizing voltage was kept constant at 60 V,
and the anodizing time was 30 min. The procedure resulted in
an amorphous TiO, nanotube film, which was then washed
with deionized water and ethanol and annealed at 450 °C for 1
h. After the conversion of the amorphous TiO, phase into the
anatase phase, a second annealing was performed in an
ammonia atmosphere at 700 °C for 10 h to convert the
crystalline TiO, nanotube arrays into the TiON substrate. The
flow of pure ammonia gas was kept constant at 50 cm® min~"
and a pressure of 1 atmosphere. In the last step, iridium
nanoparticles were deposited on the TiON substrate. To
deposit the iridium particles on the TiON substrate, the
following procedure was developed. First, 15 mg of iridium-
(III) bromide hydrate (Sigma-Aldrich, St. Louis, MO) was
dissolved in 1.5 mL of water at 50 °C. Then, the solution was
dip-coated on the TiON substrate with a withdrawal speed of 1
cm s' and dried at SO °C. Afterwards, the sample was
thermally treated in a 5% H,/Ar mixture. The temperature was
increased with a rate of 2 °C min™! to 400 °C for 1 h, with the
subsequent cooling rate to room temperature being 3 °C
min~.

To compare the activity of the TION—Ir catalyst with that of
the TiO,—Ir catalyst, another sample was prepared using the
same procedure but without the nitridation step. The TiAl6V4
alloy was chosen as the starting material since it is the most
commonly used titanium alloy known from a wide range of
applications. To observe the morphological differences
between the anodized TiAl6V4 alloy and the pure titanium,
a grade-2 titanium foil was anodized under the same
conditions.

2.2. Material Characterization. Each step of the synthesis
process was studied with IL-SEM described in the Supporting
Information (Section $2).*7** In this way, we were able to
observe the same site on the sample throughout the entire
synthesis process and after the electrochemical analysis. The
evolution of the morphology was studied with a Zeiss FE-SEM
SUPRA 35 VP field-emission scanning electron microscope
(Carl Zeiss, Oberkochen, Germany). Detailed investigations of
the TiO, and TiON structural and elemental features were
performed using a conventional 200 kV transmission electron
microscope (JEM-2010F, JEOL, Japan). Chemical analyses
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were performed using a Si(Li) energy-dispersive spectroscopy
(EDS) detector. Each step of the TION—Ir preparation was
also characterized by X-ray diffraction. The X-ray diffracto-
grams of the samples were recorded on a flat, disclike Si sample
holder with a PANalytical X’Pert PRO MPD X-ray powder
diffractometer (PANalytical B.V., Almelo, The Netherlands)
with a radiation wavelength Cu Ka; = 1.5406 A in the a;
configuration with a Johansson monochromator on the
primary side. The diffractograms were recorded with a
0.034° resolution and 100 s signal-integration time in the 260
range from 10 to 80° with a scanning X'Celerator detector (full
open 2.122° 20). The 0.02 rad Soller slits and 10 mm
divergent slits were used together with a 10 mm beam mask.
The phases were identified using the X'Pert HighScore Plus
program and the International Centre for Diffraction Data
(ICDD) PDF-4+ 2016 database.” The surface of the TION—
Ir catalyst (the upper 3—5 nm) was also characterized using X-
ray photoelectron spectroscopy (XPS) on a PHI-TFA XPS
spectrometer produced by Physical Electronics Inc. and
equipped with an Al-monochromatic source. The sample was
analyzed before and after the electrochemical measurements to
observe the changes to the structure and the composition
during the degradation protocol. Brunauer—Emmett—Teller
(BET) surface-area and nitrogen-sorption measurements of the
TiO, and TiON supports in powder form were recorded using
a Tristar 3000 automated gas-adsorption analyzer (Micro-
meritics Instrument Corp.) at 77 K. The BET surface area was
calculated using the adsorption branch in the relative pressure
range between 0.29 and O bar. The iridium content was
determined according to the following protocol. The sample
was submerged in 8 mL of hot aqua regia (80 °C, 3:1 HCl/
HNO; v/v, concentrated) and intensely sonicated for 90 min.
During this time, all of the dark surface coating, containing
elemental Ir and the underlying substrate, was etched away and
dissolved into the aqua regia. The latter was subsequently
diluted with Milli-Q water to 50 mL, and the Ir concentration
was measured with an inductively coupled plasma-optical
emission spectrometry (ICP-OES) instrument (Varian 715-
ES) by standard procedures (using external calibration by
traceable Ir standard solution). The net mass of Ir on the
sample was then calculated from the concentrations
determined. In the case of the sample that was electrochemi-
cally analyzed, the mass of Ir was 0.85 ug, which resulted in an
Ir loading of 1.7 ug cmgeom_z. To confirm that the Ir was
completely removed from the underlying substrate, we
repeated the etching procedure. In this case, the Ir signal
was below the limit of detection, proving full removal of the
surface coating.

