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Abstract : Ag@Ir core—shell nanostructured catalysts were synthesized through a chemical
reduction method to investigate the role of noble—noble interfacial coupling in the oxygen evo-
lution reaction (OER) under acidic conditions. Composition optimization by XRF identified
Ag@Ir(1:1) as the most active configuration, achieving a mass activity of 6.39 Amg™' and an
overpotential of 250 mV at 10 mA cm™ (85% iR compensation). XPS revealed weak interfacial
electronic coupling between Ag and Ir, resulting in moderate charge redistribution from Ir to
Ag and an electron-deficient Ir surface enriched in Ir*/Ir** species while preserving the metallic
nature of both components. This electronic interaction subtly modulates Ir oxidation states and
facilitates OER kinetics without structural reconstruction. Electrochemical testing confirmed
steady performance with only a ~30 mV increase in overpotential after 12 h of operation. The
chemically inert Ag core maintains interfacial integrity and supports controlled electronic inter-
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action, leading to balanced activity and durability. These results establish Ag@Ir as a model
noble—noble system for understanding interfacial electronic behavior in Ir-based OER catalysts.

Keywords : hydrogen economy, water electrolysis, green hydrogen, oxygen evolution reaction, elec-

trocatalysis

1. Introduction

The transition toward a green economy has inten-
sified global efforts to reduce greenhouse gas emis-
sions and achieve net-zero targets by 2050. Among
clean energy carriers, hydrogen has emerged as an
essential component for decarbonizing hard-to-abate
sectors such as heavy industry, transportation, and
power generation."® Green hydrogen, produced
through water electrolysis using renewable electric-
ity, offers a carbon-free alternative that supports
large-scale renewable integration and long-term
energy storage.”” However, its widespread deploy-
ment remains limited by production costs, infra-
structure needs, and the low efficiency of current
electrolysis systems.®!?

In water electrolysis, the oxygen evolution reac-
tion (OER) represents the rate-limiting step due to
its sluggish four-electron transfer process and high
overpotential.'"'> Although noble-metal oxides such
as IrO> and RuO, are the most efficient OER cata-
lysts, their high cost, scarcity, and poor stability
under acidic conditions hinder large-scale applica-
tion."*!® Continuous oxidation and dissolution during
operation lead to gradual performance decay, mak-
ing the development of cost-effective and durable
catalysts a key research priority.!**"

Efforts to improve OER performance have focused
on modifying catalyst structure and electronic configu-
ration through alloying, defect engineering, and surface
design.!>» Among these approaches, core-shell and
bimetallic nanostructures have shown promise in
enhancing catalytic activity and reducing noble-metal
consumption. These structures promote synergistic
interactions between the core and shell, improving
charge transfer, structural stability, and utilization of
the active metal >*>"

In this context, Ag@Ir core—shell nanostructures
offer an efficient strategy to improve OER perfor-
mance while minimizing Ir usage. Silver, being
highly conductive and relatively inexpensive, can

act as an electron-rich core that supports a thin Ir
shell, enhancing electronic coupling and stabilizing
the active surface.”®*” The interaction between Ag
and Ir can modulate the Ir d-band center, facilitat-
ing adsorption and desorption of OER intermediates
and lowering overpotential 2*3?

This study reports the synthesis of Ag@lIr core—
shell nanostructured catalysts through a facile chem-
ical reduction process aimed at enhancing Ir utiliza-
tion for the OER. The synthesis yielded a uniform
Ir shell over a conductive Ag core, forming a well-
defined interface that promotes efficient charge
transfer and increases the accessibility of active Ir
sites. Compared with commercial Ir nanoparticles,
Ag@Ir catalyst demonstrated superior electrochemi-
cal performance with a reduced Ir content of
19.9 wt.%, achieving a mass activity of 6.39 A mg'
at 1.55V and an overpotential of 250 mV at
10 mA cm™ (85% iR compensation). The opti-
mized Ag@lr core-shell catalyst demonstrates a
cost-effective and durable alternative to conventional
Ir-based catalysts, effectively addressing Ir scarcity
while maintaining high activity and stability for
sustainable hydrogen production.

