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ABSTRACT: Reducing iridium (Ir) catalyst loading for acidic oxygen evolution reaction (OER) is a critical strategy for large-
scale hydrogen production via proton exchange membrane (PEM) water electrolysis. However, simultaneously achieving high
activity, long-term stability, and reduced material cost remains challenging. To address this challenge, we develop a frame-
work by combining density functional theory (DFT) prediction using model surfaces and proof-of-concept experimental ver-
ification using thin films and nanoparticles. DFT results predict that oxidized Ir monolayers over titanium nitride (IrOx/TiN)
should display higher OER activity than IrOx while reducing Ir loading. This prediction is verified by depositing Ir monolayers
over TiN thin films via physical vapor deposition. The promising thin film results are then extended to commercially viable
powder IrOx/TiN catalysts, which demonstrate a lower overpotential and higher mass activity than commercial IrOz, and a
long-term stability of 250 hours to maintain a current density of 10 mA cm2. The superior OER performance of IrOx/TiN is
further confirmed using proton exchange membrane water electrolyzer (PEMWE), which shows a lower cell voltage than
commercial IrOz to achieve a current density of 1 A cm-2. Both DFT and in situ X-ray absorption spectroscopy reveal that the
high OER performance of IrOx/TiN strongly depends on the IrOx-TiN interaction via direct Ir-Ti bonding. This study highlights
the importance of close interaction between theoretical prediction based on mechanistic understanding and experimental
verification based on thin film model catalysts to facilitate the development of more practical powder IrOx/TiN catalysts with
high activity and stability for acidic OER.

1. INTRODUCTION

Activity, stability, and material cost are three critical factors
when designing acid oxygen evolution reaction (OER) elec-
trocatalysts for practical applications. 1> To date, iridium
oxide (IrOx)-based materials are the bestacidic OER electro-
catalysts that can meet the stability requirement under
harsh operating conditions. ¢8 However, high costs and
scarcity of Ir limit large-scale applications of IrOx. 7> 11
Therefore, it is imperative to discover OER electrocatalysts
with reduced Ir loading while maintaining their catalytic ac-

reported electrocatalysts contained a high content of Ir, and
their electrocatalytic stability was rather low (<10 hours at
10 mA cm2). Meanwhile, a comprehensive understanding,
coupled with theoretical calculations and in situ characteri-
zation, of the structure-activity-stability correlation to ad-
vance the OER performance of TiN-supported Ir and IrOx,
remains unclear.

Herein, we develop a framework for designing active and
stable materials for acidic OER based on density functional
theory (DFT) predictions and proof-of-concept experi-

tivity and stability in the acid environment.

Depositing Ir-based materials on a support is a promising
method to reduce the overall Ir loading and tune the Ir-sup-
port interactions to enhance the OER performance!? 13,
Transition metal nitrides have been recently identified as
promising support materials for electrocatalysts due to
their high electrical conductivity and low costs. 14-18 Partic-
ularly, titanium nitride (TiN) holds the merits of metal-like
conductivity!® 20 and excellent resistance to acidic oxida-
tion?s, making it a promising support for Ir. Several studies
have been reported for Ir oxides deposit on TiN in the form
of Ir0O2@Ir/TiN (60 wt. % of Ir on TiN) 2%, IrO2@Ir/TiN (40
wt. % of Ir on TiN) 22 and IrOz/TiN2?3. However, these

mental verification of thin films and nanoparticles. A par-
tially oxidized Ir (IrOx) overlayer on a TiN support was se-
lected for DFT calculations to reduce the Ir loading to a few
monolayers while maintaining a similar number of active
sites. In addition, such a model system also allows direct
verification by experimental studies, as recently demon-
strated for nitride-supported Pt for the hydrogen evolution
reaction. 24 Using the binding energy of *OH (* denotes ad-
sorbed intermediates) as the OER reactivity descriptor for
IrOx/TiN, the OER activity was found to be improved by in-
creasing the Ir coverage from one to three monolayers
(MLs), and the trend was confirmed by the experimentally
synthesized IrOx/TiN film model catalysts. For practical



applications, the promising thin film results were extended
to powder-based catalysts with IrOx deposited on TiN nano-
particles (IrOx/TiN NPs). The IrOx/TiN NPs exhibited excel-
lent acidic OER performance, requiring a minimum overpo-
tential of 293 mV at 10 mA cm-2 and long-term stability of
250 hours with neglect degradation. The mass activity of
IrOx/TiN with a reduced Ir loading of 40 pgir cm2 achieved
270.8 A gil, significantly higher than the benchmark com-
mercial IrOz (C-IrOz). When further integrated into a proton
exchange membrane water electrolyzer (PEMWE) cell with
the IrOx/TiN catalyst at a low Ir loading of 0.2 mg cm-2, only
1.69 V was required to achieve a current density of 1 A cm-
2, lower than that using C-IrOz (above 1.8 V). In situ X-ray
absorption spectroscopy (XAS) characterization further re-
vealed the transition of Ir to IrOx under OER conditions, as
well as the presence of the Ir-Ti bond to highlight the inter-
action between IrOx and TiN. According to the DFT results,
the direct Ir-Ti bonding tuned the binding strength of *OH
on the IrOx layer, leading to a higher OER activity than bulk
IrOz while still maintaining high stability under the acidic
OER condition. Overall, DFT calculations of the overlayer
models predict an overpotential trend of 1ML > 2ML > 3ML
IrOx over the TiN substrate, which is then verified by exper-
iments over TiN thin films with the corresponding cover-
ages of IrOx. These findings provide guidance to prepare the
nanoparticle catalysts for more practical and commercial
applications, and IrOx/TiN NPs show a better catalytic per-
formance toward acidic OER than C-IrO2. More importantly,
this study highlights the importance of integrating theoret-
ical prediction and experimental studies of well-character-
ized thin film catalysts to facilitate the development of com-
mercially viable powder-based nanoparticle OER catalysts
with enhanced activity and promising stability.

