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IrO2/Ir Composite Nanoparticles (IrO2@Ir) Supported on
TiNxOy Coated TiN: Efficient and Robust Oxygen Evolution
Reaction Catalyst for Water Electrolysis
Swapnil Sanjay Karade,[a] Raghunandan Sharma,*[a] Saso Gyergyek,[b] Per Morgen,[a] and
Shuang Ma Andersen*[a]

It is crucial but challenging to reduce the required noble-metal
loading without compromising the catalytic performance of
oxygen evolution reaction (OER) catalysts. This study presents a
highly active OER catalyst composed of IrO2 with Ir rich surface
(IrO2@Ir) nanoparticles supported over nano TiN coated with
TiOxNy (IrO2@Ir/TiN). The present approach demonstrates superi-
or OER catalysts with high activity through small, uniformly
dispersed IrO2@Ir nanoparticles, along with high durability
owing to robust catalyst support and strong catalyst-support
interaction. The synthesized IrO2@Ir/TiN with an Ir loading of
40 wt% exhibits a mass-normalized OER activity of 637 AgIr

� 1,
which is 2.4 times that of the unsupported commercial bench-
mark IrO2 OER electrocatalyst. The fine nanoparticles and high

activity enable significant (~60%) reduction in the Ir metal
loading required to obtain equivalent OER performance. In
addition, when evaluated through an accelerated stress test
using potential cycling, the catalyst exhibits outstanding
durability (79% retention) compared to that of the commercial
equivalent (66% retention). The OER activity loss was attributed
to the catalyst dissolution (30% loss) and the catalyst particle
growth (70%), with no measurable loss due to the TiN support
corrosion. The development of ultra-fine IrO2@Ir nanoparticles
and robust ceramic catalyst support significantly improved the
Ir utilization and open a new perspective for supported OER
catalyst.

Introduction

When paired with renewable energy sources including solar,
wind, and hydroelectric power, solid polymer electrolyte (SPE)
water electrolysis is seen as a highly competitive technology for
green hydrogen production.[1–6] To drive the oxygen evolution
reaction (OER), water electrolysis requires efficient and stable
catalysts, and the best ones found till date to meet these
requirements are based on Ir.[7–9] However, these catalysts,
owing to low abundance of Ir in the upper earth crust, are
highly expensive, which limits further market expansion of the
SPE water electrolyzers (SPEWEs).[10,11] As a result, a crucial need
for large-scale applicability of the SPEWE approach is to reduce
the required quantity of noble metals per unit of the generated
hydrogen.[12,13] An effective strategy to deal with this issue could

be to increase the mass specific activity of the catalyst by, for
example, (i) increasing the effective surface to volume ratio,
(ii) reduction of the kinetic overpotential by structural modifica-
tions of the active sites, etc. The effective surface area of the Ir-
based catalysts may be enhanced by, for example, reducing the
catalyst particle size and/or minimizing the particle agglomer-
ation. This may be achieved through use of a catalyst support
providing sites for heterogeneous nucleation during synthesis
and preventing agglomeration of the catalyst particles through
catalyst-support interaction. Hence, a supported catalyst can
reduce the amount of the noble metals required to achieve
certain catalytic activity by increasing their utilization. In
addition, the catalyst-support interaction may engineer the d-
band electronic energy states,[14,15] leading to enhanced catalytic
activity and durability.

Characteristics of typical catalyst supports include high
electrical conductivity, high surface area as well as high
corrosion resistance.[16,17] In the harsh oxidative conditions
(acidic environment and oxidative potentials) at the SPEWE
anode, the high surface area carbon materials, which are
typically employed as supports in fuel cells, are susceptible to
corrosion.[18,19] Several acid-resistant semiconductive metal ox-
ides and carbides have been explored to date for their
suitability as the OER catalyst supports. Among those, metal
oxides such as TiO2 and SnO2, despite their excellent corrosion
resistance, have limited applicability as catalyst support due to
their low electrical conductivity. Nonstoichiometric Ti/Ti-alloy
oxides have been described in attempt to address the
conductivity challenge. Such supports show significant en-
hancements in the mass specific OER activities of the Ir-based
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catalysts. For example, Wang et al.[20] have reported excellent
OER activity of Ir/Ti4O7 catalyst consisting of the nanostructured
Ir loaded on the Ti4O7 suboxide substrate. Similarly, IrO2

supported on Nb0.05Ti0.95O2 showed a two-fold enhancement in
the mass activity for OER compared to that of the unsupported
equivalent.[21] Similarly, metal oxides such as antimony doped
tin oxide (ATO),[22] Sb-SnO2 nanowires,[23] etc. have also been
reported to successfully enhance the mass activity of Ir-based
OER catalysts. Apart from the metal oxides, metal carbides such
as TiC, TaC, and SiC have also been reported as the support
materials for OER.[24–29] However, despite significant research,
their stability remains a challenge before such supported OER
catalysts may be implemented at large-scale. Lower surface
area and complex preparation methods also limit the large-
scale use of as such supports.[25–28]

