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ABSTRACT: Green hydrogen production is a key factor in reaching climate goals. Proton exchange membrane water electrolysis
(PEMWE) is one of the most promising technologies to achieve this, but it is limited by the poor electrocatalytic activity of the
oxygen evolution reaction (OER), which requires high loadings of expensive and scarce precious metals, such as iridium. In this
study, we synthesized iridium nanoparticles supported on titanium-oxynitride-decorated reduced graphene oxide (TiON/C). The
prepared materials have been characterized using a variety of physicochemical methods, and the OER activity of iridium-based
catalysts was assessed by cyclic voltammetry in acidic media. The plasma-assisted synthesis approach enables the preparation of
electrocatalysts without the need for reducing agents, high-temperature annealing, or any other post-treatment. An outstanding mass-
specific activity value of 11,700 A g™* reached at 1.6 Vyy; was obtained for the prepared Ir/TiON/C catalyst. The small Ir particle
size and strong Ir—TiON interactions contribute significantly to the enhanced OER activity and good stability, demonstrating the
potential of this material for efficient and sustainable hydrogen production with PEMWE.
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1. INTRODUCTION Various structures can be prepared to increase the activity of
the catalyst. For example, iridium dendrites comprising ca. 10

To reach climate goals, several countries have formulated their
nm particles have been shown to possess higher OER currents

targets and the European Union has signed the European

Green Deal.' Hydrogen plays a crucial role in reaching the set than commercial Ir catalysts, which was attributed to an
goals, which means that the level of production of H, must be increased surface area.” It is agreed that different iridium
increased. One approach to enhancing the production of green species result in different OER activities. Stephens and co-
H, is to use electrolysis. Alkaline water electrolyzers can be workers suggested that optimal Ir-based catalysts for OER
considered as a mature technology; however, the need for a would possess an intrinsic reaction rate of IrO, and active site
diaphragm to separate the anode and cathode decreases the density of amorphous iridium oxide.” They came to that
efficiency and leads to safety issues.”’ Proton exchange conclusion by theoretical calculations supported by exper-
membrane water electrolyzers (PEMWE) have higher imental evaluation of ca. 100—200 nm amorphous IrO, and

productivity and are compact and more efficient, but they
require precious metal catalysts and corrosion-resistant stack
components. The precious metals used in PEMWE are
platinum, ruthenium, and iridium, and focus has been set to
improve their utilization in those devices, particularly on the
anode where the Ir-based catalysts are used to run the oxygen
evolution reaction (OER).” The sustainable utilization of Ir, in
particular, needs to be addressed due to its extreme scarcity in
the Earth’s crust, resulting in only below 10 tons of yearly
production.’

larger rutile IrO, particles. Yu et al. reported that amorphous
IrO, is needed for active OER catalysts particularly when
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prepared so that it has a high number of defects and low
valence Ir." Mixed-phase IrO, catalysts were evaluated toward
OER and the recorded high activity was suggested to arise
from the movement of oxygen species to the 1 T phase from
the rutile phase.” The same effect was highlighted to improve
the catalyst durability, as it inhibits the migration of oxidized Ir
species at anode potentials. Ir—Ti mixed oxides could be a
solution to reduce Ir content in active OER catalysts.'’

However, the electrocatalytic activity of the catalyst is not
the only factor that must be focused on; the stability of the
materials must also be assessed. Cherevko et al. evaluated the
activity and stability of metallic Ir as well as electrochemically
grown hydrous iridium oxide for OER."""> They summarized
that the dissolution of Ir and its activity are parallel processes
with common intermediate species. Thus, options to increase
the stability of the Ir-based catalysts must be sought.'’ As
previously discussed, there has to be a balance between the
forms of Ir to have high OER activity and low dissolution of
the metal. One way to combat the dissolution of Ir is to design
supports to stabilize the catalyst, for example, through strong
metal—support interactions.’

