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ABSTRACT: Integrating multiple functional components into
vertically stacked heterostructures offers a prospective approach to
manipulating the physicochemical properties of materials. The
synthesis of vertically stacked heterogeneous noble metal oxides
remains a challenge. Herein, we report a surface segregation approach
to create vertically stacked amorphous Ir/Ru/Ir oxide nanosheets
(NSs). Cross-sectional high-angle annular darkfield scanning trans-
mission electron microscopy images demonstrate a three-layer
heterostructure in the amorphous Ir/Ru/Ir oxide NSs, with IrOx
layers located on the upper and lower surfaces, and a layer of RuOx
sandwiched between the two IrOx layers. The vertically stacked
heterostructure is a result of the diffusion of Ir atoms from the
amorphous IrRuOx solid solution to the surface. The obtained A-Ir/Ru/Ir oxide NSs display an ultralow overpotential of 191 mV at
10 mA cm−2 toward acid oxygen evolution reaction and demonstrate excellent performance in a proton exchange membrane water
electrolyzer, which requires only 1.63 V to achieve 1 A cm−2 at 60 °C, with virtually no activity decay observed after a 1300 h test.
KEYWORDS: vertically stacked heterostructures, amorphous nanosheets, surface segregation, acidic water splitting, PEM water electrolyzer

Anodic oxygen evolution reaction (OER) poses a critical
bottleneck in the efficiency and durability of proton exchange
membrane (PEM) electrolyzers.1,2 The harsh acidic and
oxidative environment restricts the practical application of
most OER electrocatalysts, with only Ir-based oxides exhibiting
necessary corrosion resistance.3−6 Nevertheless, the scarcity
and relatively low OER activity of Ir fall short of industrial
demands.7,8 Incorporating Ru in Ir-based oxides is an effective
strategy to achieve both high activity and long-term
stability.9−12 For example, IrRuOx solid solution effectively
modulates the electronic properties of active sites by the
synergy between Ru and Ir, facilitating the adsorption of
oxygen intermediates.13−16 However, the IrRuOx solid solution
inevitably undergoes Ir surface enrichment with partial active
Ru species leaching under electrochemically induced restruc-
turing,17 which suggests that surface Ir enrichment is
conducive to the stability enhancement of IrRu oxides and a
better trade-off of the activity−stability relationship.

Two-dimensional (2D) vertically stacked heterostructures
offer three- or multilayer structures with distinct interfaces,
allowing diverse matching according to specific needs and
showcasing remarkable tunability in surface-exposed
atoms.18−21 2D vertically stacked heterostructures provide a
favorable configuration for constructing an IrRu oxide with
surfaces enriched Ir for the acidic OER. Mechanical stacking of
exfoliated flakes and epitaxial growth are common methods for

fabricating vertically stacked heterostructures.22,23 However,
mechanical stacking is suitable for constructing vertically
stacked heterostructures in layered nanomaterials, but not for
nonlayered noble metal oxides.24−26 Moreover, achieving 2D
vertically stacked heterostructures of noble metal oxides
through epitaxial growth, in addition to strict restrictions on
the crystallinity, lattice symmetry, and lattice constant of
materials, precious control of nucleation and growth kinetics is
also required to prevent island growth.27,28 Alternatively,
amorphous vertically stacked heterostructures, which are not
bound by lattice matching, thus provide more flexibility in the
integration of multiple functional components. Meanwhile,
compared with the periodic atomic arrangement of crystalline
structure, disordered atomic packing in amorphous nanostruc-
ture endows them with lower volume density and more
vacancies as well as isotropic diffusion channels.29,30 Addition-
ally, atomic diffusion in amorphous structures shows lower
activation energy31−33 and higher diffusion rates34,35 compared
to its crystalline counterpart. These factors open up exciting
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prospects for creating vertically stacked heterostructures of
noble metal oxides through atomic diffusion in amorphous
nanomaterials.

Herein, we synthesized amorphous Ir/Ru/Ir oxide nano-
sheets (denoted as A-Ir/Ru/Ir oxide NSs) with a three-layer
vertically stacked heterostructure through surface segregation.
The synthesized A-Ir/Ru/Ir oxide NSs exhibit a 191 mV
overpotential for achieving 10 mA cm−2 in acidic OER and
sustained operation for 1300 h in a PEM water electrolyzer
with negligible activity decay.

■ SYNTHESIS OF A-IR/RU/IR OXIDE NSS
Figures 1a and S1 illustrate the formation process of A-Ir/Ru/
Ir oxide NSs. Amorphous Ir oxide nanosheets (A-Ir oxide NSs)
were synthesized by annealing a mixture of Ir(acac)3 and
KNO3 in air. Subsequently, Ru(acac)3 is deposited on the A-Ir
oxide NSs to obtain amorphous Ir/Ru oxide nanosheets (A−
Ir/Ru oxide NSs). Finally, Ir(acac)3 and A-Ir/Ru oxide NSs
were calcined at 285 °C. An intermediate state, characterized
by amorphous IrRuOx solid solution nanosheets (A-IrRuOx
solid solution NSs), were captured through rapid cooling in
liquid nitrogen to preserve structural characteristics at 285 °C,
while A-Ir/Ru/Ir oxide NSs were obtained through natural
cooling. The X-ray diffraction (XRD) pattern affirms their
amorphous nature, as there are no discernible diffraction peaks
(Figure S2). Transmission electron microscopy (TEM) image