2. RESULTS AND DISCUSSION

2.1 DFT prediction of structure-activity relationships of
OER over TiN-supported Ir-based catalysts
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The TiN-supported IrOx overlayers are potential candi-
dates for OER acidic catalysts, which require a design prin-
ciple of reducing the loading of Ir while maintaining a simi-
lar OER activity. The TiN(100) surface was chosen since it
was known to be the most stable termination of TiN.25 1ML,
2ML, and 3ML of Ir that adopted face-centered-cubic (111)
arrangement were placed on TiN(100) to capture the high-
coordinated sites at the terrace of supported IrOx NPs. Un-
der acidic OER reaction conditions (> 1.5 V vs. RHE), the sur-
face oxidation, as observed previously, 26-28 was described
by the chemisorption of oxygen or *O on the surface and
subsurface of Ir overlayers. The surfaces covered by *OH or
*OH/*0 mixture were not considered due to the favorable
deprotonation of *OH to *O with more negative values in the
reaction free energy (AG) under the reaction potentials
(Figure S1 and Table S2). Specifically, three model systems
were constructed, including 1ML Ir with *O covered on the
surface (1ML-IrOx/TiN overlayer, Figure 1a), 2ML Ir (2ML-
IrOx/TiN overlayer, Figure 1b), and 3ML of Ir (3ML-
IrOx/TiN overlayer, Figure 1c) with *O covered on the sur-
face and occupied at the subsurface underneath. For com-
parison, Ir(111) with *O covered on either the surface
(1ML-IrOx, Figure 1d) or both surface and subsurface
(2ZML-IrOx, Figure 1e), were also considered to identify the
effect of the TiN support. An oxygen-covered IrOx nanopar-
ticle was constructed to represent the perimeter sites of
IrOx NPs, where both the low-coordinated IrOx sites and TiN
were exposed to the reactants and participated in the reac-
tion directly (IrOx/TiN interface, Figure 1f). An Ir0O2(110)
surface (IrOz, Figure S2) was also included as a reference.

The two widely used OER mechanisms, the adsorbate
evolution mechanism (AEM) and the lattice oxygen-partici-
pating mechanism (LOM), were considered in this work
(Figure S3). 2729 However, for the IrOx/TiN catalysts, only
surface-adsorbed oxygen is involved in the reaction. Thus,
LOM is changed to the surface oxygen mechanism (SOM). As
demonstrated below, different from LOM, the structure of
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Figure 1. Top (top) and side (bottom) view of a) 1ML-IrOx/TiN, b) 2ZML-IrOx/TiN, c¢) 3ML-IrOx/TiN, d) 1ML-IrOx, €) ZML-IrOx,

and f) IrOx/TiN interface models optimized using DFT.



IrOx is barely affected by the removal of surface oxygen, and
the resulting vacancies are easily filled to ensure stability
during OER operation. The SOM mechanism starts with an
oxygen vacancy (0-v) adjacent to an *O on the surface, at
which Hz0 from the electrolyte adsorbs in the form of *H:0,
which undergoes a spontaneous dissociation to *OH at the
water-IrOx/TiN interface, along with a proton transfer to
the solvation and form H30* (Figure S4). The 0-0O coupling
of produced *OH and neighboring *O forms *0: (Figure
S$5b), which is unstable on the surface and prefers desorp-
tion to Oz at room temperature (AG = -0.20 eV). Due to the
low stability, neither *H20 nor *0: is involved in the OER on
IrOx/TiN. The cycle is closed by additional H20 dissociative
adsorption and deprotonation to form *O and regenerate an
0-v site (see supporting information (SI) for more details
of the reaction mechanism).

According to the DFT-calculated potential free energy di-
agram at zero potential (0 V vs. RHE) in Figure 2, the poten-
tial limiting step (PDS) that corresponds to the maximum
free energy change (AGmax) among the elementary steps is
the 0-0 coupling of *OH and *O for 1ML-IrOx/TiN and 2ML-
IrOx/TiN overlayers and the IrOx/TiN interface, while the
magnitude is different. The DFT-predicted AGmax and thus
the theoretical OER overpotentials (1) for the overlayer sur-
faces (AGmax = 2.01 eV and n = 0.78 V for 1ML-IrOx/TiN;
AGmax=1.73 eVand n=0.50V for 2ML-IrOx/TiN, Figures 2a

and b) are much lower than that of the IrOx/TiN interface
(AGmax = 4.79 eV and 1 = 3.56 V, Figure S6). The PDS for
3ML-IrOx/TiN and IrOx is changed to the activation of H20
to form *OH. The 3ML-IrOx/TiN overlayer shows a lower 1
(AGmax = 1.71 eV and n = 0.48 V, Figure 2c) than the IrOx
surfaces (AGmax=2.02 eVand n = 0.79 V for 1ML-IrOx; AGmax
=2.35eVand n = 1.12 V for 2ML-IrOy, Figures 2d and e).
For both IrOx/TiN and IrOx systems investigated in the cur-
rent study, the OER via AEM is less competitive than that via
SOM due to the low stability of the *OOH intermediate (see
SI, Figures S5a and S7 for details) 2.