Although majority of the recent research on OER catalytic
supports is on metal oxides and carbides, other candidates such
as metal nitrides, owing to their typically high electric
conductivity and high corrosion resistance, are equally interest-
ing. As an example, titanium nitride (TiN) exhibits excellent
electrical conductivity (resistivity of TiN: 3.34×10� 7 Ωcm at
room temperature, which is lower than that of metallic Ti:
5×10� 6 Ωcm), along with high resistance to oxidation and
inertia to majority of the chemicals.[30,31] It has also been
reported to be an effective electronic structure modulator,
making it a promising support material for OER catalysts.
Catalysts consisting of the Pt nanoparticles/Pt single atoms on
TiN have also been reported frequently for reactions such as
methanol oxidation and others.[30–35] Studies on TiN as a support
for Pt-based catalysts for the oxygen reduction reaction (ORR)
suggest TiN to be promising catalyst support for ORR
electrocatalysis.[36] However, use of TiN as a support for the OER
catalysts has rarely been explored. Recent studies by Li et al.[37]

and Zhang et al.[38] have demonstrated the use of TiN as the
catalyst support for Ir and/or IrO2-based catalysts for OER,
showing high activity and enhanced stability, which were
attributed to the support/catalyst interaction leading to elec-
tron transfer from TiN to Ir, downshifting its d-band. Owing to
their superior performance, the TiN supported Ir-based OER
catalysts are promising candidates for large-scale applications
and hence, their green and scalable synthesis routes need to be
explored. Further understanding of the activity and durability
enhancement mechanisms in presence of TiN may be used to
obtain even higher performance electrocatalysts.

On the other hand, not only the bulk structure, but the
surface chemical state of the catalyst support also plays
significant role in the catalyst stability. In our previous study on
carbon supported Pt (Pt/C), it has been observed that the
presence of surface functional groups on the carbon support
enhances the stability of the Pt/C electrocatalysts significantly.
Similar effect of the presence of surface functionalities may be
expected for the OER electrocatalysts. However, the effect has
not been explored for the OER electrocatalysts supported on
TiN.

Herein, we adopt a high throughput microwave assisted
polyol method for the decoration of IrO2@Ir nanoparticles on
the nano-sized TiN support and study the electrocatalytic

performance of the synthesized IrO2@Ir/TiN towards the OER in
acidic environment. We further carried out investigations on the
effect of presence of TiOxNy on the performance of the
electrocatalysts. Finally, study of the interaction between the
TiN@TiOxNy support and the deposited Ir-based catalyst was
performed and a mechanistic study of the catalyst degradation
during an accelerated stress test (AST) was carried out by
utilizing X-ray fluorescence (XRF) spectroscopy to measure the
loss of catalyst loading from the electrode during AST.

Results and Discussion

Initial electrocatalytic OER activity: The OER catalytic perform-
ance of synthesized IrO2@Ir/TiN catalysts with different compo-
sitions were assessed using a polarization test in N2-saturated
0.1 M HClO4 electrolyte at a 1600 rpm electrode rotation speed.
Figure 1a shows OER polarization curves corresponding to all
compositions of the Ir/TiN, where commercial IrO2 catalyst (Alfa
Aesar) was used as a standard benchmark. Almost all the
supported catalysts showed superior performance as compared
to the unsupported commercial IrO2. Among the studied
compositions, IrO2@Ir/TiN-40 demonstrates the highest mass
specific activity, ~2.4 times that of the benchmark IrO2 catalyst
(Figure 1b). The mass specific activity of the supported catalysts
increases with increasing the Ir loading from 20 wt% to
40 wt%, while decreases with further increasing the Ir loading
from 40 wt% to 80 wt%. This may be explained in terms of
utilization of the OER active species loaded on the support. For
low IrO2@Ir loading (20 wt%), the utilization is low possibly due
to (i) the deposition of fraction of the IrO2@Ir nanoparticles in
pores, which remain inaccessible for the electrolyte and (ii) the
poor electric conductivity of the support, leading to inefficient
electronic connectivity. With increasing IrO2@Ir loading, the
electric conduction may take place (partially) through the quasi-
continuous IrO2@Ir coating, leading to improved electronic
connectivity. Further increase of the Ir loading (50 wt% to
80 wt%) the utilization of the OER active surface decreases due
to formation of IrO2@Ir agglomerates, effectively obscuring the
active surface partially by other IrO2@Ir nanoparticles. Hence,
the Ir loading of 40 wt% shows the highest mass specific
activity.

Further, it is observed that variation of the Ir loading also
affects the intrinsic OER activity in terms of the reaction
overpotential (η), defined as- h ¼ EOnset � EO, where EOnset and EO

are the OER onset potential and the standard reduction
potential for OER (EO =1.23 V at 0 pH), respectively. Figure 1c
depicts the reaction overpotential obtained for the studied
catalysts. It reveals significantly lower overpotential for IrO2@Ir/
TiN-40 sample as compared to the commercial IrO2 benchmark.
Tafel plots fitted from OER polarization curves were used to
examine the reaction kinetics (Figure 1d). Among all the
examined samples, the IrO2@Ir/TiN-40 electrode shows the
smallest Tafel slope of 63.3 mVdec� 1, indicating the most
favorable OER kinetics.