2. Experimental Methods

2.1 Materials

Silver Nanoparticles (Ag, 99.99% 100 nm). Irid-
ium (IV) chloride hydrate (IrCly-xH,O, purity 2>
99.8%), Sodium borohydride (NaBH,4, purity =
98%), Nafion 117 solution (~5 wt.%) were pur-
chased from Sigma-Aldrich. Ethanol solution
(C,HsOH, purity >94.5%), Perchloric acid (HClO,,
purity 260%), and Mercury nitrate (Hg(NOs), - H,O,
purity - 99.9%) were supplied by Daejung Chemicals
and Metals (Siheung-si, South Korea).

2.2 Synthesis of Ag@Ir Nanoparticles
Ag@Ir core—shell nanoparticles were synthesized
via a reduction-assisted chemical process. Initially,
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77.5mg of silver nanoparticles (Ag NPs) were ultra-
sonically dispersed in 80 mL of ethanol using a
horn sonicator to obtain a stable colloidal suspen-
sion. The dispersion was then transferred to a two-
neck round-bottom flask and heated to 70 °C under
continuous stirring at 500 rpm using an overhead
stirrer equipped with a Teflon paddle.

Separately, an iridium precursor solution was pre-
pared by dispersing 40 mg of IrCl,H20 in 50 mL
of ethanol under identical sonication conditions.
This precursor solution was slowly introduced into
the Ag NP suspension to ensure uniform mixing.
For the reduction step, sodium borohydride (NaBHa4)
was dissolved in 20 mL of ethanol via bath sonica-
tion for 3 minutes, and the resulting reducing solu-
tion was injected into the reaction flask at a
controlled flow rate of 3.33 mL min~'. Throughout
the reduction, the temperature and stirring speed
were maintained at 70 °C and 500 rpm, respec-
tively. After the complete addition of NaBH,, the
reaction was allowed to proceed for an additional 2
hours to ensure complete shell formation.

Upon completion, the mixture was cooled to
room temperature (~25°C) by immersing the flask
in an ice bath for 15 minutes. The resulting sus-
pension was transferred into 50 mL centrifuge tubes
and subjected to sequential washing to remove
unreacted precursors and by-products. The product
was washed twice with ethanol by centrifugation at
10,000 rpm for 10 minutes each, followed by a
final wash with deionized water at 13,000 rpm for
15 minutes.

To recover the solid product, the washed sample
was first dried in a vacuum oven at 35°C for 8
hours to remove residual solvents, then further
dried at 90°C for 12 hours to yield the final
Ag@]Ir core—shell catalyst powder.

2.3 Preparation of Catalyst Ink

Catalyst ink was prepared at a concentration of
0.2 mg mL™! for electrochemical evaluation. In a
typical procedure, 1 mg of Ag@Ir core—shell
nanoparticles was dispersed in a mixed solvent con-
taining 1.5 mL of deionized water, 0.5 mL of iso-
propyl alcohol, and 20 pL of Nafion 117 solution
as a binding agent. The mixture was sonicated for
3 minutes in a bath sonicator to achieve a homoge-

neous and stable suspension.

For electrode fabrication, 10 uL of the catalyst
ink was drop-cast onto the surface of a 3 mm
rotating disk electrode (RDE) and air-dried under
ambient conditions prior to electrochemical measure-
ments. This procedure ensured uniform catalyst
loading and good adhesion of the catalyst film to
the electrode surface.

2.4 Physicochemical Characterization

The physicochemical characteristics of the synthe-
sized Ag@]Ir core—shell nanoparticles were compre-
hensively examined using advanced analytical
techniques. The morphology, lattice structure, and
elemental distribution were characterized by spheri-
cal aberration—corrected scanning transmission elec-
tron microscopy (CS-STEM, JEOL JEM-ARM200F)
equipped with a dual-detector energy-dispersive X-
ray spectroscopy (EDS) system. High-resolution
STEM images were used to measure the lattice
fringe spacing (d-spacing) values quantitatively
through ImageJ software. The crystalline structure
of the samples was analyzed using X-ray diffraction
(XRD) with Cu Ka radiation (A =1.5406 A) oper-
ated at 40 kV and 30 mA. Diffraction patterns were
collected over a 20 range of 20°-100°, employing a
scan rate of 2°min! and a step size of 0.02°, to
identify crystalline phases and confirm the forma-
tion of the Ag@Ir core—shell architecture.