2.3. Electrochemical Measurements. 2.3.1. IL-SEM
Electrodes. Experiments were performed in a single-compart-
ment three-electrode cell with a Ag/AgCl reference electrode
and a graphite-rod counter electrode. The working electrode
was positioned at the bottom of the cell with the catalyst
surface facing upward. The electrochemical cell used for the
determination of catalytic activity was the same as the one used
for the anodic oxidation of the starting TiAl6V4 pin stub to
ensure that there were no electrochemical contributions from
the metal pin stub that held the electrocatalyst (Figure S1b).
The working electrode consisted of a metallic holder with an
SEM pin stub (the same as used in the synthesis of the
catalytic composite). An aqueous solution of 0.1 M HCIO,
(Merck, Suprapur, 70%, diluted by Milli-Q, 18.2 MQ cm) was
used as the supporting electrolyte. IR resistance between the

working and reference electrode was measured using the high-
frequency intercept of an impedance scan (measured at open-
circuit potential (OCP)). Ohmic drop compensation (85%)
was applied during electrochemical experiments via positive
feedback mode. All of the potentials of the reported
electrochemical experiments refer to the reversible hydrogen
electrode (RHE). The RHE potential was measured by
saturating the electrolyte with hydrogen and measuring the
open-circuit potential (OCP). Prior to the electrochemical
characterization of the TiION—TIr, the catalyst was preactivated
by a galvanostatic treatment (5 mA cmgmm_2 for 30 min). The
activation step is necessary to diminish the Faradaic
contribution of the TiON support under OER conditions (as
shown in the continuation, the XPS analyses reveal that TiION
undergoes a chemical modification due to electrochemical
oxidation during the OER conditions). The OER activities of
four Ir-based catalysts were evaluated using linear-sweep
voltammetry (LSV) with a scan rate of 20 mV s~ in the
potential window between 0.3 and 1.8 V. The degradation
protocol consisted of an LSV potential increase from 0.3 to 1.8
V and holding the potential at 1.8 V for 60 min. After the
degradation protocol, LSV was performed under the same
conditions as prior to the potentiostatic degradation. Such an
electrochemical protocol was used to study the activity of all
three prepared samples: two TiON-based Ir catalysts and a
TiO,-based Ir catalyst. In the case of the TION—Ir samples,
one sample was used to study the morphological changes
during each synthesis step and to observe the morphological
changes after the electrochemical treatment. Another sample
was prepared to compare its electrochemical performance with
the TiO,—Ir analogue (results are shown in the Section S12,
Supporting Information).

2.3.2. Electrochemical Treatment of IL-SEM Electrodes for
XPS. XPS analyses were performed on a separate TiON—Ir
sample, which was prepared in the same way as the primary
TiON—Ir analogue. The XPS analyses were performed prior to
and after the electrochemical protocol, which consisted of a 30
min potentiostatic (1.6 V vs RHE) treatment.

2.3.3. Rotating-Disc-Electrode (RDE) Measurements. The
electrochemical performances were compared to a commercial
Ir analogue, i.e., “Ir Black” (Alfa Aesar, 99.95% CAS: 7439-88-
5). The electrochemical characterization of this sample was
performed in a rotating-disc-electrode (RDE) configuration, as
follows. A conventional three-electrode setup consisting of a
gold disc electrode (d = 4 mm), a graphite rod as the counter
electrode, and a Ag/AgCl reference electrode was used. The
last of these was separated from the main cell compartment by
a Luggin capillary. Deaerated 0.1 M HCIO, (Merck, Suprapur,
70%, diluted by Milli-Q, 18.2 MQ cm) was used as the
working electrolyte. For the preparation of the electrode, a
standard ink containing 1.4 mg of Ir was dispersed in 3 mL of
water, 0.96 ml of 2-propanol, and 16 uL of Nafion (5 wt %,
Sigma-Aldrich).?’6 The ink was bath-sonicated for 20 min;
following sonication, 10 uL aliquots were pipetted onto
polished polycrystalline gold electrodes, resulting in a loading
of 27.5 g, cmgeom_z. Before any activity measurements, the
sample was electrochemically oxidized with 200 potential
cycles (300 mV s™') between 0.05 and 1.2 V vs RHE to
provide for a stable cyclic voltammetry (CV). The electrolyte
was changed before the activity measurement to avoid any
trace of contamination. The OER activity was evaluated using
the same protocol as in the case of the IL-SEM holder, i.e.,
LSV with a scan rate of 20 mV s™! in a potential window
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Figure 2. Top-view IL-SEM images (identical location) of our sample throughout the entire synthesis process and corresponding XRD analyses.
(a) Starting TiAl6V4 alloy, (b) anodized starting material, (c) TiO, nanotubes annealed in air, (d) sample after annealing in ammonia, and (e) final