One could use platinum to decrease the Ir loading and
improve catalyst stability,'* but the price concerns would
remain. Ledendecker et al. used tin oxide and coated those
particles with Ir oxide by atomic layer deposition (ALD)."
This approach decreases the amount of precious metals but
introduces difficulties in the preparation of the catalyst due to
different surface energies and temperature-induced mixing in
the preparation of rutile IrO,. They suggested that overcoming
these difficulties could yield catalysts similar to the best Ir-
based materials with improved stability.'> Another good
strategy is to use both doped and undoped TiO, as a support
material for Ir oxides. Thus, Frisch et al. used templated ALD
to prepare Ir- and IrO,-coated mesoporous IrTiO, catalysts.'®
They reached above 2600 A g™" at 1.6 Vi in a rotating disk
electrode setup as a higher amount of Ir species was said to be
accessible for the reactants as compared to conventional
material. Bohm et al. investigated IrOOH,-coated TiO,
catalysts with different Ir contents and heat treatments.'’
They reported that such an Ir-based catalyst with 30 wt % Ir
that was heat-treated at 375 °C surpassed the mass-activity of
commercial Ir-based catalysts in a liquid cell up to 8 times."”
Using thin-film IrTiO,, it was shown that 300 °C is suitable to
prepare the intermixed catalyst by varying the Ir-to-Ti ratios to
tune the OER activity and stability.'* Also, IrO,/TiO, catalysts
with a 4/2 ratio have shown to be the best for OER."* Bernicke
et al. concluded that the Ir content in TiO, should be at least
30 wt % as otherwise, the electrical conductivity is not
sufficient.”® Also, 500 °C has been found to be suitable to
prepare Ir shell-TiO, core particles as iridium is transferred to
the surface by annealing under an H,-containing atmosphere.”'
A simple approach to prepare an IrO,/TiO, OER catalyst is to
use UV photodeposition.”” This approach enables the
preparation of IrO, directly onto TiO, with small particle
size and very good distribution to yield similar OER activity as
unsupported IrO,.>>** These research studies suggest that
different catalyst preparation methods must be optimized
separately, and one specific ratio or temperature treatment
might not be optimal for all. For improved mass transport, the
macroporosity is needed to enhance the OER activity.”*

A good dopant to improve the OER electrocatalytic activity
of IrO,/Ti0, is boron as it increases the electrical conductivity
and contributes to the formation of the OER intermediates to
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boost the activity.”® Nitrogen is also a good dopant, and it is
used to create TiON to be utilized as a catalyst support. When
using TiON alone as the OER catalyst, the oxidation of
oxynitride should not be overlooked;** however the Ir on that
support significantly changes the oxidation behavior of the
TiON.”’ TiO,N,-supported Ir catalysts with low Ir content can
have OER mass-activity around 450 A g™ at 1.55 Vyyp.”* In
this case, the support consists of different Ti species like
oxynitride, nitride, and oxide, which ensure good electrical
conductivity that contributes to the OER activity and stability.
Also, TiN may be considered as a support for OER catalysts as
IrO,/TiN has outperformed IrO, supported on metallic Ti.”’
By careful design and synthesis, low amounts of Ir have been
deposited onto defective TiN,, support so that the resulting
catalyst exhibits more than 7 times higher mass-activity than
that of IrO,.”" Zhang et al. prepared 1.4 nm IrO, nanoparticles
onto TiN support that outperforms IrO,, but the stability of
this material was low, which was deemed to be due to the small
particle size.”’ A method to prepare IrO, nanoparticles through
hydrolysis has been reported and in optimal conditions, the
OER activity surpasses that of commercial IrO,.**

As defect-free TiO, itself is an electrical insulator, in addition
to doping, researchers have prepared various composites to
improve the electrical conductivity of the catalyst. Carbon
powder can be used as a support for Ir; however, the stability
of the carbon in OER conditions is a major issue.”” To
overcome the stability issues, one could use carbon nanoma-
terials like carbon nanotubes (CNT) in combination with
TiO,, so the CNTs are protected from corrosion by overlaying
a uniform TiO, layer.”* Such a TiO,/CNT composite has
similar electrical conductivity as Vulcan carbon and when Ir
was deposited onto this support, then higher activity and
stability were recorded than that of analogous material without
the TiO, layer. One of the reasons for enhanced activity was
said to be that TiO, promotes the formation of Ir** species to
boost the OER.* Strong synergistic effect has been reported
for Ir supported on TiON, and reduced graphene oxide
nanoribbon carbon-ceramic catalyst yielding mass activities
that exceed 4800 A g™' at 1.55 Vg’ A key factor for high
OER activity was fine-tuning of the support (the ratio between
graphene nanoribbons and TiON,).

Plasma-liquid systems have attracted increasing attention in
recent years, owing to their high potential in nanomaterial
processing.”*® During the plasma-liquid treatment, reducing
or oxidizing agents can be directly produced at the plasma-
liquid or electrode-liquid nanointerfaces, which is a key
advantage of this techn_ig[ue in contrast to the conventional
wet-chemical methods.”>*® Nonthermal atmospheric pressure
plasma-assisted synthesis of nanoparticles (NP) in aqueous
solutions is a one-step method with relative simplicity, fewer
chemical reagents, high reaction yield, fast processing rates at
room temperature, and the absence of side products. Most
importantly, it is possible to avoid surfactants because the
synthesized NPs are usually stabilized electrostatically.’”