Morphology and composition of as-synthesized IrO2@Ir/TiN:
The synthesized electrocatalyst having the highest OER mass
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activity, i. e., IrO2@Ir/TiN-40 and the TiN-AT used as the catalyst
support were further analyzed through different structural
characterization techniques.

TEM was used to examine the differences between two
samples in greater detail. TiN was made up of random-shaped
nanoparticles of an average diameter 28 nm (Figure 2a). The
diffraction rings and spots depicted in the selected area
electron diffraction (SAED) image of TiN (Figure 2a, inset) reveal
its crystalline nature. After the catalyst synthesis step, nano-
sized TiN was ornamented by many uniformly dispersed IrO2@Ir
nanodots (IrO2@Ir/TiN-40) with an average size of 2�0.2 nm
(Figure 2b–d). The particle size distribution histograms (Sup-
porting Information S1) reveal no morphological change of the
TiN nanoparticles before and after IrO2@Ir coting, confirming
their chemical inertness under the synthesis conditions. The
IrO2@Ir nanodots of a particle size 2 nm, decorated over nano-
sized TiN support, are clearly visible in TEM image (Figure 2c).
SAED image (inset of Figure 2c) pertains to high crystalline
nature of TiN similar with bare TiN (inset of Figure 2a) while no
reflection of Ir and IrO2 are seen due to their small size. The
elemental contribution was analyzed further using EDS analysis
(inset of Figure 2b), which confirms present IrO2@Ir/TiN-40
sample contains Ti, N, Ir and O elements (contribution of carbon
signal is due to conducting tape where the sample was loaded).

XRD patterns of the as prepared IrO2@Ir/TiN catalysts
recorded at 0.02 step size with 3°/min scan speed in the range

of 10 to 90° are shown in Figure 3a. No obvious diffraction
peaks corresponding to Ir or IrO2 are observed, which implies
an amorphous nature of the Ir based nanoparticles supported
on nano-sized TiN. All the observed XRD peaks correspond to
the TiN support (JCPDS: 038-1420).[40] The XRD pattern of
commercial IrO2 sample shows diffraction peaks at 41.0°, 47.5°,
69.6°, and 84.1°, which correspond respectively to the (111),
(200), (220) and (311) planes of metallic Ir (JCPDS: 001-1212).

Surface chemical state and catalyst-support interaction: The
chemical states and near-surface chemical compositions of the
Ti, N, and Ir elements in as-received TiN, acid-treated TiN, and
IrO2@Ir/TiN-40 samples are evaluated using XPS. In the survey
spectra of the as-received and acid-treated TiN, Ti 2p (457.4 eV),
Ti 2s (556.0 eV), N 1s (389.1 eV), O 1s (530.2 eV), and C 1s
(283.8 eV) peaks are observed (Figure 3b). Noticeable changes
in surface composition of N 1s, C 1s and O 1s are observed after
acid treatment, implying TiN surface being mostly free from the
C and O species. Moreover, improved intensities of the N 1s and
Ti 2p peaks on the acid-treated surface, corresponding to
increased concentrations, may provide better conductive sup-
port and possible nucleation sites for the catalyst nanoparticle
attachment. Likewise, the XPS survey spectrum of the IrO2@Ir/
TiN-40 sample exhibits presence of the Ir 4f (62.1 eV) and Ir 4p
(493.2 eV) peaks along with the N 1s and Ti 2p peaks of reduced
intensities comparing to the bare TiN support. Deconvolution of
Ir 4f, Ti 2p, N 1s, and O 1s peaks of the narrow scan spectra

Figure 1. (a) OER polarization curves for as-prepared IrO2@Ir/TiN based catalysts with reference to commercial IrO2, bar plot of (b) mass activity and
(c) overpotential for different catalyst compositions, (d) corresponding Tafel plot.
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corresponding to the TiN support (acid-treated) and the IrO2@Ir/
TiN-40 catalyst was carried out in order to examine the metal
support interaction. Pure Ir metal sample (coarse particles) was
also analyzed as a reference sample. Table 1 summarizes the
binding energies of the deconvoluted peak components for
different high resolution XPS peaks of the samples being
studied. Figure 4a shows the high resolution Ir 4f XPS spectra

for Ir metal and the IrO2@Ir/TiN-40 samples. The Ir 4f region
consists of two distinguishable peaks corresponding to 4f7/2 and
4f5/2 spin-orbital splits. Each of the 4f7/2 and 4f5/2 components
consist of two distinct components corresponding to metallic Ir
and Ir4+, where the later corresponds to presence of Ir-
oxides.[37,38,41] The binding energies of the spin-orbit split
components for metallic Ir are 61.1 and 64.2 eV, while those for

Figure 2. TEM image of (a) bare nano-sized TiN; inset shows SAED pattern, (b) IrO2@Ir/TiN-40 sample; inset shows the corresponding EDS spectrum and the
atomic percent of different elements (c) higher magnification TEM image of IrO2@Ir/TiN-40 sample; inset shows corresponding SAED pattern; (d) Particle size
distribution of the IrO2@Ir nanoparticles.