The DFT-predicted OER overpotential strongly depends
on the *OH binding energy (AG+on) of the IrOx-based systems
via a volcano-like relationship (Figure 2f), while the bind-
ing of *O (AGo) 3° and the binding difference between *O
and *OH (AG+o-AG+on) 31, which were proposed previously as
descriptors for AEM on diverse types of metal oxides3?, do
not work well in the current study due to a difference in the
preferred reaction pathway. Comparing the IrOx/TiN inter-
face with the IrOx overlayers, a significant decrease in AG+ou
is observed, where the direct IrOx-TiN interaction stabilizes
*OH compared to IrOx (Figure 2f). To maximize the OER ac-
tivity, the binding of *OH at the Ir site should be moderate.
Specifically, along the left side of the volcano, weakening of
*OH binding at IrOx-TiN is desirable to facilitate the PDS, O-
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Figure 2. DFT-calculated free energy diagrams for acidic OER on a) 1ML-IrOx/TiN, b) 2ML-IrOx/TiN, c) 3ML-IrOx/TiN, d) 1ML-
IrOx, and e) 2ML-IrOx. f) Volcano plot of the negative value of overpotential (-n) versus the Gibbs free adsorption energy of *OH
(AG+on). Six systems were included, while IrOz was plotted as a red line for reference.
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Figure 3. a) Schematic illustration of the procedure used for synthesizing IrOx/TiN films by using the physical vapor deposition
method. b) Ir 4f XPS spectra of 1ML-, 2ML-, and 3ML-IrOx/TiN films, and Ir foil. c) LSV curves of 1ML-, 2ML-, and 3ML-IrOx/TiN

films, an Ir foil, and a plain TiN film.

OH coupling, and thus the overall OER, which is well demon-
strated by the decreased OER overpotential via the se-
quence of 2ML-IrOx/TiN overlayer < 1ML-IrOx/TiN over-
layer < IrOx/TiN interface. While along the right side of the
volcano, a stronger binding of *OH favors the corresponding
PDS, H20 dissociation to *OH. The *OH binding is overly
weakened for IrOx due to the lack of interaction with the TiN
support, while in the presence of the TiN support, the *OH
binding is strengthened on the 3ML-IrOx/TiN overlayer.
Correspondingly, the OER overpotential follows the se-
quence of 3ML-IrOx/TiN overlayer < 1ML-IrOx < 2ML-IrOx.
According to the DFT results, to achieve a high OER activ-
ity, the IrOx-TiN interaction is essential, where all IrOx/TiN
systems bind *OH more strongly and display lower 1 than
IrOx alone (Figure 2f). In addition, the amount of Ir matters.
An increase in coverage of Ir from 1ML to 3ML weakens the
binding of *OH, leading to a change in the PDS from 0-OH
coupling for 1ML-IrOx/TiN and 2ML-IrOx/TiN overlayers to
H:0 dissociation for the 3ML-IrOx/TiN overlayer. Among all
overlayer models, both ZML-IrOx/TiN and 3ML-IrOx/TiN

overlayers exhibitlower n than IrOz, where 3ML-IrOx/TiN is
the most active system due to the near optimum *OH bind-
ing energy (Figure 2f). Therefore, thin overlayers of IrOx on
TiN represent the possibility of reducing the loading of Ir
while maintaining similar performance, especially for 3ML-
IrOx/TiN, which shows a comparable or slightly higher ac-
tivity than IrOz (Figure S8).

2.2 Synthesis and acidic OER performance of Ir mono-
layers deposited on TiN films

Guided by the DFT prediction, thin film IrOx/TiN catalysts
were synthesized using physical vapor deposition (PVD)
within an ultra-high vacuum (UHV) chamber (Figure 3a).
Various Ir coverages with 1ML, 2ML, and 3ML on TiN films
were synthesized, denoted as 1ML-, 2ML-, and 3ML-
IrOx/TiN films. The X-ray photoelectron spectroscopy (XPS)
results of the Ir 4f region of these as-prepared films (Figure
3b) show that the peak features of Ir 4f7/2 and Ir 4fs/2 are
primarily attributed to metallic Ir. These peaks slightly shift
to a higher binding energy than the Ir foil, likely due to the



Figure 4. Structural characterization of IrOx/TiN NPs. a-c) TEM images with different magnifications; the insert in b) is corre-
sponding particle size distribution of IrOx; d) HAADF-STEM images and the corresponding X-EDS mappings.

surface oxidation of Ir and possible interaction between Ir
and the TiN support. The Ti 2p spectra of IrOx/TiN films
(Figure S11) can be deconvoluted into two sets of peaks,
corresponding to TiN and TiON, respectively.

The acidic OER performance of 1ML-, 2ML-, and 3ML-
IrOx/TiN films, as well as an Ir foil and a TiN film as stand-
ards, was evaluated using linear sweep voltammetry (LSV)
in Oz-saturated 0.1 M HClIO4 in a three-electrode cell. Figure
3c shows that the 3ML-IrOx/TiN film demonstrates the best
OER activity with an overpotential of 385 mV at 10 mA cm-
2, outperforming the Ir foil standard (396 mV), 2ML-
IrOx/TiN film (423 mV), and 1ML-IrOx/TiN film (550 mV).
The overall activity trend of the IrOx/TiN films is consistent
with the DFT prediction in Figure 2f. Additionally, a more
oxidized Ir with 3ML on TiN thin film (3ML-IrOx/TiN-H) was
synthesized using the PVD method and characterized using
XPS, and the electrochemical results showed that it had
lower OER activity than the 3ML-IrOx/TiN film and the Ir foil
(Figure S12).

The stability test of IrOx/TiN films (Figure S13) shows
severe degradation within 1 hour, likely due to the weak in-
teraction between Ir and TiN synthesized by the PVD
method. As discussed next, the interaction between IrOx and
TiN is significantly improved in powder IrOx/TiN catalysts.

