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Abstract : Efficient and durable electrocatalysts for the oxygen evolution reaction (OER) are essen-
tial for advancing green hydrogen production via water electrolysis. Iridium is favored for its high
catalytic activity and stability in acidic environments, particularly in proton exchange membrane
(PEM) electrolyzers, but its high cost and scarcity limit large-scale application. This study explores
the use of gold nanoparticle supports to enhance the utilization of Ir, aiming to reduce Ir loading
while maintaining catalytic performance. Ir/Au nanocluster (I/Au-NC) was synthesized with vary-
ing Ir loadings, and their structural, electrochemical, and catalytic properties were evaluated. An
optimal Ir loading of 0.6 wt% was identified, achieving a balance between high mass activity and
low overpotential. The I/Au-NC catalyst exhibited a significantly larger electrochemically active
surface area (ECSA) of 116 m* g™ than commercial Ir Black (23 m? g™"), resulting in a lower over-
potential of 347 mV compared to 395 mV for Ir Black. Furthermore, the optimized catalyst main-
tained 85% of its initial activity after 100 cycles, demonstrating excellent stability.
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1. Introduction

The global energy system is currently undergo-
ing a critical transition, driven by the need to
reduce greenhouse gas emissions and mitigate cli-
mate change. Approximately 82% of the world’s
energy supply still relies on fossil fuel burning, a
major contributor to global warming. To achieve
carbon neutrality, shifting towards a sustainable
energy economy supported by renewable energy
sources (RES) such as solar, wind, and nuclear is
essential. However, the intermittent nature of RES
demands efficient and scalable energy storage sys-
tems.” Hydrogen produced via water electrolysis,
offers a viable solution due to its high gravimetric
energy density and its ability to store excess electri-
cal energy in the form of storable gas.?

Water electrolysis is a process that splits water
molecules into hydrogen (H,) and oxygen (O,), a
clean method for hydrogen production, particularly
when powered by renewable electricity.” Among
the various electrolysis technologies, Proton
exchange membrane water electrolyzers (PEMWEs)
are particularly attractive because of their high effi-
ciency, compact design, and ability to produce high-
purity hydrogen.”” However, PEMWEs depend on
platinum-group metals (PGMs) such as Ir and Ru
as electrocatalysts to maintain performance under
acidic conditions.” Iridium, despite its exceptional
activity and stability for oxygen evolution reactions
(OER), presents difficulties in large-scale applica-
tions due to its high cost and limited availability.*”

To address this, research has been focused toward
developing nanostructured electrocatalysts which
optimizes Ir utilization while maintaining or even
enhancing catalytic performance.® Recent advances
have demonstrated that nanostructures, such as Ir-
based core-shell morphologies or alloyed nanoparti-
cles, significantly enhance the electrochemically
active surface area (ECSA) and intrinsic catalytic
activity by inducing lattice strain, electronic struc-
ture modulation, and facilitating synergistic interac-
tions between materials.”

Gold (Au) nanoparticles have emerged as a
promising support material for Ir-based OER elec-
trocatalysts. The incorporation of Au as a substrate
in bimetallic nanostructures can enhance the disper-

sion of Ir and optimize its catalytic properties due
to the unique electronic and geometric characteris-
tics of Au.'” Furthermore, Au is resistant to oxida-
tion and is capable of forming nanostructures with
Ir which can improve the stability and perfor-
mance of the catalyst under operational condi-
tions.!) Recent studies have shown that using Au
as a support can lead to reduced Ir loading while
maintaining high catalytic activity, offering a cost-
effective approach to developing efficient electrocat-
alysts for PEMWEs.!?

Optimizing the use of Ir on Au supports could
significantly reduce the reliance on scarce and
expensive materials in green hydrogen production.
This strategy maximizes Ir efficiency, thereby lower-
ing costs and enhancing the scalability of PEM elec-
trolyzers, contributing to the broader development of
sustainable energy solutions.!® Despite recent prog-
ress, further research is necessary to refine synthesis
techniques and understand the underlying mecha-
nisms that enhance catalytic activity and stability.