Previously we have used plasma-assisted synthesis to prepare
Ag, Pd, and Pt nanoparticles for electrochemical application in
the oxygen reduction reaction.”” ** This approach enables the
preparation of nanoparticles through simple, cost-effective
processing and does not require further stabilizing agents. In
this study, we employ this technique to prepare Ir oxide
nanoparticles and subsequently deposit them onto the TiON/
C support to evaluate their oxygen evolution reaction activity
in 0.1 M HCIO, solution. The physicochemical character-

https://doi.org/10.1021/acsaem.5c00444
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Scheme 1. Preparation of Ir-Based Catalysts Using a Plasma-Assisted Approach
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ization was carried out using scanning and transmission
electron microscopies, X-ray photoelectron spectroscopy, and
Raman spectroscopy, while the Ir content was determined
using inductively coupled plasma mass-spectroscopy.

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. A simple, one-step plasma-assisted
synthesis method similar to that described in our previous works®™*'
was applied for the preparation of IrO, nanoparticles (NPs) in
aqueous solutions. The catalyst preparation is summarized in Scheme
1. Briefly, an atmospheric pressure pulsed (57 kHz) unipolar
discharge in a He/H, (95/5) gas jet with a continuous gas flow of
100 sccm was utilized in the plasma processing procedure. The purity
of He and H, gases was 5.0 (Linde Gas). For the synthesis, 4 mL of
0.005 mM IrBr;-4H,0 aqueous solution was used as an electrolyte in
a sealed glass vessel. The current flow (the averaged value of about 40
mA) was arranged from a stainless-steel capillary (inner diameter of
150 pm) serving as the anode through a plasma jet and over the
electrolyte to a grounded Pt foil counter electrode as a cathode (with
the area of 0.5 cm®) immersed in the liquid. The distance between the
capillary tip and the liquid surface was about S mm. The pH of the
start solution was 5.8 and it remained nearly unchanged after the
plasma treatment. The temperature of the liquid did not exceed 50 °C
during the plasma processing. High overpotential and pulsed current
density as well as very short nucleation—growth time provide the ideal
driving force for electrochemical deposition of small NPs at high
density over the Pt foil surface. We noticed that after several synthesis
experiments, a thin blue deposit of IrO, NPs appeared on the surface
of the Pt foil. To prevent the accumulation and agglomeration of IrO,,
NPs, a very diluted solution of the IrBr;-4H,O salt was used as an
electrolyte. During the plasma processing, sonication of the solution
was arranged by a low-power (~1 W) ultrasonic (1.7 MHz)
transducer that contacted the bottom of the glass vessel. The
principal role of ultrasound is the increase in mass transfer induced by
extreme solution mixing caused by cavitation microjets.”> These jets
initiate effective cleaning of the electrode surface from the created
1rO, NPs.

The solution was deaerated by bubbling helium gas with a flow rate
of 100 sccm for 10 min before plasma ignition. Pulsed He/H, plasma
has the advantage compared with pure He or Ar plasma: the lack of
NO, (the absence of additional acidification of the solution) and
OH*,, species (the absence of hydrogen peroxide production in the
solution). After 15 min of plasma treatment, the colloidal solution of
IrO, NPs was centrifuged (15 min at 12,000g) to separate small NPs
from relatively big agglomerates. These two fractions (supernatant
and sediment) were tested separately.

The first one (supernatant with small NPs) was dispersed by
sonication with 0.1 mL of aqueous dispersion of TiON/C support
(the concentration of support suspension is 8 mg mL™"). After that,
water was evaporated by boiling at 100 °C. The dry deposit was
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dispersed by sonication with 0.2 mL of water in the test tube, and this
colloidal solution was the final catalyst product. This material is
designated as Ir/TiON/C-a.

The second fraction (0.2 mL of sediment after centrifugation with
relatively large IrO, NPs) was dispersed by sonication with 0.1 mL
aqueous suspension of 8 mg mL™" TiON/C support. After drying at
60 °C, 0.2 mL of water was added to the dry deposit in the test tube,
and after sonication, this colloidal solution was the final catalyst
product. This material is designated as Ir/TiON/C-b.

The drying procedure was employed to facilitate a more
homogeneous dispersion of IrO, NPs onto the TiON/C support.
We assume that during the drying step, the IrO, nanoparticles are
attached to the support and do not come off from the TiON/C
surface with further processing.