2.3 Synthesis and characterization of IrOx/TiN nanopar-
ticles

The synthesis strategy of powder-based nanoparticle cat-
alysts aims to deposit Ir on TiN NPs, fostering a strong
metal-support interaction and, therefore, enhancing the
acidic OER performance. The synthesis of TiN NPs was

modified according to a reported method3? (Figure S14),
resulting in an average size of 20 nm. The IrOx nanoparticles
deposited on TiN, denoted as IrOx/TiN NPs, were achieved
via a one-pot ethanol reduction approach with 30 wt. % of
Ir loading. The transmission electron microscopy (TEM) im-
ages (Figure 4a, 4b) show the formation of IrOx nanoparti-
cles deposited on TiN NPs, and the IrOx nanoparticles with
the average size of 1.38 nm are uniformly dispersed on TiN
NPs. The lattice distance of 0.223 nm is observed in Figure
4c, which can be attributed to the (111) crystalline plane of
cubic Ir. The lattice distance of 0.243 nm corresponds to the
(111) plane of cubic TiN. High-angle annular dark-field
scanning TEM (HAADF-STEM) and X-ray energy dispersive
spectroscopy (X-EDS) mapping (Figure 4d) reveal the co-
existence of Ir, Ti, N, and O elements in IrOx/TiN NPs. More-
over, X-EDS is used to determine the average Ir wt. % in the
catalysts, and the results confirm that the final Ir loading
matches well with the precursor ratio of 30 wt. % (Table
$3). Powder X-ray diffraction (XRD) (Figure S15) is used to
confirm the crystal structure and the phase properties of
IrOx/TiN NPs. A broad diffraction peak at 26=41° is con-
sistent with the presence of small Ir particles in the
IrOx/TiN. The peak feature of IrOx/TiN NPs in XRD shows
the metallic Ir with cubic crystal structure, consistent with
the lattice distance measured in Figure 4c. Additionally,
other diffraction peaks at 6=37.1,43.1, 62.6, 75.1, and 79.0°
in the XRD pattern match well with the face-centered cubic
structure of TiN.

XPS and X-ray absorption near-edge structure (XANES)
were employed to analyze the chemical states of IrOx/TiN
NPs, Ir/C, and C-IrOa2. The Ir 4f XPS spectrum of IrOx/TiN



NPs (Figure 5a) shows two peaks at 60.4 and 61.1 eV,
which are attributed to Ir® and Ir*, respectively, indicating
that the IrOx/TiN catalyst contains a mixed oxidation state
of Ir. In addition, the peaks shift to higher binding energy
compared to that of the Ir foil, indicating that the Ir in
IrOx/TiN possesses a more positive oxidation state as well
as the possible electronic interaction between IrOx and the
TiN support. The Ti 2p XPS spectrum of IrOx/TiN (Figure
$16) can be deconvoluted into two peaks at 456 and 458.3
eV, which are attributed to TiN/TiON and TiOz, respectively,
suggesting that the TiN surface is partially oxidized, likely
due to the exposure of the catalyst to air during sample
preparation for characterization. The Ir oxidation state in
IrOx/TiN can be further identified by XANES from the white
line intensity in the XANES profile. As depicted in Figure 5b,
the Ir L3-edge XANES spectrum shows that the white line in-
tensity for IrOx/TiN falls between that of the C-IrOz and Ir/C
standards, indicating a mixed oxidation state of Ir. This ob-
servation is consistent with conclusions from the XPS re-
sults. Furthermore, Ti K-edge XANES spectra (Figure 5c)
indicate that the chemical state of Ti in IrOx/TiN NPs is be-
tween the Ti foil (Ti®) and TiO2 (Ti**) standards.

The Fourier transform spectrum of phase-uncorrected
extended X-ray absorption fine structure (EXAFS) of
IrOx/TiN NPs at Ir L3-edge (Figure 5d) shows a prominent

peak corresponding to the Ir-O shell. Another minor peak at
2.7 A can be attributed to the metallic Ir-Ir, suggesting that
IrOx/TiN NPs contain a mixed oxidation state. The coordina-
tion environment is then confirmed by wavelet transform
(WT) to compare the Ir L3-edge between different samples
(Figure 5e). The WT analysis of IrOx/TiN NPs shows a max-
imum intensity at R=1.6 A, k=4.9 A, close to the intense
peak in the C-IrOz profile. A relatively weak peak is also ob-
served at R=2.7 A, k=8.8 A, corresponding to the Ir-Ir bond
observed in the Ir/C profile. The observations from the
EXAFS results match well with the findings from the XANES
measurements.

The combined XPS, XANES, and EXAFS results suggest
that Irin IrOx/TiN is a mixed oxidation state containing both
metallic Ir and oxidized Ir. This is consistent with the DFT-
optimized structures, showing that the IrOx/TiN systems
consist of the mixed Ir%/Ir? states (Figure 1). In addition,
the coexistence of Ir-0O, Ir-Ir, and Ir-Ti bonds is also ob-
served by the theoretical models at the IrOx-TiN interface.

2.4 Electrochemical OER performance of IrOx/TiN nano-
particles in acidic electrolyte

The OER performance of IrOx/TiN NPs and benchmark C-
IrO2 was evaluated in Oz-saturated 0.1 M HCIO4 electrolyte
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on a rotating disk electrode (RDE) set-up. The current den-
sities of the catalysts were normalized to the geometric area
of the glassy carbon electrode (GCE). Linear sweep voltam-
metry (LSV) curves (Figure 6a) show that IrOx/TiN cata-
lysts with different Ir loadings of 40 and 60 pgir cm2 exhibit
higher OER activity than C-IrOz (60 ugi- cm-2). The overpo-
tentials of IrOx/TiN NPs with 40 and 60 pg of Ir correspond
to 306 and 293 mV at 10 mA cm?, respectively, much lower
than that of C-IrOz (337 mV). Under the same Ir loading,
IrOx/TiN NPs show a Tafel slope of 40.8 mV dec-!, indicating
this catalyst has faster kinetics than C-IrOz (52.1 mV dec)
(Figure 6b). To evaluate their intrinsic activity, the mass ac-
tivity was calculated based on the Ir mass loading at the
electrode. From Figure 6c and Figure S17, one can observe
that the mass activities at 1.54 Vare 270.8 A gir'! (40 pgir- cm-
2),267.5 A g (60 pgir cm2) for IrOx/TiN and 80.1 A g1 (60
pgir cm-2) for C-IrO2. Overall, the IrOx/TiN catalysts exhibit
mass activity approximately 3-fold higher than C-IrO2 (Fig-
ure S18).