TiON-Ir catalyst. Scale = 100 nm.

between 0.3 and 1.8 V. The degradation protocol consisted of
an LSV potential increase from 0.3 to 1.8 V and holding the
potential at 1.8 V for 30 min. After the degradation protocol,
LSV was performed under the same conditions as prior to the
potentiostatic degradation. Throughout the entire electro-
chemical treatment, a rate of 2500 rotations per minute (rpm)
was used to lower the blocking effect of evolved oxygen
bubbles.”” We note that initially two different loadings were
tested, 27.5 and 55 ugy, cmgeom_z. The latter, however, resulted
in severe blockage of oxygen bubbles. In the case of all of the
electrochemical treatments, IR resistance between the working
and reference electrode was measured using the high-frequency
intercept of an impedance scan for each electrode (measured at
open-circuit potential). Ohmic drop compensation (85%) was
applied during electrochemical experiments via positive
teedback mode.

2.4. DFT Calculations. DFT calculations were performed
with the PWscf code from the Quantum ESPRESSO
distribution’® using the GGA + U method™*’ with the
exchange-correlation functional of Perdew—Burke—Ernzerhof
(PBE)."" Core electrons were described with the projector-
augmented-wave (PAW) potentials, obtained from the
pslibrary.*** Kohn—Sham orbitals were expanded in a
plane-wave basis set with a kinetic energy cutoff of 50 Ry
(575 Ry for the charge density). A U parameter of 4.0 eV was
used for the Ti ions. This U value was calculated self-
consistently for the Ti,;ON bulk using the hp.x code that
utilizes a density-functional-perturbation-theory scheme.** The
utilized model of Ti; (ON bulk” can be described with a rock-
salt crystal structure with two interpenetrating fcc latices of O/
N anions and Ti cations (with 25% of vacancies); the two
lattices are shifted by half a Bravais lattice vector with respect
to one another. On average, there are seven atoms (three Tij,
two N, two O) and one Ti vacancy in the unit cell (Figure
S3a). Our calculated lattice parameter for the Ti; ON bulk is
4.172 A, in good agreement with the experimental value.”
Brillouin-zone integrations were performed with the uniformly

shifted 4 X 4 X 4 k-mesh for the Ti; jON bulk (for the surface
calculations, the k-grids were of comparable quality) and a
Methfessel—Paxton smearing™ of 0.02 Ry.

The high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) experiments revealed
that the dominant surface of the Ti; ON substrate is the
(111). As a result, we described the Ti, ;ON substrate with the
Ti; SON(111) slab. Its structure in the surface normal direction
consists of Ti and O/N layers stacked one on top of the other.
The Ti; sON(111) was modeled with a symmetric nonpolar
slab consisting of five Ti layers terminated by O/N layers on
both sides of the slab (Figure S3b): to maintain the
stoichiometry, the surface O/N layers contain only 50% of
the O and N ions. The largest considered surface model
consists of a (3 X 3) supercell of Ti; (ON(111) with the
supercell vectors lal = [bl = 17.700 A, which was described by
the y k-point. All degrees of freedom were relaxed during the
calculations.

The bonding of the Ir clusters to the Ti; ON(111) was
analyzed by means of the electron-charge-density difference,
Ap(r), calculated as

Bp(r) = plrn/TiON(r) - pIrn(r) = Prion(r) (1)

where py, rion(r) is the electron charge density of the whole
Ir,, cluster/Ti; ON(111) system, whereas py, (r) and prion(r)
are the electron densities of the Ir, cluster and the
Ti; sON(111) slab, respectively, both having the same
geometry as in the whole system.