Figure 3. (a) XRD patterns of as synthesized IrO2@Ir/TiN compositions with bare nano-sized TiN, IrO2 commercial and (b) XPS survey scan spectrum of as-
received TiN, TiN acid-treated and IrO2@Ir/TiN-40 sample.
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the Ir4+ are 63.3 and 66.4 eV. For the IrO2@Ir/TiN-40 sample,
while the metallic Ir components have the binding energy
values identical to the corresponding values for the Ir metal
sample, the Ir4+ components show a shift of 0.5 eV towards
lower binding energy, suggesting (i) an interaction between the
IrO2 and TiN support, with shifting of the electron cloud from Ti
to IrO2@Ir and/or (ii) the Ir oxidation state of the Ir-oxide phase
in the synthesized sample being the Irx+, with x<4. The
fractional area corresponding to Ir4+ in the Ir 4f region is 27%
for Ir metal and 46% for IrO2@Ir/TiN-40 sample (Table 1). The
Ir4+ contribution higher than that from the native surface oxide
indicates presence of both the metallic Ir and IrO2 in the
synthesized sample. This, combined with the observed XRD
patterns, suggesting formation of amorphous phase, suggests
the Ir-based nanoparticles consisting of an IrO2 core with a
metallic Ir surface, possibly an imperfect shell, which shows no
diffraction peaks due to its low thickness (a few atomic layers
thick).

Formation of such a structure may be explained by looking
into the synthesis reaction. Here, the observed amorphous
structure may be attributed to the poor reducibility of EG for
the Ir3+ ions at the reaction temperature of 140 °C. For example,
Luo et al.[42] have stated that EG requires a relatively high
temperature (>170 °C) to upsurge reduction rate whereas it
drastically diminishes when the temperature is decreased.
Hence, the formation of amorphous phase possibly takes place
through hydrolysis of intermediate Ir-hydroxide species (leading
to formation of amorphous Ir-Oxide) followed by reduction of
the surface to metallic Ir. Such a formation of lower oxidation
state Ir species (e.g. Ir+) under microwave-assisted heating to
higher temperatures (>140 °C) in presence of ethylene glycol
has also been reported previously.[43]

Further, the high-resolution Ti 2p XPS spectra of TiN with/
without Ir loading (Figure 4b) could be deconvoluted into a pair
of two the spin-orbital components corresponding to Ti 2p3/2

and Ti 2p1/2. Each of the spin-orbital component consists of two
sub-components ascribed to the Ti� N and TiOxNy at the
respective binding energies of ~455.7 and ~457.9 eV for the
Ti 2p3/2 component, where for the latter, both N and O are
bound to Ti (O� Ti� N), instead of a Ti� N� O or Ti� O� N
bonds.[38,44–47] The binding energies of different components and

their relative abundances are listed in Table 2. Notably, a shift
of 0.5 eV towards higher binding energy in the peak position of
Ti� N bond is observed for the TiN coated with the IrO2@Ir
nanoparticles, which indicates a IrO2@Ir-TiN interaction. The
shift in binding energy can be attributed to the lower electro-
negativity of Ti (1.54) as compared to that of Ir (2.20), leading to
a shifting of the electron cloud towards IrO2@Ir species from the
Ti and hence a shift towards higher binding energy for Ti with a
corresponding shift towards lower energy for IrO2.

Further, Figure 4c exhibits the high-resolution N 1s spectra
of the acid-treated TiN and the IrO2@Ir/TiN-40 samples. Each
N 1s spectrum was deconvoluted into two peaks at ~396.5 and
~399.0 eV, which correspond respectively to TiOxNy and
Ti� N,[45–48] owing to the presence of O� Ti� N bonds on the TiN
surface.[49,50] For the IrO2@Ir/TiN-40 sample, the Ti� N component
of the N 1s spectrum shows a shift of 0.3 eV towards higher
binding energy w.r.t. that of bare support. This could be
explained through shifting of the electron cloud away from N
due to Ti� Ir interaction.

The relative area fractions (abundances) of the Ti� N and
TiOxNy components for bare TiN are ~44% and 56% when
viewed from Ti 2p peak, while the N 1s peak exhibits their
respective abundances of ~17% and 83%. The discrepancy
may be due to presence of the TiOxNy phase on the surface of
the bulk TiN particle and hence lower XPS signal of N 1s from
bulk TiN compared to the Ti 2p signal as the surface TiOxNy

layer reduces the N 1s signal more efficiently compared to the
Ti 2p signal. Furthermore, for both the N 1s and Ti 2p peaks,
abundance of Ti� N remains higher for IrO2@Ir/TiN as compared
to that for bare TiN (Table 1), probably partial reduction of the
surface TiOxNy during the MW synthesis.