2.2. Physicochemical Characterization of the Catalysts.
Prepared materials were characterized using Thermo Scientific
Apreo 2 (Thermo Fisher Scientific Inc,, UK) field emission SEM,
equipped with an EDS spectrometer — silicon drift detector EDX
UltimMax 100 (Oxford Instruments, Oxford, UK). The operational
voltage was set to 7 kV for the SEM measurements. Additional
imaging and characterization were performed on an FEI Nova
Nanosem 450 FE-SEM (Thermo Fisher Scientific Inc., UK) at 5 kV,
spot size of 3, and by using a through-lens detector (TLD). Ir/
TiON—C samples were also characterized using scanning trans-
mission electron microscopy (STEM) imaging (JEOL JEM-
ARM200CF Ltd., Tokyo, Japan) operated at 80 kV. For this purpose,
TEM grids were coated with 5 pL of the catalyst ink and allowed to
dry in a clean environment.

X-ray photoelectron spectroscopy (XPS) analyses were performed
using a Versa probe 3 AD (Phi, Chanhassen, USA) instrument
equipped with a monochromatic Al Ka X-ray source operating at an
accelerating voltage of 15 kV and an emission current of 13.3 mA.
The samples were drop-coated on the silicon wafer, dried, and
analyzed in an ultrahigh vacuum environment, with a base pressure of
approximately 10~ Torr. Survey scans were acquired with a pass
energy of 224 eV and a energy step of 0.8 eV. The energy resolution
was set to 0.1 eV and the pass energy for high-resolution spectra was
27 eV. Charge neutralization was applied to compensate for any
surface charging during analysis, and all binding energies were
calibrated to the C 1s peak at 284.4 eV as a reference. Data were
processed and analyzed using CasaXPS Version 2.3.26 software.

Micro-Raman spectra were recorded in the backscattering
geometry on an inVia Renishaw spectrometer in conjunction with a
confocal microscope (Leica Microsystems CMS GmbH), 50X
objective, and an argon ion laser operated at 514.5 nm. Samples of
the catalyst ink were drop-coated on silicon substrates and dried at
room temperature. Low incident laser intensity at the sample was
used to prevent excessive sample heating and/or decomposition.

A Jasco V-570 UV/vis/NIR spectrophotometer with 1 cm silica cell
was used to measure the optical absorption spectra of various
solutions to evaluate the progress of the synthesis.

https://doi.org/10.1021/acsaem.5c00444
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2.3. Electrochemical Characterization of the Catalysts.
Glassy carbon disks (GC, d = 5 mm, GC-20SS, Tokai Carbon)
embedded into Teflon holders were cleaned prior to each experiment
with 1200 grit emery paper and polished to a mirror finish using
alumina slurries (1 and 0.3 ym, Buehler). The polishing residues were
removed by ultrasonic treatment in water and 2-propanol (Fisher
Scientific). In a typical experiment, 20 uL of catalyst ink (see catalyst
preparation section) was drop-cast onto freshly cleaned GC
electrodes and was allowed to dry at 60 °C after which 5 uL of
Nafion solution (S wt % in lower aliphatic alcohols, Ion Power Inc.,
diluted 1:50 in 2-propanol) was drop-cast onto the catalyst-coated
GC electrode.

The oxygen evolution reaction activity was assessed in 0.1 M
HCIO, solution made using Milli-Q water and 70% HCIO, (99.999%
trace metal basis, Sigma-Aldrich). The electrochemical measurements
were conducted using Autolab potentiostat/galvanostat
PGSTATI28N in a three-electrode configuration where Pt wire
separated by glass frit and reversible hydrogen electrode (RHE)
connected with Luggin capillary served as counter and reference
electrodes, respectively. Prior to the OER measurements, the
electrodes were conditioned by scanning 50 potential cycles from
1.2 to 0.05 V at 200 mV s™" and S0 cycles in the potential range of
1.2—1.6 V at 100 mV s™" and the OER was measured in the potential
range of 1.2—1.6 V at 5 mV s™". Stability tests were carried out by
applying potential with a square wave, that is, 1.6 V was applied for 3 s
followed by 3 s at 0.05 V for a total of 1500 pulses and after every
100th cycle, OER polarization curve (1.2 to 1.6 V at 200 mV s™") and
CV (1.2 t0 0.05 V at § mV s™") were recorded. The working electrode
was set to rotate at 3500 rpm during the stability measurements to
remove the formed oxygen bubbles.