The planar-integrated charge-density difference, Ap(z), was
calculated by integrating Ap(r) by xy-slices spanned by the
surface supercell, i.e.,

8o() = [ Ap(s,y, =) ax ey )

where A is the area spanned by the surface supercell and Ap(x,
%,2) = Ap(r).
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The adhesion energies of the Ir, clusters on the Ti; ;ON-
(111) were calculated as

E.n = Ep yrion — Er, — Etion 3)

where E;, /rions Err, and Eryoy are the total (potential) energies

of the relaxed Ir, cluster/Ti;ON(111) system, the relaxed
standalone Ir, cluster, and the relaxed bare Ti; jON(111) slab,
respectively.

For consistency reasons, with the designation used in the
experimental counterpart of the article, the Ti; JON will be
simply designated by the acronym TiON in the following.

3. RESULTS AND DISCUSSION

3.1. Characterization of the TION—Ir Nanostructures.
Figure 2 shows the dimensions of the SEM pin stub together
with the optical changes to its surface in three different phases
of the TiION—Ir catalyst’s preparation. The same figure also
shows top-view SEM images of the same site of our sample
throughout the entire synthesis process and the corresponding
diffraction peaks from the XRD analyses. The surface color of
the TiAl6V4 SEM pin stub is shown in Figure 2a. It was
cleaned, but not polished, before use, which is why
irregularities can be observed. After anodization, the surface
changes to a high-surface-area, rigidly attached TiO, nano-
tubular film (Figure 2b), which retains its morphology after
annealing at 450 °C (Figure 2c). A particularly important
characteristic of the sample is that the surface of the film does
not crack during the calcination, as this allows for controlled
thin-film preparation. Macroscopic cracks, however, always
occur during the calcination of the anodized (pure) titanium
(Figure S6b). In the case of the anodized TiAl6V4 alloy, they
do not appear due to better matching of the temperature
expansion coefficients of the substrate and the nanostructured
film (Figure S6a). Both films shown in Figure 3 were annealed
at 450 °C for 1 h. Even in the next synthesis step, annealing in
ammonia at 700 °C, cracks do not occur. The second
annealing further increases the specific surface area, as
determined with the BET analysis of the TiO, and TiON
supports that were detached from the metal titanium substrate
(29.1 + 0.2 m* g for TiO, in comparison to 36.3 + 0.2 m*
g™! for TiON). It also establishes a good electronic
conductivity of the supporting TiON material (Figure 2d).*
In the last step, Ir nanoparticles were deposited; however, they
are too small in terms of size and quantity to be visible in the
SEM micrograph of Figure 2e. We note that at this point it is
still unclear why favorably small Ir nanoparticles are formed on
the TiON support. For example, the same procedure in the
case of preparation of Pt nanoparticles resulted in much worse
dispersion (not shown). An animation, showing the morpho-
logical changes throughout the synthesis process, is available
online in the Supporting Information video clip.

The inner and outer diameters of the TiO, (Figure S7a) and
TiON (Figure 3a) nanotubes estimated from the TEM top-
sectional view of the nanotubes are approximately 70—80 and
100—120 nm in the case of the TiO, and 60—80 and 110—120
nm in the case of the TiON, respectively. The thickness of the
TiO, nanotube wall is 30—40 nm (Figure S7b), and this
decreases to 20 nm in the case of the TiON (Figure 3b). The
reason for this significant morphological change is the change
in the crystal structure that occurs during the insertion of N
and the removal of O while TiO, transforms into TiON. The
cross-sectional view of the TiO, and TiON nanotubes (Figures

' Ir " H Ir
T 1
1.2 3 4

5 6 7 8 9 10
keV

0

Figure 3. TEM micrographs of TiON nanotubes: (a) top-sectional
view, (b) higher-magnification top-sectional view, (c) cross-sectional
view, and (d) high-magnification top-sectional view. Figure (e) shows
the TEM micrograph of the TiON nanotube with deposited Ir
nanoparticles, whereas the corresponding EDS analyses of a part with
no Ir nanoparticles (EDS 1) and a part with Ir nanoparticles (EDS 2)
are shown in (f).