Table 1. Binding energies of different high-resolution peaks of XPS narrow scan spectra.

XPS Peak Deconvoluted Component Binding energy [eV] % Abundance of the component
Ir metal TiN IrO2@Ir/TiN Ir metal TiN IrO2@Ir/TiN

Ir 4f7/2 Ir� Ir 61.1 – 61.1 73.1 – 53.8
IrO2 63.3 – 62.8 26.9 – 46.2

Ir 4f5/2 Ir� Ir 64.2 – 64.2 73.1 – 53.8
IrO2 66.4 – 65.9 26.9 – 46.2

Ti 2p3/2 Ti� N – 455.2 455.7 – 43.7 47.7
TiOxNy – 457.9 457.9 – 56.3 52.3

Ti 2p1/2 Ti� N – 460.8 461.3 – 43.7 47.7
TiOxNy – 463.5 463.5 – 56.3 52.3

N 1s Ti� N – 399.0 399.3 – 17.1 24.9
TiOxNy – 396.5 396.5 – 82.9 75.1

O 1s Ir� O/TiOxNy – 529.6 530.0 – 62.2 53.6
Ir� OH/Ti� OH – 531.4 531.5 – 24.5 35.0
H� O� H – 533.1 533.2 – 13.3 11.4

Table 2. Impact of AST on catalyst performance.

Sample Mass activity
[A g� 1]

Retention
[%]

Ir mass loss
[μg]

Ir mass loss
[%]

Initial Final

IrO2@Ir/TiN-UT-40 715 388 54 0.88 11
IrO2@Ir/TiN-40 663 525 79 0.51 7
IrO2 comm. 281 186 66 0.51 3
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Figure 4d shows a comparison of the O 1s spectra of TiN
and IrO2@Ir/TiN-40, which were deconvoluted into three peaks:
the lattice oxygen (TiOxNy and Ir� O at 529.6 eV for the bare TiN
support and at 530.0 eV for IrO2@Ir/TiN-40), the oxygen in
hydroxyl group (O� H) at ~531.5 eV and the oxygen in adsorbed
water (H� O� H) at ~533.2 eV. From Table 1, it is clear that the
O� H peak abundance increases significantly after the coating of

IrO2@Ir nanoparticles on the surface of TiN. This indicates
existence of O� H bound to Ir species after the coating of IrO2@Ir
nanoparticles. Hydrated or hydroxylated amorphous iridium
oxides are generally more active toward OER than the excellent
crystalline IrO2.

[51,52] Finally, the metal support interaction is
presented schematically in Figure 4e, illustrating electron cloud
shifting from Ti to Ir.

Figure 4. (a) High resolution XPS spectra corresponding to (b) Ir 4f peak for Ir metal and IrO2@Ir/TiN samples, and (b) Ti 2p, (c) N 1s, and (d) O 1s peaks for
acid-treated nano TiN and IrO2@Ir/TiN-40 samples. (e) Schematic presentation of metal support interaction between IrO2@Ir and TiN.
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Surface area and porosity study: Excellent porous structure
and high surface area are the significant aspects that should be
considered for choosing a proper support material. They are
also favorable factors for improving the performance of
supported catalysts because they provide a highly dispersed
physical surface for the active component on which catalytic
reactions take place. Figure 5a illustrates N2 adsorption/desorp-
tion isotherm curves for as-received and acid-treated TiN
samples. For both samples, the isotherms exhibit hysteresis
loop for the relative pressure (p/po) >0.85, indicating the
presence of mesoporous structures. There is no significant
change found in the surface area after acid treatment (as-
received TiN: 60.8 m2g� 1; acid-treated TiN: 58.6 m2g� 1), calcu-
lated using the data between 0 to 0.35 (P/P0). However, the
acid-treated sample exhibits larger adsorption for P/P0>0.85,
probably indicating the increased accessibility of the meso-
pores, through pore opening or surface energy change (change
of wettability characteristics) due to acid-treatment. According
to the pore size distribution obtained by applying the BJH
model for the adsorption branches of isotherms (Figure 5b), the
pore diameters of as-received and acid-treated TiN samples are
centered at ~3 nm, confirming their mesoporous structure.

Durability study through AST: To study the electrochemical
stability of the synthesized electrocatalysts through AST, the
sample showing the best initial OER activity, i. e., IrO2@Ir/TiN-40
was selected. Another IrO2@Ir/TiN catalyst sample, with 40 wt%
Ir loading on the as-received TiN support (IrO2@Ir/TiN-UT-40),
synthesized under the synthesis conditions identical to those
used for IrO2@Ir/TiN-40, was also studied to investigate the
effect of surface chemical state on degradation. Moreover, AST
of the commercial IrO2 is included for comparison. Figures 6a–c
show the initial and final OER polarization curves of the IrO2@Ir/
TiN-UT-40, IrO2@Ir/TiN-40 and commercial IrO2 catalysts, respec-
tively. The corresponding OER activity degradation patterns (in
terms of retention %) are shown as insets in Figures 6a–c. The
IrO2@Ir/TiN-UT-40 sample (supported on as-received TiN), hav-
ing an initial mass activity of 715 A/g (Table 2), shows a 54%
retention of the OER activity after 2000 cycles with a 43 mV
increase in the overpotential. On the other hand, the IrO2@Ir/