3. RESULTS AND DISCUSSION

3.1. Characterization of Ir/TION/C-a and Ir/TiON/C-b
Catalysts. Figure S1 shows the UV extinction spectra of the
starting and plasma-treated solutions. The spectra were
corrected to pure water absorption and scattering, as well as
cell window reflectivity losses. After the plasma processing, the
initial spectrum (red curve) transforms to the spectrum of
colloidal solution, where both larger and smaller IrO, NPs are
present (black curve). The tail at ~220—400 nm belongs to the
Rayleigh scattering of Ir-IrO, NPs.*’ The ~195 nm band
belongs to the presence of Br™ ions, which are produced from
IrBr; species during the plasma processing. For comparison,
the spectrum of 0.014 mM NaBr is added to the graph (green
curve). The spectrum of the supernatant after centrifugation of
the plasma-treated solution (blue curve) shows a decrease of
the scattering tail due to removing of relatively big IrO, NPs;
however, some scattering from small IrO, NPs is still visible in
the spectrum. These data confirm that during the synthesis,
two fractions of IrO, NPs are produced.

During plasma processing, a high local alkalization is
generated near the cathodic Pt foil due to the electrochemical
decomposition of water: 2H,O + 2e~ — H, + 20H". At the
same time, strong local acidification takes place in the plasma-
liquid interface layer, which is caused by intensive bombard-
ment by ions from plasma. We may speculate that due to the
hydrolysis of IrBry species, [Ir(OH)s]>™ or [Ir(H,0)¢]**
complexes are formed and possibly undergo a polycondensa-
tion process on the Pt foil surface. Due to the low initial
concentration of IrBry species, their transport-limited depletion
layer near the cathode interface is produced. Therefore, the
size of the synthesized IrO, NPs is inherently limited by the
amount of reactants in the depletion layer. Besides, the growth
of IrO, NPs is stopped by the electrostatic stabilization
mechanism until a sufficient negative surface charge on the
IrO, NPs is accumulated by OH™ adsorption in a strongly
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alkaline interface layer. If the plasma-assisted synthesis is
arranged with higher concentrated IrBr; solutions (0.25—0.05
mM) or in acidic conditions (pH < 4), mainly big (~2 ym) flat
Ir or IrO, flakes composed of sticking together NPs are
produced (see Figure S2 in the Supporting Information). In
acidic conditions, the hydrogen evolution reaction occurs on
the cathode (2H;0" + 2e” — H, + 2H,0), so the electrostatic
stabilization mechanism is absent without the production of
OH" ions.

Raman spectra of Ir/TiON/C-b catalysts are shown in
Figure 1. Broad Raman bands at 480 and 611 cm™" belong to
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Figure 1. Raman spectra of the Ir/TiON/C-b catalyst: Spectrum 1
was measured with a low-intensity laser and spectrum 2 was measured
after the local heating of the sample with a high-intensity laser.

IrOx species with poor crystallinity. Narrow peaks at 561 and
747 cm™' belong to typical Ir—O vibrations of rutile IrO,
species with a higher crystallinity. The strong line at 520 cm™
is from the Si substrate. Spectrum 2 shows that after the local
annealing by intense laser irradiation, amorphous IrO,
transforms to rutile IrO, species with higher crystallinity."*

Ir nanocatalysts supported on a TiON/C composite
prepared by the plasma-assisted synthesis method are
characterized by SEM as shown in Figure 2. The SEM

Figure 2. SEM imaging of (a) Ir/TiON/C-a and (b) Ir/TiON/C-b
samples. Scale bars: 1 ym.

imaging of the Ir/TiON/C-a and Ir/TiON/C-b samples,
Figure 2a,b, reveals that the graphene oxide nanoribbons are
decorated by TiON flakes. In Figure 2a Ir nanoparticles cannot
be easily discerned using SEM at these magnifications due to
the low loading and small size. However, in Figure 2b, bigger Ir
nanoparticles can be noticed.

To get a closer look at the formed Ir nanoparticles, we
performed STEM imaging. The STEM image together with
EDX mapping of the Ir/TiON/C-a sample is presented in
Figure 3. STEM image shows an Ir nanoagglomerate, which
appears to be composed of numerous smaller clusters that
together form a very porous sponge-like nanostructure. Such

https://doi.org/10.1021/acsaem.5c00444
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Figure 3. STEM imaging of the Ir/TiON/C-a sample (representative single Ir nanoagglomerate with sponge-like morphology) coupled with EDX
mapping.
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Figure 4. STEM imaging of the Ir/TiON/C-b sample coupled with EDX mapping.

nanostructures feature a particularly high specific surface area, STEM imaging of the Ir/TiON/C-b sample is given in
making them very attractive for electrocatalytic purposes. EDX Figure 4. Similarly, Ir nanostructures with sponge-like
elemental mapping confirms that the Ir nanoparticle is morphology are obtained by the applied synthesis approach.
attached to the TiON flake, providing the necessary platform EDX mapping confirms the presence of Ir nanoagglomerate
for the metal—support interaction. which is in contact with TiON.