The surface chemical composition and oxidation
states of the constituent elements were investigated
through X-ray photoelectron spectroscopy (XPS,
PHI 5000 VersaProbe III) using a monochromatic
Al Ko X-ray source (1486.6eV, 25.2 W). The
chamber pressure during measurement was main-
tained below 1x10~° Torr. A wide-range survey
spectrum (0-1200 eV) was first recorded to deter-
mine the elemental composition, followed by high-
resolution scans in the Ag 3d, Ir 4f, and C 1s
regions. The spectra were collected with a pass
energy of 26 eV and an energy step size of 0.1 eV.
All binding energies were calibrated relative to the
C 1s reference peak at 284.8 eV. Background sub-
traction was performed using the Shirley method,
and peak deconvolution and quantification were
conducted with CasaXPS software to ensure accu-
rate chemical state analysis.
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2.5 Electrochemical Characterization

Electrochemical measurements were carried out
using a Bio-Logic SP-150 potentiostat in a conven-
tional three-electrode configuration. A gold rotating
disk electrode (Au RDE, 3 mm in diameter; geo-
0.071 cm?) coated with the catalyst
ink served as the working electrode. A platinum
mesh and a saturated calomel electrode (SCE) were
employed as the counter and reference electrodes,
respectively. All tests were performed in 0.1 M
HCIO4 aqueous electrolyte at room temperature
(~25°C). Before each experiment, the electrolyte

metric area

was purged with high-purity N. for at least 30
minutes to ensure N,-saturated conditions. All mea-
sured potentials were converted to the reversible
hydrogen electrode (RHE) scale, with the pH of
0.1 M HCIO, approximately equal to 1.0.

The OER activity was evaluated using linear
sweep voltammetry (LSV) at a scan rate of 10mV s
and a rotation speed of 2500 rpm. Tafel slopes
were extracted from the LSV polarization curves.
Long-term operational stability was assessed via
chronopotentiometry at a constant current density of
10 mA cm™ for 12 h. An 85% iR-compensation
was applied to all electrochemical data. Mass activ-
ity was normalized to the active Ir mass, defined
as the mass of Ir deposited on the RDE’s geomet-
ric surface area of 0.071 cm? and calculated by
multiplying the catalyst loading by the Ir wt%
obtained from XRF.
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The electrochemically active surface area (ECSA)
was determined using mercury underpotential depo-
sition (Hg UPD) in 1.0 M HCIOs containing 1 mM
Hg(NO;),. Cyclic voltammograms were recorded in
the potential range of 0.5-0.9V vs RHE at scan
rates between 10 and 40 mV s™!, and the ECSA
was calculated from the integrated charge associated
with the Hg desorption peak. The turnover fre-
quency (TOF) was calculated from the current den-
sity at 1.55 V vs RHE, normalized by the number
of electrochemically active Ir sites determined from
the ECSA. All electrochemical data were pro-
cessed and analyzed using EC-Lab software (Bio-
Logic). Each experiment was repeated multiple
times to ensure reproducibility and accuracy of the
measurements.