TiN-40 catalyst (supported on acid-treated TiN), having an initial
mass activity of 663 A/g, shows an OER activity retention of
79% by sacrificing only 22 mV of the overpotential. Hence, the
acid treatment process clearly improves the catalyst durability,
possibly through the modified surface characteristics of the TiN
support during the acid-treatment. Furthermore, the IrO2@Ir/
TiN-40 catalyst shows a superior durability compared to that of
the commercial IrO2 catalyst with a retention of 66% by
sacrificing 25 mV of the overpotential, which makes it a
promising OER catalyst.

Comparison of the XRD patterns before and after AST of the
studied electrocatalysts has been shown in Figures 6d–f for the
IrO2@Ir/TiN-UT, IrO2@Ir/TiN-40 and commercial IrO2 catalysts,
respectively. No obvious change has been observed in the XRD
patterns recorded before and after AST, suggesting no signifi-
cant changes in the bulk structure of the support or IrO2@Ir
during AST. Moreover, the Ir mass loss due to catalyst and
support material dissolution and/or detachment from the
electrode, evaluated by measuring the Ir content on the
electrode before and after AST, show relatively similar values
(Table 2), with the catalyst supported on the acid-treated TiN
showing marginally lower Ir loss. This could be attributed to the
presence of surface functional groups on the acid-treated
support that could act as the redeposition centers for the
dissolved Ir and hence lead to reduced Ir loss. For both of the
supported catalysts, no Ti loss were observed from the XRF
analysis of the electrodes before and after AST. XRF spectra of
the IrO2@ Ir/TiN-40 and @IrO2@ Ir/TiN -UT samples, recorded
before and after AST, are shown in Figures 7a and b,
respectively. It reveals the X-ray emission lines of Ti Kα1, Ir Lα1,
and Ir Lβ1 at corresponding energy values of 5.51, 9.18, and
10.71 keV over the GC RDE background. Peak intensities of the
Ti Kα Ir Lα1, and Ir Lβ1 spectral lines show no difference in peak
area for the spectra recorded before and after the AST. This
indicates the nano-sized TiN as a promising robust support for
IrO2@Ir nanodots.

Degradation mechanisms: Mechanistic insights into the OER
activity degradation during AST are revealed through post-AST
analysis of the electrocatalysts. Here, we attribute the loss of

Figure 5. (a) N2 adsorption/desorption isotherm (b) Pore size distribution for TiN samples before and after acid treatment.
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OER activity during AST solely to the loss of catalyst surface
available for the electrocatalytic reaction, which comprises
different mechanisms such as (i) particle growth during AST or
agglomeration of individual catalyst particles, (ii) loss of the
catalyst from the electrode surface through dissolution and
detachment, (iii) corrosion of the catalyst support etc.

As can be seen from Table 2, the degradation of OER activity
during AST cannot be attributed completely to the loss of
catalyst through dissolution/detachment. Hence, further inves-
tigation of the post-AST IrO2@Ir/TiN-40 sample through TEM
was performed. As shown in Figure 8, the post-AST electro-

catalyst shows a microstructure like that of the as-synthesized
sample (shown in Figure 2). The catalyst nanodots remain
supported on the TiN support and the state of agglomeration
remains unaffected during AST. The average particle size of the
electrocatalyst increases from 2.0 nm (as synthesized) to 2.4 nm
(post-AST), leading to reduction in the available surface area
and hence to a reduced OER activity. Further, as the post-AST Ir
loading determination through XRF shows ~7% loss, which is
comparable to that for the unsupported commercial sample (~
3% loss). Because the dissolution of Ir through electrochemical
treatments during AST may depend significantly on the surface

Figure 6. OER polarization curves recorded before the 1st and after the 2000th stress cycle during AST of (a) IrO2@Ir/TiN-UT, (b) IrO2@Ir/TiN-40, and (c) IrO2

commercial catalysts. Insets in (a), (b) and (c) show the corresponding variations of the OER activity with the number of stress cycles. XRD patterns of
(d) IrO2@Ir/TiN-UT, (e) IrO2@Ir/TiN-40 and (f) IrO2 commercial catalysts before and after the AST.
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chemistry of the catalyst nanoparticles, the observed 7% loss of
Ir loading can be assigned to dissolution. Lastly, no observable
detachment of the catalyst from the support suggests the
activity loss due to support corrosion to be negligible. This is
also supported by the facts that (i) the XRD analysis of the
catalysts before and after AST reveal no significant degradation
of TiN for both the IrO2@Ir/TiN-UT and the IrO2@Ir/TiN-40
samples (Figures 6d&e) and (ii) the XRF spectra of the electro-

des, recorded before and after AST, show no sign of Ti
dissolution from the electrode (Figure 7a&b).