S7c and 3c) additionally shows diameters comparable with
measurements in the top-sectional view. Moreover, the higher-
magnification images of the top-sectional view of the TiO,
(Figure S7d) and the TiON (Figure 3d) nanotubes reveal
small polycrystalline grains with an approximate size of 15—20
nm. The length of the final catalyst in the form of the TION—
Ir nanotubes was determined on crushed particles of the
nanotube films that were oriented perpendicular to the
electron beam of SEM (not shown). The average measured
length is between 1.2 and 1.4 um. TEM was also used to
determine the quantity and size of the Ir nanoparticles (Figure
3e,f). The average Ir particle size is 2.29 nm. Energy-dispersive
X-ray spectroscopy (EDS) of parts with and without the Ir
nanoparticles shows their distribution and quantity, which was
determined to be 3 atom % (Figure 3f). This is also in line with
the XPS analysis (Table 1).

XRD analyses performed on the same SEM pin stub at all of
the different synthesis stages for the catalyst preparation show
the evolution of the crystallographic structure of the sample.
All five diffractograms in Figure 2 show distinct peaks (O)
related to the hexagonal aluminum titanium vanadium alloy at
20 = 35.3° (100), 38.5° (002), 40.4° (101), 53.2° (102), and
70.9° (103) angles (PDF 04-002-8708).”° The diffraction
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Table 1. Surface Composition in atom % of the Sample
before and after the Electrochemical Test Using the XPS
Method

sample N (€] Al Ti A% Ir

before the electrochemical 19.8 49.5 5.2 19.7 1.9 3.8
test

after the electrochemical test 6.0 67.1 9.1 13.7 0.1 4.1

peaks corresponding to the titanium alloy support (Figure 2a)
are observed in each synthesis step due to the small thickness
of the nanotubular film. Anodization of the alloy results in
uniform TiO, nanotube arrays with the presence of a small
amount of vanadium and aluminum oxides, as shown by the
EDS analyses in Figure 6 and by the XPS results (Table 1). We
note that dissolution of vanadium and aluminum oxides under
acidic conditions of a membrane electrode assembly (MEA)
could cause potential issues in membrane conductivity;'’
hence, a V- and Al-free substrate or acid washing prior to
implementation in a real device should be used. The TiO,
nanotube film grown by anodic oxidation is amorphous, and
only the diffraction peaks corresponding to the metal substrate
can be observed (Figure 2b). Annealing at 450 °C for 1 h
transforms the amorphous nanotubes into the anatase phase
(Figure 2c). At the same time, it greatly improves the contact
between the titanium alloy and the nanotubular film.** The
additional diffraction peaks ({)) are related to the anatase
phase of the tetragonal titanium oxide at 20 = 25.4° (101),
38.1° (004), and 54.3° (10S) angles (PDF 01-070-6826).>°
After the annealing in ammonia at 700 °C, the crystalline
anatase TiO, is transformed into TiON (Figure 2d), which is
firmly bound to the surface of the alloy due to the preliminary
crystallization of the film at 450 °C. However, the surface of
the titanium alloy lying beneath the TiON nanotubes is also
nitrided to Ti,N, as shown in Figure 2d. These additional
diffraction peaks are related to (@) tetragonal titanium nitride
at 20 = 36.3° (200) and 39.3° (111) angles (PDF 04-001-
9127)*° and (4) cubic titanium oxide nitride at 43.1° (200)
angle (PDF 01-084-4872).”° The XRD spectrum of the sample
with Ir nanoparticles is shown in Figure 2e. There is no

diffraction peak of the Ir due to the small size and quantity of
the Ir nanoparticles. However, their presence was confirmed
with EDS, the electrochemical analyses, TEM, and XPS
(Figure 4b). The latter was used to determine the surface
concentrations of the titanium, aluminum, vanadium, oxygen,
nitrogen, and iridium and their oxidation states before and
after the electrochemical measurements. The XPS spectra of Ir
4f and Ti 2p from the as-prepared sample are shown in Figure
4. It is clear that the Ir is mainly present in the metal state
(80%), as evidenced by the Ir 4f peak at 60.8 eV, and partially
in the Ir(4+) state (peak at 62.0 eV) in the as-prepared
sample.”” On this sample, the titanium is present in the Ti**
(46%, peak at 458.3 €V), Ti** (23%, peak at 457.0 eV), and
Ti** (31%, peak at 455.6 eV) oxidation states related to the
TiO,, Ti—O—N, and TiN species, respectively.”” The nitrogen
N 1s spectrum reveals its presence as nitride and oxynitride,
having peaks at 396.5 and 398.0 eV. Aluminum and vanadium
are in the form of oxides.