7088 https://doi.org/10.1021/acsaem.5c00444
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Interestingly, we noted that Ir nanoagglomerates display
strong beam sensitivity manifested through a coarsening effect
that leads to the formation of larger Ir crystallites/domains
within the nanoagglomerates, as depicted in Figure S3. In cases
where there is a thick amorphous IrOx shell, exposure to the
beam seems to result in crystallization, Figure S4. It is likely
that reduction occurs in parallel to this process, where the
valence state of Ir in IrOy is reduced; however, an analysis of
the oxidation state using electron energy-loss spectroscopy
(EELS) was thus impractical to perform precisely because of
beam-induced reduction. Still, we believe we could take an
image of the state of the Ir catalyst before it coarsened.

Sample Ir/TiON/C-a contains only a minor fraction of
beam-sensitive amorphous nanoagglomerates of IrOy, which
are mostly presented in the Ir/TiON/C-b sample. In this case,
Ir particles of ~1—3 nm are present (Figure Sa), in addition to

Figure S. High-angle annular dark-field STEM images of sample Ir/
TiON/C-a showing (a) Ir nanoparticles and (b) Ir single atoms and
clusters dispersed over the TiON/C support. Ir single atoms can be
distinguished from TiON/C as bright spots, owing to their higher
atomic number.

a large number of Ir single atoms and atom clusters distributed
over TiON flakes (Figure Sb). Longer exposures of the sample
to the electron beam did not seem to lead to changes in either
particles or atomic clusters.

Figure 6 reports the XPS spectra of the Ir/TiON/C-a and
Ir/TiON/C-b samples, showing characteristic peaks for carbon
(C 1s), nitrogen (N 1s), titanium (Ti 2p), and oxygen (O 1s).
Both samples display similar intensities for C 1s, N 1s, and O
1s, while Ti 2p demonstrates a higher surface concentration in
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Figure 6. XPS survey spectra of Ir/TiON/C-a and Ir/TiON/C-b
samples.

Ir/TiON/C-b. Sodium (Na 1s) was detected in both samples
with a low signal intensity; however, the Ir/TiON/C-b sample
exhibited a slightly higher Na 1s peak. Silicon peaks (Si 2p and
Si 2s), originating from the Si wafer substrate used for sample
deposition, are also visible in the spectra. Accurately identifying
and quantifying the iridium (Ir 4f) peaks within wide XPS
spectra is challenging due to their low loading in the sample
and the overlap with Na 2s and Ti 3s peaks in the same
binding energy region. Consequently, high-resolution spectra
and detailed peak deconvolution were employed to reliably
distinguish the individual contributions. The spectra of the Ir
4f region (57—68 eV) for the Ir/TiON/C-a (Figure 7a) and
Ir/TiON/C-b (Figure 7b) samples reveal two characteristic
bands at 62.0 eV (Ir 4f,,,) and 64.9 eV (Ir 4f;,,), confirming
the predominant presence of Ir in the 4" oxidation state (e.g.,
IrO,). Additionally, a partial contribution from Ir in the 3*
oxidation state is observed as peaks at 62.9 eV (Ir 4f,,,) and
65.8 eV (Ir 4f;/,). The observed doublet peaks exhibit broader
features compared to those reported in the literature for IrO,
peaks,**** primarily due to the overlapping contribution of Ti
3s and Na 2s peaks in the same binding energy region.
Notably, the Ir 4f peaks in the Ir/TiON/C-b sample are
broader compared to those in Ir/TiON/C-a, which is
attributed to the higher concentration of Ti and Na species
in the former sample. The XPS spectra in the Ti 3s region were
fitted with three peaks at 61.3, 59.8, and 58.5 eV in both
samples, which are assigned to Ti*, Ti**, and Ti** oxidation
states, corresponding to TiO,, Ti—O—N, and TiN species,
respectively.*”*” Fitting and the assignment of chemical states
were guided by the initial analysis of the Ti 2p region as it is
the most intense and well-defined for the XPS spectra of
titanjum. In the Ti 2p spectra (see Figure SS), we observed
peaks at 458.1 eV (Ti""), 456.5 eV (Ti**), and 455.2 eV (Ti*),
which are consistent with reported literature values.*
Furthermore, the peak corresponding to Na 2s was included
in the fitting for the Ir/TiON/C-b sample.