3. Results and Discussion

Catalyst optimization was performed by varying
the Ir-Ag mass ratio to identify the composition
that provides the highest catalytic efficiency while
minimizing Ir consumption. Fig. la presents the
mass activity as a function of the Ir—Ag ratio,
together with the corresponding Ir wt.% content
obtained from XRF measurements. Among all sam-
ples, the Ag@Ir(1:1) composition exhibited the
highest mass activity of 6.39 A mg™!, surpassing
both Ir-rich and Ag-rich counterparts. This optimum
balance arises from sufficient Ir surface coverage
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Fig. 1. (a) Mass activity of Ag@Ir catalysts prepared with varying Ag:Ir mass ratios, alongside the corresponding Ir
contents determined by XRF. The broken horizontal line indicates the mass activity benchmark of Ir black. (b) Linear
sweep voltammetry (LSV) profiles of Ag@]Ir catalysts recorded in 0.1 M HCIO, at a scan rate of 10 mV s'. The broken
horizontal line denotes the reference current density of 10 mA cm>
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Fig. 2. TEM and STEM-EDS mapping images of Ag@Ir core-shell nanostructures. a) Low-magnification(20nm) TEM
image. b) High-resolution TEM(HRTEM) image showing the core-shell structure with a lattice spacing of 0.23nm
corresponding to the Ag(111) plane. c) Ir elemental mapping(red), and d) Ag elemental mapping(green).

that maximizes the number of active sites while
maintaining good electron transport through the Ag
core. As shown in Fig. 1b, the polarization curves
confirm that Ag@Ir(1:1) delivers the highest current
density across the entire potential range, indicating
superior intrinsic activity. At lower Ir content, cata-
lytic performance decreases due to an insufficient
number of Ir active sites, whereas excessive Ir
loading hinders charge transport and increases parti-
cle agglomeration. Therefore, the Ag@Ir(1:1) cata-
lyst achieves the most efficient utilization of Ir and
was subsequently selected for further physicochemi-
cal and electrochemical characterization.

TEM and EDS analyses (Fig. 2a—d) confirm the
successful formation of Ag@]Ir core—shell nanostruc-
tures synthesized via chemical reduction. The TEM
images reveal a distinct contrast between the dense
Ag core and the surrounding Ir shell, verifying a
well-defined core—shell architecture. The measured
lattice spacing of 0.23 + 0.01 nm corresponds to
the (111) plane of face-centered cubic (fcc) Ag,
consistent with the reference value. The EDS ele-
mental mapping further confirms the homogeneous
distribution of Ir around the Ag core, with no visi-
ble aggregation or phase segregation.

XRD analysis (Fig. 3) shows distinct reflections
at 20 = 38.1°, 44.3° 64.4°, 77.4°, and 81.5° corre-
sponding to the (111), (200), (220), (311), and
(222) planes of fcc Ag. No diffraction peaks attrib-
utable to crystalline Ir are detected, indicating that

(311
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50 80 70
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Fig. 3. XRD pattern of Ag@Ir(1:1) recorded using Cu Ka
radiation (A = 1.5406 A), showing diffraction peaks
corresponding to the (111), (200), (220), (311), and (222)
planes of fcc Ag. Reference peak positions for Ag and Ir
are included for comparison.

the Ir shell is predominantly amorphous or ultra-
thin, consistent with its nanoscale thickness being
below the detection limit of XRD. The absence of
peak shifts relative to pure Ag confirms that Ir
deposition does not perturb the Ag lattice, in con-
trast to systems such as Ir/Au nanoclusters where
lattice compression induces measurable 20 shifts.
These results collectively show that Ir forms a confor-
mal, non-alloyed coating on the Ag core, preserving
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Fig. 4. (a) XPS spectra of Ir 4f region for Ag@Ir and Ir-NP showing deconvoluted peaks corresponding to Ir?, Ir**, and
Ir** species. (b) XPS spectra of Ag 3d region for Ag@Ir and Ag-NP indicating the binding energies of metallic Ag®.

the structural integrity of Ag while providing an
amorphous Ir surface rich in unsaturated coordina-
tion sites that are favorable for OER catalysis.

XPS characterization was performed to evaluate
the surface composition and interfacial electronic
state of Ag@lr. The spectra were calibrated to the
C 1s line at 284.8 eV and fitted using Gaussian—
Lorentzian functions. In the Ir 4f region (Fig. 4a),
three chemical states corresponding to Ir°, Ir®**, and
Ir** were identified. The Ir*" 4f;, peak shifted from
61.54 to 61.74 eV (+0.20 eV) and Ir® from 60.81
to 60.93 eV (+0.12 eV), while a minor Ir’* signal
appeared at 62.34 eV. These small positive shifts
suggest limited electron depletion from Ir, indicating
weak but measurable charge migration from the Ir
shell toward the Ag core.