3.2. Electrochemical Performance: Initial OER Activ-
ity. In this work, the OER polarization curves are normalized
per unit mass of iridium. The geometrical area of the
normalized polarization curves can be manipulated by
changing the loading of Ir. Hence, normalization by the
geometrical area would not provide for a sufficient description
of the electrochemical performance, especially if several
electrocatalysts are compared. To compare different catalysts
as intrinsically as possible, electrochemically active surface area
(ECSA) should be determined. Only then, intrinsic (specific)
activities could be obtained. However, there are several issues
related to determining ECSA of the supported Ir-based
electrocatalyst; hence, a rapid and accurate evaluation of the
ECSA remains a challenging task. Unfortunately, in the case of
Ir oxides, the active surface area cannot undergo proton
underpotential deposition like platinum and other transition-
metal electrocatalysts, making it difficult to estimate the ECSA,
as well as the OER specific activity. Attempts have most
definitely been made toward ECSA determination. One option
is the employment of metal underpotential deposition
(MUPD) such as mercury.‘)’é’SI’52 These methods, however,

(a)

1400

1200 Ir 4f
= In(4+)
& 1000
2 800
E 600)
g Ir(0)
£ 400
7/,
200 .
0
74 72 70 68 66 64 62 60 58 56 54
(b) Binding Energy (eV)
1800
1600k |7 4f
E 1400
8 1200
2 1000
2
< 800
]
£ 600
400} s

74 72 70 68 66 64 62 60 58 56 54

Binding Energy (eV)

Ti2p

~~ 2000
2
&

1500
2
2

1000
[T

500

0
470 468 466 464 462 460 458 456 454 452 450

Binding Energy (eV)

(d)

3000

Ti2p

~ 2500
3
< 2000
=y
2 1500
% W\M"‘\N_
= 1000

500

470 465 460 455 450

Binding Energy (eV)

Figure 4. XPS spectra of Ir 4f and Ti 2p acquired on the sample before (b, d) and after the electrochemical test (a, c).
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Figure S. OER polarization curves of TION—Ir (red line) and Ir Black (blue line) analogues before (solid line) and after (dashed line) the
degradation protocol. (a) LSV response (20 mV s™') and (b) Tafel analysis.