This study aims to optimize the synthesis param-
eters of Ir/Au nanocluster (Ir/Au-NC) to minimize
Ir loading while maximizing catalytic activity. Vari-
ous Ir precursor loadings were investigated to deter-
mine their effects on the electrochemical properties
and overall performance of the Ir/Au-NC electrocat-
alysts in OER. The findings demonstrate that an
optimized Ir loading of 0.6 wt% achieves high mass
activity and low overpotential, indicating that Au-
supported Ir nanoclusters could provide a viable
pathway for more sustainable and scalable hydrogen
production technologies. Furthermore, the study
compares the performance of the optimized catalysts
with that of commercially available Ir-based cata-
lysts, such as Ir Black, to evaluate their relative
efficacy and stability.

2. Experimental

2.1 Materials

Gold nanopowder (Au, 99.99%, 50-100 nm) was
obtained from US Research Nanomaterials Inc.
(Texas, USA). Ir precursor: Iridium (IV) chloride
hydrate (IrCly:xH,O, technical grade), Sodium tetra-
hydridoborate (NaBH,4, purity >98%), and Nafion
117 solution (~5 wt%) were purchased from Sigma-
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Aldrich. Isopropyl alcohol (C;HgO, extra pure), eth-
anol (C,HsOH, purity =94.5%), perchloric acid
(HCIOy4, purity 260%), and mercury nitrate
(Hg(NOs),'H,0O, purity =99.9%) were supplied by
Daejung Chemicals and Metals Co. (Siheung-si,
South Korea).

2.2 Synthesis of Ir/Au-NC

Firstly, the Ir precursor (IrCl-xH,O) was dispersed
in 50 mL of deionized water using horn sonication
for 5 min. The resulting suspension was trans-
ferred to a two-necked round-bottom flask, heated
to 70 °C, and stirred at 500 rpm using an overhead
Teflon paddle. Au nanoparticles were similarly dis-
persed in deionized water and added to the flask.
Next, NaBH, was dispersed in 15 mL of isopropyl
alcohol and sonicated for 1 min, then added drop-
wise to the flask at a rate of 3.33 mL min!. After
the complete addition of the reductant, the reaction
was maintained for 2 hr under continuous stirring
at 70 °C. Upon completion, the flask was placed in
an ice bath for 10 min. The cooled mixture was
transferred into 50 mL centrifuge tubes for washing,
and centrifuged at 10,000 rpm for 10 min, and the
supernatant was removed, leaving the pellet behind.
This washing step was repeated twice with deion-
ized water to ensure the removal of any unreacted
chemicals. Lastly, the remaining pellet was dis-
persed in deionized water and dried in a vacuum
oven at 90 °C overnight. The synthesized Ir/Au-NC
powder was then grounded afore characterization.

2.3 Material Characterization

The morphological characteristics of the samples
were examined using Cs-corrected Scanning Trans-
mission Electron Microscope (Cs-STEM) with a
dual detector EDS, and Field Emission Scanning
Electron Microscope (FE-SEM; MAIA 1II) equipped
with an Energy Dispersive X-ray Spectroscopy
(EDS) device. For these analyses, the Ir/Au-NC
powder was dispersed in deionized water at a con-
centration of 2 mg-mL™!. The suspension was depos-
ited onto a silica substrate for SEM imaging, while
a Cu grid was dipped into the solution for Cs-
STEM analysis. X-ray diffraction (XRD) patterns
were obtained using a Rigaku Diffractometer
(SmartLab) with a Cu Ka radiation source (A =

1.54 A). The operating conditions included an accel-
erating electron voltage of 40 kV and an anode
current of 40 mA. The intensity of scattered X-rays
was measured with a step size of 2 min™' over a
20 range of 10-90°. To determine the chemical
states present on the surface, an X-ray Photoelec-
tron Spectrometer (XPS, PHI 5000 VersaProbe III)
was employed. The parameters for XPS analysis
included an Al Ka X-ray source at 150 W, a vac-
uum pressure below 5x10™° mbar, an energy range
of 40-1500 eV with a resolution of 70eV, and a
pass energy of 50eV. The elemental percentages of
Ir and Au in the synthesized samples were quantified
using a Wavelength Dispersive X-ray Fluorescence
Spectrometer (WD-XRF; ZSX Primus, Rigaku).