3.2. OER Studies. First, the CVs of the prepared catalyst
materials were recorded in 0.1 M HCIO, solution for their
pretreatment and electrochemical characterization (Figure 8a).
The CVs of both of the materials show typical behavior of
oxidized Ir as they both have a pair of broad maxima at ca. 0.95
V as well as at 0.55 V and no peaks associated with hydrogen
adsorption/desorption.”** Ir/TiON/C-a exhibits slightly more
pronounced pair of peaks at 0.55 V. The CV peak at 0.95 V
originates from Ir(III)/Ir(IV) redox reaction and the prepeak
at ca. 0.55 V could be due to the oxidation of Ir(III) near the
metal/oxide interface.'” This suggests that the interaction
between Ir and TiO, is stronger immediately after the
electrochemical pretreatment of the material given that the Ir
particles are smaller. Lee et al. discussed that the oxidation
degree of the surface affects the CV response and also the OER
activity.7

The initial OER activity was assessed with the prepared
materials, and the OER polarization curves are presented in
Figure 8b. The mass-activities for the OER were calculated by
normalizing the measured current with respect to the mass of
Ir determined from the ICP—MS measurements where it was
found that the Ir contents of Ir/TiON/C-a and Ir/TiON/C-b
were 2.83 and 7.78 mg kg™, respectively. This means that the
Ir content in the catalysts is extremely low in both cases. From
Figure 8b, it is obvious that Ir/TiON/C-a has better onset
potential and significantly higher MA. This could be due to the
better interaction between Ir and TiON of the former, as the
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CV hinted. Tafel analysis revealed a slope of S0 mV for both
materials (Figure S5), which is typical for a variety of Ir-based

OER catalysts (Table S1).
Stability testing was carried out to assess the catalyst

materials further. Sample Ir/TiON/C-a showed that the OER
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current at 1.6 V increases for the first 300 potential cycles of
stability testing, and then it starts to decline reaching the initial
value after around 1400 start—stop cycles (Figure 9). The
electrode response changes significantly during the first 100
potential pulses as a broad ill-defined prepeak at about 0.55 V

https://doi.org/10.1021/acsaem.5c00444
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is observed in the CV (Figure 9a). This could be attributed to
reorganization of the surface and its cleaning. The change in
the prepeak could be associated with the improved interaction
between Ir and support.'” The peak at 0.95 V starts to decrease
with further potential pulses, and after ca. 300 pulses, the CV is
at a steady state and further changes could be attributed to the
loss of active material and Ostwald ripening. With the surface
reorganization of the catalyst, the OER mass activity improves
rapidly and then starts to decline. Thus, at least 300 potential
pulses are needed to obtain the highest OER activity as a result
of improved interaction between iridium and TiON. The form
of iridium is also important in addition to the interaction
between iridium and support.'® Zhang et al. proposed that
high-valence IrO, forms on the surface of the IrO,/TiO, in the
OER conditions and that it is the core reason for the high
activity of the catalyst."” This could explain the observed
change in CV behavior.

Sample Ir/TiON/C-b showed similar tendencies that the
broad preoxidation peak formed during the stability testing and
after 500 cycles the CV was at steady state (Figure 10). Further
changes in the CV could be attributed to the loss of the catalyst
material. In terms of the OER activity, an improvement was
observed until 800 on—off cycles after which the electro-
catalytic activity started to decline, but the decline was not as
severe as in the case of Ir/TiON/C-a.

The initial MA value at 1.6 Vgyg for Ir/TiON/C-a reached
11,700 A g_l, while that for Ir/TiON/C-b reached 4000 A g_l.
This shows that small IrO, NPs are ~3 times more active than
large agglomerated NPs. During the stability testing, the MA
improves to impressive 15,700 and 5100 A g™* for Ir/TiON/
C-a and Ir/TiON/C-b catalysts, respectively. However, after
1500 potential cycles, the MA of Ir/TiON/C-a has dropped to
a lower than the initial MA value of ~11,000 A g_l while Ir/
TiON/C-b retains 5000 A g_l. This behavior suggests that
iridium in the Ir/TiON/C-a forms stronger interaction with
the supporting TION/C that enhances the OER activity, but
the activity is decreasing due to the dissolution of Ir' "'* or due
to the formation of less active mixed oxides.'> This is in line
with the observations by Banti et al., who suggested that the
interactions between Ir and TiO, enhance the mass-activity of
such catalysts. The MA values obtained in the present study
surpass those obtained with Ir single atom and cluster-based
thin-film composites with TiON,* suggesting high utilization
of Ir in this study. Similarly high OER MA values were
obtained by Ohno et al. with Ir supported on Nb—SnO, and
Ta—Sn0,.”’