The Ag 3d spectrum (Fig. 4b) displayed a corre-

sponding negative shift of the Ag® 3ds, peak from
368.04 to 367.98 eV (—0.06 eV), confirming mild
electron accumulation in Ag. The coexistence of Ir%/
Ir*/Ir*" species implies that Ir maintains a partially
metallic character, while the absence of Ag oxide
features confirms that the Ag core remains chemi-
cally inert. This combination evidences weak inter-
facial electronic coupling between the Ag core and
Ir shell, in which moderate charge redistribution
occurs without inducing chemical reactivity or
structural modification.

Unlike transition-metal-supported Ir catalysts,
where strong electron transfer accompanies core
oxidation or dissolution, the Ag-Ir interface remains
electronically stable and chemically preserved. This
behavior contrasts with the pronounced Ir—Ni
charge transfer observed in transition-metal cores®”
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Fig. 5. (a) iR-corrected (85%) LSV curves of Ag@Ir(1:1) and Ir black in 0.1 M HCIOj, at a scan rate of 10 mV s™. (b)
Tafel plots derived from polarization data. (c) TOF plots of Ag@Ir(1:1) and Ir black. (d) Chronoamperometric stability
test of Ag@Ir(1:1) and Ir black recorded at a constant current density of 10 mA cm for 12 h.

and the opposite Au—Ir donation reported for Ir/Au
nanoclusters.’” The Ag@Ir system therefore rep-
resents an intermediate coupling regime, combining
the chemical stability characteristic of noble—noble
junctions with sufficient electronic interaction to
modulate Ir oxidation states that are favorable for
OER catalysis.

The influence of passive electronic coupling on
the electrocatalytic behavior of Ag@lIr was evalu-
ated under acidic conditions (0.1 M HCIOs). Linear
sweep voltammetry (LSV) measurements (Fig. 5a)
reveal that Ag@Ir(1:1) requires an overpotential of
250 mV to achieve a current density of 10 mA cm™
(85% compensation applied), which is lower than
320 mV for commercial Ir black. This reduction in

overpotential, though moderate, demonstrates that
even weak Ir—Ag charge redistribution is suffi-
cient to modify surface electronic states and
enhance OER activity. The presence of mixed Ir**/
Ir*" species, as identified by XPS, provides the nec-
essary redox flexibility for oxygen intermediate for-
mation while preserving the metallic continuity of
the Ir shell.

The corresponding Tafel plots (Fig. 5b) exhibit
slopes of 91 mV dec! for Ag@Ir and 120 mV
dec™! for Ir black, indicating more favorable reac-
tion kinetics on the Ag@Ir surface. This improve-
ment aligns with the weak Ir—Ag charge
redistribution observed by XPS, where slight elec-
tron depletion from Ir stabilizes mixed Ir¥*/Ir*"
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states known to promote OER intermediate forma-
tion. The modulation of Ir surface oxidation states
provides more redox-flexible active sites, contribut-
ing to the lower Tafel slope and enhanced kinetic
response. In addition, the conductive Ag core sup-
ports efficient electron transport, while the partially
oxidized Ir shell facilitates the adsorption—desorption
steps of the OER. This combined effect produces a
stable yet active configuration in which the Ag
core remains inert and the Ir shell maintains its
catalytic identity without undergoing irreversible
oxidation.

Intrinsic catalytic activity, evaluated through mass
activity and turnover frequency (TOF), further sup-
ports this interpretation. Ag@lr(1:1) achieves a
mass activity of 6.39 A mg™ at 1.55 V vs. RHE,
exceeding that of Ir black. Moreover, as shown in
Fig. 5c, Ag@Ir(1:1) exhibits TOF values up to
approximately one order of magnitude higher than Ir
black at comparable overpotentials (e.g., ~320mV,
where Ir black reaches its reference overpotential).
This pronounced TOF enhancement indicates that
each accessible Ir site on Ag@Ir(1:1) turns over
OER more frequently, reflecting more efficient Ir
utilization despite the reduced overall Ir loading.