Future prospects: Ir-based catalysts are well known for their
high OER activity. However, reduction of the required catalyst
loading along with maintaining or enhancing the performance
of the catalyst is a challenging task. As TiN has shown its
potential as an efficient, stable and corrosion-free support for Ir-
based nanoparticles, it opens up new possibilities for nano-
sized TiN support. Although the presented results are limited to

Figure 7. XRF spectra of (a) IrO2@Ir/TiN-40 and (b) IrO2@Ir/TiN -UT catalysts coated on GC RDE, recorded before and after AST.

Figure 8. (a–c) TEM images and (d) particle size distribution of the post-AST IrO2@Ir/TiN-40 sample
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the upper potential of 1.7 V, considering the effectiveness of
the synthesis process, the highly conductive and corrosion
resistant TiN can be used further as a support material for other
precious or non-precious metal nanoparticles to be used in
electrochemical energy conversion and storage devices. Fur-
thermore, the study focuses on the catalyst support interaction
through studying the surface chemical states of the synthesized
catalysts. Theoretical understanding of the correlations between
the intrinsic activity and the catalyst/support interaction
through ab-initio calculations may be explored further.

Conclusions

In conclusion, we have produced a series of TiN-supported
IrO2@Ir electrocatalyst for OER in an acidic environment using a
facile microwave assisted polyol synthesis. The optimized
composition IrO2@Ir/TiN-40 sample (40 wt% Ir on TiN) featured
a decoration of IrO2@Ir nanodots on the surface of TiN nano-
particles. The nano TiN support provided a high surface area
(58 m2g� 1) and strong interaction with the catalyst, leading to
uniform dispersion of the fine IrO2@Ir nanoparticles with 2 nm
diameter. The IrO2@Ir/TiN-40 catalyst demonstrates an out-
standing mass normalized OER activity of 637 A gIr

� 1 at 1.65 V,
which is 2.4 times that of the commercial IrO2 catalyst. Further,
a potentiodynamic durability study also suggested high stability
of the synthesized electrocatalyst with a retention rate of 79%,
which is also an advantage over the unsupported IrO2 catalyst.
Quantification of the degradation mechanisms of the supported
catalyst revealed no measurable support corrosion, while 30%
and 70% of the observed activity loss are attributed to Ir
catalyst dissolution and particle size growth, respectively. This
strongly suggests that the present strategy based on the nano-
sized TiN support is highly promising and have the potential to
reduce Ir loading in PEM electrolyzers by 80% without
compromising either activity or lifetime. Such a reliable and
highly efficient supported OER catalyst could contribute to a
market expansion of PEM electrolysis technology and accelerate
the global green hydrogen production.

Experimental Section
Chemicals: The metal precursor iridium(III) chloride hydrate
(IrCl3.xH2O; Sigma-Aldrich), the solvent ultrapure water having a
resistivity >18.2 MΩ cm (milliQ), the reducing agent ethylene
glycol (EG; anhydrous, 99.8%, Sigma-Aldrich), perchloric acid
(HClO4, 98%, Sigma-Aldrich) and hydrochloric acid (HCl, 37%;
Sigma-Aldrich) for preparing the electrolyte/reaction bath were
used without further treatments. Titanium nitride (99.99% TiN,
Alroko®) having an average particle size of 20 nm, was used as the
catalyst support as-received as well as after an acid treatment.

Acid treatment of TiN: Acid treatment of the TiN powder was
carried out in order to clean and activate the surface. The TiN
powder (500 mg) was mixed with 25 mL of conc. HCl (37 wt%) and
held at 65 °C for 1 h. Further, the acid-treated TiN sample
centrifuged and washed several times with ultrapure water until
neutral pH, before drying in a vacuum oven overnight at 60 °C.

Preparation of TiN supported IrO2@Ir nanoparticles: The IrO2@Ir/TiN
electrocatalysts were synthesized by utilizing a microwave-assisted
modified polyol synthesis method using a CEM Discovery SP®

microwave synthesizer. The equipment was operated in a dynamic
power mode with a maximum power output of 200 W. The reaction
parameters for the IrO2@Ir/TiN samples produced in this work are
summarized in Table 3. In a typical synthesis, the required amount
of the IrCl3 ·H2O solution in ultrapure water (Ir conc. 5 mM) was
mixed with EG to obtain an EG/water ratio of 3 : 7 (v/v). Further, the
required amount of acid-treated TiN (TiN-AT) powder (based on the
desired Ir wt%) was dispersed in the mixture through ultrasonica-
tion for 60 s at room temperature using a Hielscher UP200 St
ultrasonic homogenizer. The mixture (~20 mL), kept in a 35 mL
glass reactor, was exposed to a microwave treatment for 20 min at
a reaction temperature of 140 °C under closed system conditions.
After cooling, the sample was collected by centrifugation at
5000 rpm for 5 min, followed by washing the precipitate thrice with
ultrapure water and drying overnight at 60 °C. Figure 9 illustrates
the schematic presentation of IrO2@Ir/TiN synthesis process. For
comparison, an IrO2@Ir/TiN sample with an Ir loading of 40 wt%
was also synthesized using the as-received/untreated TiN (TiN-UT).