The better stability of Ir/TiON/C-b could be attributed to
the bigger particle size but also to the agglomeration or simply
due to the higher amount of iridium on the electrode. An
important factor is also strong metal—support interaction
(SMSI) that can significantly affect both the activity and
stability of the material.”" In our previous work, SMSI between
TiON support and Ir active sites was described in detail using
DFT calculations.” Briefly, it was shown that TiON can
anchor Ir particles quite effectively, with N species being the
preferred docking sites. Such behavior inhibits the sintering of
Ir nanoparticles, which is beneficial for maintaining a high
density of the active sites and thus high metal utilization. At the
same time, electron charge redistribution occurs between Ir
and TiON, which is the most pronounced at the Ir/TiON
interface and diminishes with the increase in particle size.
Therefore, in the tested samples, the described SMSI features
can be expected since deposited Ir nanostructures include
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small particles, clusters, and even single atoms. Since these
single atoms and clusters are mostly found in the Ir/TiON/C-a
sample, a stronger SMSI can be expected than for the Ir/
TiON/C-b composite. One must pay attention to the chosen
stability testing protocol as it could affect the result as has been
reasoned previously.”’ Despite having multiple protocols for
stability measurements, the start—stop approach used here
gives a good initial assessment of the material behavior. The
two materials prepared in this study show that plasma-assisted
synthesis is a good method to prepare active and stable Ir/
TiON/C catalyst for OER given that the synthesis protocol
and Ir to support ratio are to be further optimized to maximize
the SMSI. Van der Merwe et al. studied a series of Ir on TiO,
by varying the metal ratios and suggested that not only the Ir
to Ti ratio is important but also the forms in which the metals
are crucial factors.'®

Another factor that affects the stability is the support
material, particularly the nanocarbon used, as it corrodes at the
OER potentials. We can assume that if the carbon support is
not fully covered by either TiON or IrO, then the carbon
corrosion is faster, which means that the activity of the material
drops earlier. Carbon support is used in the OER catalyst
development thanks to its good electrical conductivity, but due
to the instability at high potentials it must be protected, which
can be done by covering it for example with TiO, or TiON
and higher IrO, content helps as well. There are studies in
which TiO, and TiON have been coated onto different carbon
materials like carbon nanotubes or reduced graphene oxide
nanoribbons (rGONR) to be used as support for Ir
nanoparticles as efficient and stable OER catalysts.”*" Moriau
et al. varied the amount of TiON on rGONR and found that Ir
nanoparticles on the edges of TiON are active OER catalysts as
such composites benefit from the contact between Ir, TiON,
and carbon.”!

Finally, a couple of nonintrinsic factors that could influence
the stability assessment of the OER should be mentioned. The
formation of microscopic bubbles during gas-evolving
reactions, such as OER, is shown to largely interfere with
stability measurements, especially when working with thin
films.>* Even at high rotation rates, these bubbles could stick to
the active sites and physically block them, producing a similar
effect as degradation (i.e., activity decay). Another option for
apparent activity decay can be found in the passivation of
backing glassy carbon electrodes at OER conditions.”
Although applied degradation tests were not particularly
aggressive or long, it could be possible that the deactivation
of the underlying glassy carbon led to the decay of the OER
activity, which is not related to the degradation of Ir.

The results reported in this study demonstrate that plasma-
assisted synthesis can be utilized to prepare highly active Ir-
based electrocatalysts for the OER. Work to further optimize
the synthesis procedure is in progress.

4. CONCLUSIONS

IrO,, nanoparticles were prepared by plasma-assisted synthesis
and supported onto a TiON-decorated reduced graphene
oxide. STEM analysis revealed that the formed nanoparticles
form porous structures that would be beneficial for electro-
chemical reactions. ICP—MS analysis revealed a very low Ir
loading in the catalyst, and due to the interactions between Ir
and TiON, very high OER mass-activities of 11,700 A g_l were
obtained at 1.6 Vyyg. These results show that plasma-assisted
synthesis is a very good and feasible approach to preparing

https://doi.org/10.1021/acsaem.5c00444
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catalysts with high activity without needing complex and time
and energy-consuming postprocessing or heat treatment.
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