The OER stability of the IrOx/TiN NPs and C-IrO, sup-
ported on carbon paper, was evaluated in 0.1 M HCIO4 by
the chronopotentiometry method at a constant current den-
sity of 10 mA cm2. In Figures 6d and S19, IrOx/TiN NPs
maintain a stable potential for 250 hours of continuous op-
eration, with only 29 mV overpotential increase (red dotted

curves) at a potential degradation of 0.12 mV /h. In contrast,
C-IrOz shows rapid degradation of its catalytic activity after
80 hours in the acidic electrolyte (Figure S20), likely due to
the instability of the carbon paper substrate. Additionally,
the dissolution of Ir from IrOx/TiN and C-IrOz in the electro-
lyte was evaluated by ICP-OES after a 10-hour OER stability
test. The results indicated that only trace amounts of Ir were
detected (Table S4). Specifically, the amount of dissolved Ir
for C-IrOz was 1.3 ug cm2, representing approximately 0.7%
of Ir loss. In comparison, the dissolved Ir in the electrolyte
for IrOx/TiN was 0.56 pug cm-?, resulting in only 0.3% of Ir
loss during the stability test. This low Ir dissolution rate fur-
ther demonstrated that the stability of IrOx/TiN was compa-
rable to or slightly better than C-IrO2. Moreover, the activity
of IrOx/TiN catalysts at a high current density of 50 mA cm-
2 remains relatively stable for 10 hours, although the stabil-
ity is impacted by the fact that the carbon paper substrate
suffers from thermodynamic instability and degrades under
harsh acidic, oxidizing OER conditions (Figure S21). Over-
all, the IrOx/TiN NPs show an excellent OER stability and en-
hanced activity when compared to Ir-based electrocatalysts
reported in the literature (Figure 6e and Table S5) 27.33-52,

Finally, the performance of IrOx/TiN NPs and C-IrO: as
anode catalysts under the same Ir loading (0.2 mg cm-2) was
evaluated in a PEMWE cell. In Figures 6f, the polarization
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Figure 6. Electrochemical OER performances of IrOx/TiN NPs and C-IrOz in 0.1 M HClOa. a) LSV curves; b) Tafel plots. ¢) Com-
parison of overpotential and mass activity of C-IrOz and IrOx/TiN NPs with various Ir loading at 1.54 V. d) Stability test of
IrOx/TiN NPs at a constant current density of 10 mA cm-2. e) Comparison of the stability of IrOx/TiN in acidic electrolyte with
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with Nafion NR-212 membrane.



curve reveals that the IrOx/TiN catalyst demonstrates im-
proved PEMWE activity compared to C-IrO2. Specifically,
PEMWE using IrOx/TiN requires cell voltages of only 1.59
and 1.69 V to achieve a current density of 0.5 and 1 A cm?,
respectively, much lower than those of C-IrO: (1.70 and
above 1.8 V, respectively). The catalyst stability was evalu-
ated at a constant current density of 100 mA cm2in 0.1 M
HClO4 at 60 °C (Figure S22). PEMWE with both C-IrOz and
IrOx/TiN anodes at a low Ir loading of 0.2 mg cm-2 exhibits a
similar stability, with a relatively small voltage increase of
44 mV over 40 hours. However, the PEMWE cell using the
IrOx/TiN anode can be operated at lower voltage (1.49 V),
indicating better activity compared to C-IrO: (1.58 V).

2.5 In situ characterization of IrOx/TiN nanoparticles
during OER

The chemical state of Ir and its interaction with the TiN
support were further probed by in situ XANES and EXAFS,
using a homemade in situ electrochemical cell (Figure 7a).
In situ XANES offers insight on the dynamic changes in the
oxidation state of the IrOx/TiN NPs during acidic OER at var-
ious applied potentials in the order of 0.4V, 1.32V, 1.54 V,
1.65 'V, and then back to 0.4 V. As shown in Figure 7b, the
XANES peaks gradually shift toward higher energy with an
increase in the applied potentials from 0.4 to 1.65 V, accom-
panied by an increase in the white line intensity, which may
be attributed to the gradual increase of the Ir oxidation state
as well as the formation of various oxygen-containing inter-
mediates (i.e., 0*, OH*, OOH*) adsorbing on the metal sur-
face during the OER process>3. The Ir L3-edge XANES pro-
files of Ir/C, C-IrOz, and IrOx/TiN at the increased applied
potentials from 0.4 V to 1.65 V, and then back to 0.4 V, are
shown in Figures 7c-g, and the comparison of their white
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Figure 7. The Fourier-transformed EXAFS spectra and corresponding fitting plots in R space at various applied potentials. a)
Schematic illustration of the in situ H-cell experimental set-up and the structure evolution of IrOx/TiN NPs before and during the
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line intensities are plotted in Figure 7h. One can observe
that the white line intensity of IrOx/TiN increases with in-
creasing applied potential and reaches its highest intensity
at 1.65 V. This intensity is very close to that of the pristine
C-IrO2, suggesting that the oxidation state of Ir in IrOx/TiN
is high and similar to IrOz under the acidic OER conditions.
A similar trend of the white line intensity change also ap-
pears in the reference compounds of C-IrOz and Ir/C XANES
spectra (Figure 7h and Figure S$23). According to in situ Ti
K-edge XANES profiles of IrOx/TiN NPs, no obvious shift of
the edge feature occurs (Figure S24), indicating that TiN
possesses excellent resistance to acid corrosion and oxida-
tion during the OER process.