Unlike transition-metal-supported systems, where
aggressive charge transfer often leads to oxidation
of the core and subsequent degradation®”, the Ag—Ir
interface maintains a delicate balance between elec-
tronic interaction and chemical stability. The inert
nature of Ag prevents oxide formation or dissolu-
tion, allowing Ir to operate within an electronically
tuned but structurally preserved environment. Conse-
quently, Ag@Ir demonstrates consistent OER perfor-
mance without the instability typically associated
with reactive cores such as Ni or Co.

The electrochemical results therefore validate the
effect of noble—noble interfacial coupling predicted
from XPS analysis. The Ag-Ir interaction produces
a mildly electron-deficient Ir shell that remains cat-
alytically active yet structurally stable during opera-
tion. This balance of moderate enhancement and
interfacial resilience defines a distinct catalytic
regime, one governed not by extensive electronic
reconstruction, but by self-limiting charge redistribu-
tion and inert interfacial coupling.

Chronopotentiometric testing (Fig. 5d) demon-

strates that Ag@Ir maintains stable OER operation
at 10 mA cm™, with the overpotential increasing
modestly from 260 mV to 290 mV over 12 h. The
small drift of ~30 mV (2.5 mV h™) reflects ~89%
retention of the initial potential, indicating only
gradual performance decay under continuous anodic
polarization. By contrast, commercial Ir black
begins at a higher overpotential (~320 mV) and
exhibits larger fluctuations over the same duration,
underscoring its inferior operational robustness.

The mild performance decay observed for Ag@lr
is most plausibly associated with surface processes
on the Ir shell, rather than degradation of the Ag
core. XPS and XRD analyses acquired prior to
OER operation show no evidence of Ag oxidation
or lattice distortion, consistent with the chemical
inertness of Ag in acidic anodic environments.
While post-OER dissolution analysis was not avail-
able in this study, the absence of Ag-based signa-
tures in the initial state and the known stability of
Ag under these conditions suggest that the core is
unlikely to be the dominant contributor to degrada-
tion.

Instead, the moderate rise in potential is consis-
tent with gradual Ir surface oxidation, hydroxide
layer restructuring, or partial loss of active Ir sites,
processes compatible with the mixed Ir’"/Ir*" states
identified by XPS and with the shell-localized
redox activity expected for core—shell noble-metal
catalysts. The Ag core continues to provide a
mechanically and electronically stable support, while
the Ir shell retains its catalytic function with only
minor surface evolution during extended operation.

4. Conclusion

This study demonstrates the effective development
of Ag@]Ir core—shell nanostructures as highly active
and durable OER catalysts in acidic media. System-
atic variation of the Ag-—Ir mass ratio identified
Ag@lr(1:1) as the optimal configuration, delivering
the highest mass activity and the lowest overpoten-
tial among the tested compositions. Structural char-
acterization confirmed a crystalline Ag core coated
by an amorphous Ir shell, while XPS revealed a
weak Ir—Ag charge redistribution that stabilizes
mixed Ir¥*/Ir*" surface states known to facilitate
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OER intermediates. These electronically modulated
Ir sites, together with the conductive Ag support,
contribute to enhanced charge-transfer kinetics and
superior activity relative to commercial Ir black.

Ag@Ir(1:1) also exhibited strong operational sta-
bility, with only a ~30 mV increase in overpotential
over 12 h of continuous chronopotentiometric oper-
ation. Pre-OER XPS and XRD data indicate that
the Ag core remains chemically inert, suggesting
that the mild degradation observed is primarily
associated with surface evolution of the Ir shell
rather than core deterioration. These findings high-
light the ability of the Ag core-Ir shell configura-
tion to preserve catalytic functionality while
minimizing Ir usage. Overall, the Ag@lr architec-
ture provides a balanced combination of high activ-
ity, efficient Ir utilization, and sustained stability in
acidic OER, offering a promising and cost-effec-
tive pathway for advancing PEM water-electrolysis
catalyst design.
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