suffer from possible cell contamination issues. The study of
Savinell et al. demonstrates the usage of zinc ion adsorption to
determine the ECSA of RuO, and IrO, analogues supported
on a titanium substrate.” Briefly, their approach is based on
establishing an empirical correlation between voltammetric
charge and the ECSA, as measured by conventional surface
area measurement techniques. The authors showed that ECSA
is a linear function of voltammetric charge for RuO, and IrO,
analogues. At this point, we want to note that oxide analogues
enable obtaining reproducible voltammetric charge; hence, it is
possible to develop an empirical correlation between
voltammetric charge and the ECSA measured by conventional
surface area measurement techniques. In our study, also
nonoxide materials are investigated; hence, it is not possible to
obtain a proper experimental correlation (such as presented by
Savinell®). Another report dealing with ECSA for OER
electrocatalysts, is given by Zhao et al.>* Here, the authors
propose a method to calculate the ECSA of iridium oxide in an
operating PEM electrolyzer. A universal constant was obtained
from the correlation of pseudocapacitive charge and ECSA of
iridium oxide. In their work,”® the Savinell method was
improved by introducing a more accurate zinc concentration
detection technique, UV—vis spectrophotometry. The method-
ology was applied to two distinct electrocatalyst systems (an
electrochemically deposited IrO,, thin film and an IrO, powder
film), showing that the method gives microstructurally
independent results. However, in their study,”* a nonsupported
Ir material was used, which would hinder the usage of the same
methodology for the purpose of our study. Recently, McCrory
et al.”® demonstrated an approach to evaluate ECSA using
electrochemical impedance spectroscopy (EIS). The concept is
based on double-layer capacitance that is proportional to
ECSA. However, this approach is not useful for characterizing
supported materials as it does not consider double-layer
contributions of the support. We note that in our case a
supported Ir composite is investigated. Very recently, Bizzotto
et al.*® demonstrated that CO stripping could be used to
determine the real surface area of Ir nanoparticles. However,
the effectiveness of this concept can only be achieved if Ir
surface is completely reduced; in the case of IrO, CO, electro-
oxidation is inhibited. Therefore, authors have used CO
stripping prior to OER characterization. Due to extremely
small particle size, a significant portion of the Ir atoms are
surface atoms (mean particle size of around 1.6 nm);° hence,
surface roughening was considered negligible. We note,
however, that in our case the particle size is larger; hence,
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surface roughening leading to alterations of a real surface can
be expected during the OER. Only recently, Watzele et al.
demonstrated an estimation of the real electroactive surface
area of supported, nanostructured, oxide electrocatalysts using
impedance measurements.”” This concept is based on
acquiring the values of the adsorption capacitance. We note
that in our case the loading of Ir on high-surface-area TiON is
extremely low (1.7 ug;, cmgeon 2); hence, the relative portion
of the TiON surface area is large. This makes obtaining a
reliable value of the adsorption capacitance for the TION—Ir
composite highly challenging. Therefore, a proper method-
ology for the composites with ultralow Ir loading is yet to be
developed and is a matter of ongoing investigation. This is one
of the reasons that in this study we present the data as “current
per mass of iridium”. The other reason for such a presentation
is that the mass activities are the most relevant parameter for
real-application purposes. Nevertheless, a rough ECSA
estimation was provided with the TEM analysis (~100 m*
g, ; for details of determination, see the Section S6,
Supporting Information) as well as via cyclovoltammetry
(~128 m* g, 7%; for details of determination, see the Section
S7, Supporting Information). Such values are relatively similar
to the ECSA of supported Ir nanoparticles.**>” To place the
catalytic performance of the TiON—Ir composite in the
context of state-of-the-art OER electrocatalysts, its perform-
ance was compared to a commercial, nonsupported, Ir
analogue (Ir Black) with the ECSA ranging between ~23
and 30 m? g, 7' (see the Section S9, Supporting Informa-
tion).*>*! The OER performance of the Ir Black analogue was
evaluated under a rotating-disc-electrode (RDE) configuration
(for details, see the Section 2). We note that caution should be
taken when stationary (TiON-Ir) and rotating (Ir Black)
OER electrodes are compared due to the gas-bubble effect.
The latter is blocking the active sites. Hence, detachment of
gas bubbles is essential for reaction proceeding at high
potentials, and in this case, stationary and rotating electrodes
cannot be adequately compared. However, if the absence of
rotation (TiON—Ir case) would cause a significant effect, one
would expect lower performance after the degradation protocol
in comparison to Ir Black, which is not the case here (see
Section 3.4).

The OER performances are compared in the kinetic region
(up to 1.6 V, Figure Sa) because at higher potentials the OER
polarization curve is not solely governed by its kinetics, but
transport and the removal of the oxygen bubbles from the
surface influence the current response.’” The comparison
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Figure 6. (a) Ideal structure of the Irf;, 104 (111) cluster and (b) its optimized structure on TiON. (c) Three-dimensional (3D) electron-charge-
density difference, Ap(r), of Ir(j5,0,6(111)/TiON, calculated with eq 1. Isosurfaces of +0.01 e b3 are plotted. The red and blue colors represent
the electron-excess and electron-deficit regions, respectively. Note the large electron-charge accumulation at the top O/N layer (red isosurfaces)

and electron depletion of the bottom Ir layer (blue isosurfaces).

reveals that the TiON—Ir analogue significantly outperforms
the Ir Black catalyst (Figure Sa solid line).

To explain the observed activity trends, several character-
istics should be considered. First, the utilization of the
iridium’s ECSA is considerably better in the case of TION—
Ir (this is in line with approximately 4- 5-fold-larger ECSA, see
above), which results in a higher mass activity. Second, in
comparison to TiON—Ir, the Ir Black analogue has a lower
electron mobility, since the electrode is prepared from a film of
nanoparticles and does not allow one-dimensional charge
transport, as in the case of vertically oriented nanotube-based
films.”® A similar effect has also been noticed in the case of
TiON—Ir powder in our previous study.”” It is important to
stress that the average particle size of both analogues is very
similar, ie, 2.29 nm for TiON—Ir and 2.31 nm for Ir Black
(see the Sections S6 and S8, Supporting Information). Hence,
any particle-size-dependent activity effects should be ruled out
when comparing the activities of both analogues. Last but not
least, the existence of a strong interaction (commonly known
as a strong metal—support interaction, SMSI) between the Ir
and the TiON support should be taken into consideration. The
benefits of SMSI in terms of catalytic activity were shown
previously for other systems®*~® and are now bei