EXAFS fitting results of IrOx/TiN NPs (Figure 7j, Figure
$25, S26 and Table S6) show the Ir-O bond length of 1.99
A with an average coordination number (CN) of 2.7+0.6. The
CN of IrOx/TiN is much smaller than that of Ir-O (4.9+0.8) in
the C-IrO2 standard (Figure S27, S28 and Table S7), likely
due to the unsaturated oxygen on the IrOx/TiN surface and
the ultrasmall size of IrOx. A peakin the IrOx/TiN EXAFS pro-
file with a bond length of 2.95 A was observed at the poten-
tial of 1.32 V and above. Different from the Ir-Ir bond length
of 2.70 A, this peak with longer bond length can be at-
tributed to the formation of the Ir-Ti bond at the interface.
The EXAFS fitting reveals the Ir-Ti CN values to be 0.52+0.5,
0.79%0.5, and 0.82+0.5 at potentials of 1.32 V, 1.54 V, and
1.65 V, respectively. Even after reducing the potential back
to 0.4 V, the Ir-Ti bond still exists, suggesting that the Ir-Ti
bond remains stable after its formation at oxidizing poten-
tials. The Ir-Ti bond can also be elucidated through XANES
results. In the IrOx/TiN XANES results (Figure 7i), there is
a noticeable disparity in the white line intensity (AXANES)
between 1.32 V and 1.54 V, with a difference of 0.295, but
this difference sharply decreased to 0.091 upon increasing
the potential from 1.54 V to 1.65 V. In contrast, in the C-IrO:
XANES profile, the white line intensity difference between
1.32 V and 1.54 V is 0.172 and slightly increases to 0.187
when the potential increases from 1.54 V to 1.65 V. This ob-
servation suggests that IrOx/TiN NPs under high oxidation
potentials exhibit strong orbital hybridization at the inter-
face, leading to enhanced alloying between Ir and Ti,
thereby suppressing the increased white line intensity.
Overall, the in situ XAS analyses reveal a strong metal-sup-
port interaction between the IrOx NPs and the TiN support
during the OER, consistent with the DFT results. The over-
layer models in DFT calculations and thin films/NPs in ex-
perimental studies share the same active sites, the high-co-
ordinated IrOx terrace sites. Upon going from 1ML-IrOx/TiN
to 3ML-IrOx/TiN, more electron transfer from TiN via Ir-Ti
bond is observed to moderate *OH binding on the sup-
ported IrOx overlayer and promote the OER activity, while
Ir at the interface is less oxidized to strengthen Ir-Ti inter-
action and ensure stability of IrOx overlayer in the acidic
OER environment (Figures $29 and S30).

3. CONCLUSIONS

In summary, we have demonstrated a framework for de-
signing active and stable catalysts for acidic OER based on
DFT predictions and experimental verification using thin

films and nanoparticles. DFT calculations predict that
IrOx/TiN should possess a better OER activity compared to
IrOx catalysts alone, which is attributed to the interaction
with TiN. Using the adsorption energy of *OH as the de-
scriptor, the OER activity is improved by increasing the
number of Ir layers over TiN, which is verified by experi-
mentally-synthesized IrOx/TiN thin films. Encouraged by
the promising thin film results, the commercially viable
powder catalysts of IrOx/TiN NPs were synthesized, yield-
ing a low overpotential of 293 mV, high mass activity of
270.8 A gt at 1.54 V, and excellent stability after 250 h op-
eration at 10 mA cm2 When the IrOx/TiN catalyst was used
in a PEMWE cell with a low Ir loading of 0.2 mg cm??, it re-
quired a lower voltage (1.69 V) compared to C-IrOz (>1.8 V)
to achieve a current density of 1 A cm-2. In situ XAS results
further revealed that this enhanced OER performance could
be attributed to the interaction between IrOx and TiN under
the acidic OER conditions. This study highlights a frame-
work to enable effective catalyst discovery, going from the-
ory-guided DFT prediction, experimental verification over
well-characterized thin films, to the development of high-
performance powder electrocatalysts.

4. Theoretical and Experimental Methods

4.1 Computational methods

All density functional theory calculations were per-
formed using the Vienna Ab initio Simulation Package5 55
(VASP), interfaced with the Atomic Simulation Environ-
ment56. The ion-electron interactions were described by the
projector-augmented wave pseudopotentials. The revised
Perdew-Burke-Ernzerhof generalized gradient approxima-
tion57 was selected to describe the exchange and correlation
interactions. The cutoff energy was 500 eV for plane-wave
basis sets with Fermi-level smearing of 0.05 eV for slabs and
0.01 eV for gas species. In this work, six model systems were
computed, including 1ML-IrOy/TiN overlayer, 2ML-
IrOx/TiN overlayer, 3ML-IrOx/TiN overlayer, IrOx/TiN in-
terface, 1ML-IrOx, and 2ML-IrOx. For the TiN support, TiN
was represented by 2 layers of a 3 x 3 supercell with a lat-
tice parameter of a = b = ¢ = 4.248 A. For the 1ML-IrO«/TiN
overlayer, one monolayer of *O was adsorbed at the hollow
site of Ir(111) to mimic the partial oxidation state. For the
2ML-IrOx«/TiN overlayer, one monolayer of surface *O and
one mono-sublayer *O were used. The sublayer *O was
placed at the tetrahedral sites, which denoted the type of
site with three Ir atoms above the *O and one Ir atom below.
58 For the 3ML-IrOx/TiN overlayer, the same *O setup was
used compared to the 2ML-IrOx/TiN overlayer. The only dif-
ference between 2ML-IrOx/TiN and 3ML-IrOx/TiN was that
3ML-IrOx/TiN had two metallic Ir layers underneath the ox-
idized IrOx layer. For the IrOx/TiN interface, a cluster of 16
Ir atoms and 25 O atoms was constructed over the TiN. The
cluster was constructed to ensure all exposed Ir atoms were
fully oxidized. For 1ML-IrOx and 2ML-IrOx, both were con-
structed by four layers of Ir(111) of a 4 x 4 supercell with a
lattice parameter of a = b = ¢ = 3.85 A. The corresponding *O
layers had the same configuration as TiN-supported mod-
els. Ir02(110), denoted as IrO2, was also included as a refer-
ence (Figure S1). The adsorbates and top two layers,