2.4 Electrochemical Characterization

2.4.1 Catalyst ink and working electrode preparation

A catalyst ink with a concentration of 0.2 mgmL™
was prepared by dispersing 1 mg of the Ir/Au-NC
in a mixture containing 3.80 mL of deionized water,
1.20 mL of isopropyl alcohol, and 20 uL. of Nafion
117 solution. The mixture was sonicated for 10 min
to ensure proper dispersion of the catalyst. A 3 mm
diameter Au working electrode was polished using
a 0.3 um AlO; polishing suspension until a mirror-
like surface was achieved. Subsequently, 10 pL of
the prepared catalyst ink was deposited onto the
electrode and dried at 70 °C for 2.5 min.

2.4.2 Linear sweep voltammetry

Linear sweep voltammetry (LSV) was conducted
using a three-electrode setup connected to an SP-
150 Potentiostat (BioLogic, France). The working
electrode was a 3 mm Au rotating disk electrode
(RDE), the reference electrode was a saturated calo-
mel electrode (SCE), and the counter electrode was
a platinum mesh. A 0.1 M HCIO, solution served
as the electrolyte. Initially, 10 no-current cycles
were performed using the Current Interrupt (CI)
technique at a compensation level of 80%, ranging
from -2.5 to 2.5 V. The catalysts were conditioned
with 19 LSV cycles from 1.30 V to 1.70 V versus
the Reversible Hydrogen Electrode (RHE) at a scan
rate of 50 mV s™!, after which the 20th cycle was
recorded at a scan rate of 20 mV s\,
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2.4.3 Mercury underpotential deposition

The electrochemically active surface area (ECSA)
was measured using the mercury underpotential depo-
sition (Hg UPD) technique.'*'> This process utilized
the same three-electrode configuration but with a
1.0 M HCIO; solution containing 1 mM Hg(NOs), as
the electrolyte. The measurement involved applying
the Current Interrupt (CI) protocol, followed by a
series of cyclic voltammetry (CV) scans over a
potential range of 0.5 to 0.9 V versus the Revers-
ible Hydrogen Electrode (RHE) at scan rates rang-
ing from 60 to SmV s

3. Results and Discussion

In Fig. 1(a,b), the characterization of pristine gold
nanoparticles (AuNPs) and the iridium-impregnated
gold nanoclusters (Ir/Au-NC) through TEM analy-
sis showed that both AuNP and Ir/Au-NC are
aggregates of smaller nanoparticles (2-3 nm), which
can potentially contain a high density of active
sites.!® In Fig. 1(c), the HAADF-EDS reveals a

uniform distribution of Ir on the Au-NC, suggesting
the Ir has been successfully impregnated onto the
Au support.

XRD patterns of the synthesized Ir/Au-NC in
Fig. 2 reveal important structural information
regarding the interaction between Ir and Au lattices.
Notably, no distinct peaks corresponding to Ir were
observed in any of the XRD patterns. Absence of
Ir peaks is attributed to the relatively low loading
and less ordered structure of Ir, making it undetect-
able by XRD,'” suggesting that the Ir is highly
dispersed and present partially in an amorphous
state rather well-ordered crystalline domain.