Electrochemical characterizations: Electrochemical characterizations
were performed using a three-electrode setup with the catalyst
coated GC RDE acting as the working electrode (WE) and a Pt wire
acting as the counter electrode. The potentials were measured
w.r.t. an Ag/AgCl reference electrode (Aldrich; double junction; sat.
KCl) and reported w.r.t. the reversible hydrogen electrode (RHE).
The electrochemical experiments were carried out using a Zahner-
IM6e electrochemical workstation. In a typical process, 10 mg of the
IrO2@Ir/TiN catalyst was dispersed by ultrasonication for 60 s in
5 mL of a stock solution containing 1.84 v% of 5 wt% Nafion,
20 v% of isopropyl alcohol, and 78.16 v% of ultrapure water.

Table 3. Experimental parameters used for the synthesis of different IrO2@Ir/TiN compositions.

Sample ID Support Support [wt%] Ir [wt%] Solvent [mL] IrCl3 [mM]

IrO2@Ir/TiN-20 TiN (acid-treated) 80 20 6+14
(3/7 : EG/Water)

5

IrO2@Ir/TiN-40 TiN (acid-treated) 60 40 6+14
(3/7 : EG/Water)

5

IrO2@Ir/TiN-50 TiN (acid-treated) 50 50 6+14
(3/7 : EG/Water)

5

IrO2@Ir/TiN-60 TiN (acid-treated) 40 60 6+14
(3/7 : EG/Water)

5

IrO2@Ir/TiN-80 TiN (acid-treated) 20 80 6+14
(3/7 : EG/Water)

5

IrO2@Ir/TiN-UT TiN (as-received) 60 40 6+14
(3/7 : EG/Water)

5
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Further, to prepare the WE, 10 μL of the dispersed catalyst was
loaded on a glassy carbon rotating disc electrode (GC RDE;
diameter: 5 mm) and dried under rotator at 700 rpm. The Ir loading
on the GC RDE was measured using XRF analyzer (Thermo Scientific
Niton XL3t GOLDD+), as described in our earlier study.[53]

The oxygen evolution reaction (OER) activity of the catalyst was
measured in accordance with the methodology given by Alia,[39]

with minor changes. In summary, the electrode was activated in
nitrogen-saturated 0.1 M HClO4 by potential cycling for 20 cycles
between 1.00 and 1.70 V at a scan rate of 100 mVs� 1 and a rotation
speed of 1600 rpm prior to OER measurements. Potential cycling in
the same electrolyte for two cycles between 1.00 and 1.65 V at a
scan rate of 10 mVs� 1 and a rotation speed of 1600 rpm, termed as
observational cycling, was performed and the positive-going seg-
ment of the second cycle was used for the OER activity
determination. Mass specific OER of the catalysts is reported as the
observed current at 1.65 V per unit mass of Ir metal, during the
positive-going scan of the observational cycling. Further, to assess
the durability of the catalyst, AST was performed in a nitrogen-
saturated 0.1 M HClO4 solution at room temperature through cyclic
voltammetry in the range of 1.00–1.70 V for 2000 cycles at a scan
rate of 100 mVs� 1 (stress cycling) along with intermediate observa-
tional cycling after specified number of stress cycles. Loss of Ir
during AST was estimated using the Ir loadings (XRF measurement)
before and after AST.

Structural characterizations: A Rigaku Miniflex 600 X-ray diffractom-
eter equipped with Cu Ka radiation (λ=1.5418 Å) was used to
obtain the X-ray diffraction (XRD) patterns of the IrO2@Ir/TiN
samples, where a scan rate of 3°/min and a step size of 0.02° was
used. X-ray photoelectron spectroscopy (XPS) was used to inves-
tigate the surface chemistry of the IrO2@Ir/TiN samples using a
SPECS® XPS system with a twin anode X-ray source and a
hemispherical analyzer and MgKα (1253.6 eV) radiation. Ir metal
powder was used to compare the wide scan spectra corresponding
to Ir 4f peak. The elemental makeup of solid surfaces is examined
using energy-dispersive X-ray spectroscopy (EDS; Oxford, x-max).
The transmission electron microscope (TEM) images were recorded
using JEOL JEM-2010F TEM in order to investigate morphology and
particle size of the synthesized IrO2@Ir/TiN samples. The particle
size distributions of Ir nanoparticles were determined by analyzing
the TEM images with ImageJ software. The dark contract of Ir
nanoparticles distinguished them from the TiN support back-
ground. For a typical sample, 50 nanoparticles from various images
were individually analyzed. Surface areas and pore size distributions
of the synthesized catalysts were evaluated via N2 adsorption/
desorption measurements (Micromeritics Tristar II Plus Surface Area
& Porosity Analyser).
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