including IrOx, were fully relaxed until the energy and inter-
atomic forces were minimized down to 1 x 10-5 eV and 0.03
eV/A, respectively. The bottom two layers were fixed in
their bulk positions. The slab was separated with 20 A of
vacuum space to avoid interactions in the periodic calcula-
tions in the z-direction. All DFT energies were corrected by
the zero-point energy and entropic contributions, and de-
tails can be found in SI and Table S1. Note that the current
theoretical model did not include the effects that could be
introduced by solvation and surface charge, as reported
previously. 5% 60 However, previous studies without consid-
ering these effects demonstrated agreement between DFT-
predicted the trend in OER activity of metal oxides and that
observed experimentally. 6162 Here, the solvation effect was
described by depositing one bilayer of explicit water mole-
cules in an ice-like matrix on the (111)-like IrOx/TiN over-
layer, which was allowed to fully relax (Figure $9). The hex-
agonal water matrix was optimized, resulting in half of the
water molecules pointed down to form hydrogen bonds
with the chemisorbed *O on the surface, while the ice-like
bilayer structure remained in general. According to a previ-
ous computational study, the catalytic behavior predicted
using this type of model was in good agreement with the ex-
perimental measurements for the oxygen reduction reac-
tion over Pt(111).%3 The results showed that the absolute
values of OER overpotentials vary due to the solvation ef-
fect, but the predicted trend in OER overpotential, 1ML-
IrOx/TiN > 2ML-IrOx/TiN > 3ML-IrOx/TiN, remains the
same, in good agreement with the experimental results
(Figures 3c and $10).

4.2 Synthesis Electrocatalysts
4.2.1 Chemicals

Hydrogen  hexachloroiridate (Iv) hexahydrate
(HzIrCls-6H20) was purchased from Fisher Scientific. Com-
mercial iridium oxide (C-IrOz, 99%), perchloric acid
(HC104), and hydrochloric acid (HCI) were purchased from
Thermo Fisher Scientific. Sodium hydroxide (NaOH), tita-
nium chloride (TiCls, 99.9%), titanium foil (Ti foil, 99.7%),
Nafion perfluorinated resin solution (10 wt%), anhydrous
chloroform, acetone, anhydrous ethanol, and isopropanol
were purchased from Sigma Aldrich. The AvCarb carbon pa-
per was purchased from FuelCellStore. Ar (99.999%), O:
(99.99), and NHs (99.995%) gases were purchased from
Praxair Inc. All the chemicals and commercial catalysts
were used as received without further treatment/purifica-
tion.

4.2.2 Preparation of IrOx/TiN films

TiN thin films were prepared by using 0.127 mm thick Ti
foils. The foils were washed by ultrasonication in ethanol
for 10 minutes for surface cleaning and then air-dried. Sub-
sequently, the cleaned Ti foils were placed into a horizontal
tube furnace for nitridation. After purging with Ar for 15
minutes at 200 standard cubic centimeters per minute
(sccm), the gas was switched to NHs with a flow rate of 150
sccm. The temperature ramped from 25 °C to 750 °C in 2
hours and held at 750 °C for 10 hours. After that, TiN was
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cooled under NHs until it reached room temperature. The
TiN thin films were collected for further use.

The Ir deposition was performed in an ultra-high vacuum
XPS (UHV-XPS) instrument with a base pressure of 1 x 10-°
Torr. The introduction of Ir to as-prepared TiN films was ac-
complished through physical vapor deposition using a com-
mercially available (Focus EFM 3T) e-Beam evaporator.
Typically, an iridium rod (Thermo Fisher Scientific Chemi-
cals, 1.0mm dia, 99.8%) was placed in one of the three pock-
ets of the EFM 3T evaporator. Ir evaporation occurred by
heating the rod near its melting point, maintaining a con-
stant flux rate of approximately 6 nA (HV = 950 V, lemis. =
17.1 mA, Ifil. = 2.35 A) for 1 to 3 hours based on coverage.
The Ir overlayer on the TiN film was then annealed at 600 K
for 20 minutes in the presence of 5.0 x 107 Torr Oz to fur-
ther oxidize Ir. Finally, XPS results were utilized for the cal-
culation of Ir coverage.

4.2.3 Preparation of IrOx/TiN NPs

The TiCls was dissolved in anhydrous chloroform inside
a glove box. 32 The mixture was stirred for an hour and then
connected to a Schlenk line with the anhydrous NH3 gas
purging. The dissolved TiCls reacted with NHs gas with a
flow rate of 100 sccm for 10 hours. Subsequently, the mix-
ture was heated to 100 °C to evaporate all the solvent. The
as-prepared powders were collected and transferred into a
quartz boat, which was then placed into a tube furnace to
heat at a rate of 5 °C/min and held at 750 °C for 10 hours
under an NHs gas flow. After cooling to room temperature,
the TiN NPs were collected and treated with 10 % hydro-
chloric acid for surface cleaning. The acid-treated TiN NPs
were collected by centrifugation, washed twice with DI wa-
ter, and dried in a vacuum oven at 60 °C overnight.

HzIrCle:6H20 was dissolved in anhydrous ethanol and
then heated in an oil bath for an hour, changing the solution
color from dark brown to light yellow. 6465 A certain amount
of the ethanolic H2IrCls-6H20 solution was mixed with acid-
treated TiN NPs. The mixture was sonicated for 5 minutes,
stirred for 10 minutes, and then 0.5 M NaOH solution was
added. The solution was refluxed at 80 °C for 2 hours with
vigorous stirring under the Ar flow. After cooling to room
temperature, the IrOx/TiN NPs were filtered and washed
with deionized water using vacuum filtration. The obtained
powder was vacuum-dried at 40 °C overnight.