Furthermore, upon impregnation with Ir, all prin-
cipal Au peaks in the XRD pattern series shifted
into higher 20 values relative to pristine AuNP,
indicating lattice compression of the Au crystals.
The magnified view of the principal Au (111) peak
in Fig. 2 further highlights the positive shifting of
the Au (111) peak in the Ir/Au-NC (A = 0.02°),
and confirms strain induced by the Ir loading.'® Ir
has a smaller d-spacing compared to Au; there-

Fig. 1. (a) TEM image of gold nanoparticles (AuNP). (b) Magnified TEM image of synthesized Ir/Au-NC. (c) High-Angle
Annular Dark-Field (HAADF) image and Energy Dispersive Spectroscopy (EDS) elemental mapping of Au (yellow) and

Ir (red), showing the random distribution of Au and Ir.



A788KE)A), A 274, Al 435, 2024 173

I Posaibie imeraction T PRV B =TT Ay
-@@- | AuNP ——AuNP
L _’i ” ﬁ‘- ! I
-89 — ¢-6-¢ d-spacing = 0.23nm (200) (220) (311)

A ) N (222)

Intensity (a.u.)

d-spacing =0.24nm

T T T T T

30 40 50 60 70 80 90
20()

Fig. 2. XRD spectra of pristine AuNP and synthesized Ir/Au (right). Magnified view of the principal peak [Au (111)] from
the highlighted area, with an inset showing possible interaction, lattice constant values of Ir/Au and Au (left).
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Fig. 3. (a) XPS spectra of the Au 4f region for Ir/Au-NC (top) and Au-NP (bottom), showing measured data, fit envelope,
and Au® component. (b) XPS spectra of the Ir 4f region for Ir/Au-NC (top) and Ir Black (bottom), displaying measured
data, fit envelope, Ir®, Ir** components, and Au 5p.

fore, when Ir is deposited onto the surface of Au XPS analysis was carried out to examine the
nanoparticles, it exerts a compressive force on the compositional and chemical states of the Ir/Au-NC.
Au lattice, resulting in a reduction of the Au d- The Au 4f spectrum in Fig. 3 shows two promi-
spacing. Overall, the findings demonstrate that the nent peaks at 84.0 eV and 87.7 eV, corresponding
impregnation of Ir into Au leads to significant lat-  to Au® within the Ir/Au-NC structure. These bind-
tice strain, creating a junction between Au crystal  ing energies are slightly higher than those of the
structure and Ir presence.'”" pure Au reference, which appear at 83.6 eV and
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Fig. 4. (a) LSV curves of Ir/Au-NC (0.6 wt% Ir) and Ir Black in 0.1 M HCI1O,. (b) Mass activity as a function of Ir content
(wt% Ir) in Ir/Au-NC, with the final product ratio of Ir content determined using XRF. The reference line represents the
performance of commercial Ir Black. (c) Hg UPD CV curves representing the ECSA of Ir/Au-NC and Ir Black. (d) Bar
chart comparing the ECSA of Ir/Au-NC (0.6 wt% Ir) and Ir Black. (e) Tafel plots for Ir/Au-NC (0.6 wt% Ir) and Ir
Black, highlighting differences in OER kinetics. (f) Stability test of Ir/Au-NC (0.6 wt% Ir) over 100 cycles in 0.1 M

HCIO,.

87.3 eV, respectively. The observed positive shift for
Au® in the Ir/Au-NC structure indicates a reduc-
tion in electron density around the Au core, likely
caused by electronic redistribution between the Au
core and the Ir shell.

Meanwhile, Ir 4f spectrum for Ir/Au-NC reveals
peaks at 60.8 eV and 61.6eV for Ir°, and at
63.9eV and 64.7¢eV for Ir*". Note that both Ir°
(0.3 eV) and Ir*" (-0.4eV) are negative shifted
compared to those for Ir Black, which suggests an
electronic donation from the Au core to the Ir
adlayer. Furthermore, the existence of Ir*" peaks
suggest that the Ir shell is partially oxidized, form-
ing an IrO, layer, which is regarded as providing
active sites for OER.