4.3 Material Characterization

X-ray powder diffraction (XRD) was collected by a Rigaku
Miniflex I with Cu Ka radiation with a sweep rate of 5° min-
1 from 10° to 80°. The size and morphology of catalysts were
characterized by transmission electron microscopy (TEM)
(JEM-1400). High-angle annular dark-field scanning TEM
(STEM-HAADF) and X-ray energy dispersive spectroscopy
(X-EDS) were conducted on FEI Talos 200x TEM at an accel-
erating voltage of 200 kV at Brookhaven National Labora-
tory. X-ray photoelectron spectroscopy (XPS) measure-
ments on both the powder and film samples were con-
ducted at the Chemistry Department of Brookhaven Na-
tional Laboratory. For the powder sample, the analysis em-
ployed a commercial SPECS AP-XPS chamber featuring a



PHOIBOS 150 EP MCD-9 analyzer and an X-ray source with
an Al Ka anode, focusing on recording the Ti 2p, Ir 4d, Ir 4f,
0 1s,N 1s and C 1s regions. For the film sample, XPS analysis
utilized a VG Scienta SES 100 analyzer and an X-ray source
featuring an Al Ka anode. The focus was on recording the Ti
2p, Ir 4d, Ir 4f, 0 1s, N 1s, and C 1s regions.

The X-ray absorption spectroscopy (XAS) for Ir L3z-edge
and Ti K-edge were collected at beamline 7-BM (QAS) of the
National Synchrotron Light Sources II (NSLS-II) at
Brookhaven National Laboratory. The Ir L3-edge and Ti K-
edge spectra were obtained in a fluorescence mode using a
passivated implanted planar silicon (PIPS) detector. Typi-
cally, the IrOx/TiN ink was coated on carbon black (1x1 cm?)
with an Ir mass loading of 0.5 mg cm? as the working elec-
trode and put into the home-made acryl in situ H-type cell.
66 The data were recorded under different applied poten-
tials of 0.4, 1.32, 1.54, 1.65, and 0.4 V vs. RHE. The duration
for a single spectrum was around 1 minute, and fifteen spec-
tra were merged to improve the signal-to-noise ratio. Ir and
Ti foils, as the standard references, were employed to cali-
brate energy shifts and obtain the passive electron reduc-
tion factor (S02) used for the extended X-ray absorption fine
structure (EXAFS) fitting. All the data processing was con-
ducted using the IFEFFIT package.

4.4 Electrochemical Measurements

All electrochemical OER measurements were carried out
in a conventional three-electrode cell at room temperature
with a CHI electrochemical workstation. The IrOx/TiN (3.92
mg) was dispersed in 992.2 pL solution of 3:1 v/v of water:
isopropanol with 7.8 pL of Nafion (perfluorinated resin, 10
wt. % in H20), and the ink was obtained by ultrasonication
for 1 hour to form a homogeneous solution. 10 pL of ink
were dropped on glassy carbon electrode (GCE) of 5 mm in
diameter and naturally dried in ambient air, achieving the
Ir mass loading of 60 pgi- cm2. To avoid passivation of GCE,
carbon fiber paper loaded with IrOx/TiN catalyst was used
as a working electrode for the long-term stability test, and
the catalyst loading was 200 pgir cm-2. A platinum foil was
used as a counter electrode, while an Ag/AgCl in 3.5 M KCI
was used as a reference electrode. The Ag/AgCl electrode
was calibrated with a hydrogen electrode (EDAQ, Hydro-
Flex) before electrochemical measurements. Linear sweep
voltammetry (LSV) curves were conducted in an Oz-satu-
rated 0.1 M HClO4 solution at 10 mV s with a rotation rate
of 1600 rpm. Tafel slope tests were conducted with scan
rate of 1 mV s'1. The stability tests were performed at 10 mA
cm? and 50 mA cm?, respectively. Inductively coupled
plasma optical emission spectroscopy (ICP-OES) was used
to determine the dissolution of Ir after the stability test. All
the potential was controlled by iR-compensation (95%) and
converted to the reversible hydrogen electrode (RHE).

4.5 PEMWE operation

Commercial Pt/C (46.9%) (TKK) were utilized as the
cathode catalyst. Commercial IrO2 (Thermo Fisher Scien-
tific) and IrOx/TiN NPs were tested as the catalysts for the
anode. The preparation of the cathode ink involved using 32
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mg of the catalyst, to which 320 pL of water was added, fol-
lowed by 15 mL of isopropyl alcohol (IPA). Nafion D521 ion-
omer solutions (5 wt. % in H20/IPA blend, lon Power) were
then mixed into the cathode ink and homogenized through
sonication for 30 minutes. Spectracarb 2050A-1535 (381
um, CP, Spectracarb) was utilized as the porous transport
layer (PTL) for both the anode and cathode. The Pt/C cata-
lyst ink was applied to acid-prepared Nafion NR-212 (50.8
um, lon Power) membranes by spray coating, achieving a
catalyst loading of 1 mgp: cm? The same preparation
method was applied to the Ir-based anode catalyst ink, with
a catalyst loading of 0.2 mgir cm? on PTL. Graphite single
serpentine flow fields were used for both the cathode and
anode. To prevent electrolyte leakage and minimize electri-
cal resistance between the membrane electrode assembly
(MEA), a gasket (230 um) was installed between the mem-
brane and the flow field. All components were assembled in
a 5 cm? electrolyzer (Scribner), and the assembly was se-
cured using a torque wrench setto 10 N-m. 0.1 M HClO4 elec-
trolyte (60°C) was circulated through the anode using a per-
istaltic pump (Cole-Palmer) and PTFE tubing, while de-
gassed hydrogen and oxygen were vented. A potentiostat
equipped with a booster (VSP with a VMP3B-20 20 A
booster, Biologic) was employed to conduct current-voltage
(I-V) measurements and chronopotentiometry to assess the
performance of the MEA.
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