Optimizing Ir loading in the Ir/Au-NC catalyst
reveals a clear relationship between mass activity
and Ir surface coverage. As shown in Fig. 4(a), the
It/Au-NC catalyst with an Ir content of 0.6 wt%,
measured from the final product ratio, achieves a sig-
nificantly lower overpotential of 347 mV compared to
395 mV for commercial Ir Black in 0.1 M HCIO,,

indicating enhanced OER efficiency. This improved
performance is attributed to the impregnation of Ir
onto the Au support, which increases the accessibil-
ity of active sites and enhances catalytic proper-
ties.?)

Examining mass activity as a function of Ir con-
tent in Fig. 4(b) reveals that the optimal performance
is achieved at an Ir loading of 0.6 wt%, with the
highest recorded mass activity of 122 Amg™'. This
peak mass activity possibly results from an ideal
dispersion and interaction of Ir particles on the Au
support, which enhances the accessibility and avail-
ability of active sites for OER. At this optimal
loading, the structure of Ir/Au-NC appears to facili-
tate efficient electron transfer and catalytic reac-
tions, maximizing activity. Increasing the Ir content
beyond 0.6 wt% leads to a decline in mass activity,
possibly due to agglomeration effects that reduce
the efficiency of catalytic interactions. Therefore,
the 0.6 wt% Ir loading provides the most favorable
balance, achieving maximum catalytic performance.

Hg UPD CV curves in Fig. 4(c) represent ECSA,
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with Ir/Au-NC displaying a larger peak area com-
pared to Ir Black, suggesting a greater number of
accessible active sites. This enhanced ECSA is
quantified in Fig. 4(d), showing that Ir/Au-NC
achieves an ECSA of 116 m?g™!, significantly
higher than the 23 m? g™ observed for Ir Black.
This large ECSA value for Ir/Au-NC highlights its
superior structure, allowing for greater active site
exposure and contributing to its higher mass activ-
ity in OER applications. In contrast, the lower
ECSA of Ir Black reflects limited active site acces-
sibility, resulting in reduced catalytic performance.
Tafel plots in Fig. 4(e) reveals Tafel slopes of
134 mV dec! for Ir/Au-NC and 226 mV dec™' for Ir
Black. The lower Tafel slope of Ir/Au-NC indicates
more favorable kinetics for the OER compared to
commercial Ir Black. This suggests that the unique
impregnation of Ir on the Au support in Ir/Au-NC
facilitates a more efficient charge transfer process,
enhancing the catalytic performance during OER.
Stability experiments were conducted to evaluate
the long-term performance of the catalysts. Fig. 4(f)
displays the stability test of the Ir/Au-NC catalyst
in 0.1 M HCIO, electrolyte, where it exhibited a
~15% loss in activity after 100 CV cycles. This
decline suggests some degradation over time, likely
due to partial dissolution or structural changes in
the catalyst, which can impact the accessibility of
active sites. Nonetheless, the relatively modest
decrease in activity indicates that Ir/Au-NC retains
a significant portion of its performance over
repeated cycling, making it a promising candidate
for practical applications in PEM water electrolysis.

4. Conclusions

This study successfully optimized the synthesis
parameters for Ir/Au-NC catalysts by adjusting Ir
precursor loading to enhance OER performance
while minimizing the use of precious Ir. The results
indicate that an Ir loading of 0.6 wt% provides an
optimal balance, achieving the highest mass activ-
ity of 122 Amg™', a low overpotential of 347 mV,
a substantial ECSA of 116 m*>g™!, and a favorable
Tafel slope of 134 mV dec”'. The high ECSA
reflects an abundance of accessible active sites due
to the well-dispersed Ir structure on the Au sup-

port, while the lower Tafel slope indicates improved
OER kinetics, suggesting efficient charge transfer
during the reaction. The optimized Ir/Au-NC cata-
lyst outperformed commercial Ir Black and demon-
strated excellent stability, retaining approximately
85% of its initial activity after 100 cycles. These
findings underscore the potential of Ir/Au-NC cata-
lysts as a cost-effective and efficient alternative for
sustainable hydrogen production in PEM electrolyzers.
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