(Figure 1b) and atomic force microscopy (AFM) image
(Figure S3) reveal the micrometer-scale dimensions of A-Ir
oxide NSs, with a thickness of 11 nm. Cross-sectional high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image (Figure 1b1), correspond-
ing energy dispersive X-ray spectroscopy (EDS) line profiles
(Figures 1b2 and S4a), and EDS elemental mappings (Figure
S5) show homogeneous distribution of Ir throughout the A-Ir
oxide NSs. For A-Ir/Ru oxide NSs, the TEM image (Figure
1c) and AFM image (Figure S6) clearly show an increase in its
thickness to 35.5 nm. Cross-sectional HAADF-STEM image
(Figure 1c1) clearly reveals a two-layer vertical structure of A-
Ir/Ru oxide NSs, featuring a pronounced contrast difference at
the interface. Moreover, cross-sectional EDS line profiles
(Figures 1c2 and S4b) and EDS elemental mappings (Figure
S7) confirm that the top dark layer corresponds to the RuOx
layer, while the bottom bright layer corresponds to the IrOx
layer. Meanwhile, the cross-sectional high-resolution trans-
mission electron microscopy (HRTEM) image (Figure S8)
clearly shows the vertical distribution trend of the Ir and Ru
atoms at the interface. A-IrRuOx solid solution NSs, depicted
in Figures 1d and S9, exhibit a micrometer size and a thickness
of 51.8 nm. The random atomic arrangement of Ir and Ru
depicted in the HRTEM image (Figure S10) indicates the
amorphous structure of the A-IrRuOx solid solution NSs.
Cross-sectional HAADF-STEM image (Figure 1d1), corre-

Figure 1. (a) Schematic illustration of the synthesis process from A-Ir NSs to A-Ir/Ru/Ir oxide NSs. Note: the red balls represent Ir atoms, the blue
balls represent Ru atoms, and yellow ones represent O atoms. (b−e) TEM images. (b1, c1, d1, e1) Cross-sectional HAADF-STEM images. (b2, c2,
d2, e2) Corresponding cross-sectional EDS line profiles of A-Ir oxide NSs, A-Ir/Ru oxide NSs, A-IrRuOx solid solution NSs, and A-Ir/Ru/Ir oxide
NSs, respectively.
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sponding EDS line profiles (Figures 1d2 and S4c) and EDS
elemental mappings (Figure S11) indicate a uniform
distribution of Ir and Ru atoms within the A-IrRuOx solid
solution NSs. Figure 1e displays A-Ir/Ru/Ir oxide NSs,
maintaining a micrometer-scale transverse dimension. Ele-
mental mappings (Figure S12) indicate a homogeneous
distribution of Ir, Ru, and O in the planar. Cross-sectional
HAADF-STEM image (Figure 1e1) and corresponding EDS
line profiles (Figures 1e2 and S4d) provide a clear visualization
of the three-layer vertical heterostructure of A-Ir/Ru/Ir oxide
NSs. Among them, the bright regions observed on the upper
and lower surfaces correspond to the IrOx layer, while the
middle section corresponds to the RuOx layer. This distinction
is clearly discernible due to the contrast disparity between Ir
and Ru. We propose that the transition from IrRuOx solid
solution to the three-layer vertical structure of A-Ir/Ru/Ir
oxide NSs results from the rearrangement of atoms induced by
surface segregation of Ir atoms, driven by the difference in
surface energy between Ir and Ru.36,37

To further investigate A-Ir/Ru/Ir oxide NSs, we conducted a
detailed characterization. As shown in Figure 2a, the AFM

image indicates a thickness of 62 nm for A-Ir/Ru/Ir oxide NSs.
Figure 2b is an enlargement of Figure 1e1, providing a clearer
view of the vertical heterostructure of the A-Ir/Ru/Ir oxide
NSs. The top IrOx layer is approximately 28 nm thick, the
middle RuOx layer is about 32 nm thick, and the bottom IrOx
layer is approximately 2 nm thick. Two distinct hetero-
interfaces, labeled interfaces I and II, are formed between the
surface IrOx layer and the intermediate RuOx layer. Cross-
sectional aberration-corrected HAADF-STEM image (Figure
2c) reveals the disordered atomic arrangement of the IrOx and
RuOx layers at interface I. EDS elemental mapping (Figure 2d)
clearly illustrates the distribution region of Ir and Ru,
confirming the locations of the IrOx layer and RuOx layer at
interface I. Figure 2e,f demonstrates the disordered atomic
arrangement and the distribution region of Ir and Ru at
interface II, providing further compelling evidence for the
amorphous three-layer vertical structure of A-Ir/Ru/Ir oxide
NSs.

■ ATOMIC AND ELECTRONIC STRUCTURES OF
A-IR/RU/IR OXIDE NSS

X-ray photoelectron spectroscopy (XPS) measurements were
carried out to determine the oxidation state of the Ru and Ir
species. As shown in Figure 3a, A-Ir/Ru/Ir oxide NSs
demonstrate a 0.2 eV positive shift in the Ru(III) and Ru(IV)
peaks compared to A-Ir/Ru oxide NSs,38 confirming a higher
valence state of Ru in A-Ir/Ru/Ir oxide NSs. Ir 4f XPS spectra
(Figure 3b) of A-Ir/Ru/Ir oxide NSs be fitted with three pairs
of peaks centered at 61.5 and 64.5 eV, 62.1 and 65.1 eV, and
63.2 and 66.2 eV, which can be attributed to Ir (0), Ir (III),
and Ir (IV), respectively.39,40 In comparison with A-Ir oxide
NSs and A-Ir/Ru oxide NSs, the Ir 4f XPS spectra of A-Ir/Ru/
Ir oxide NSs show a significant negative shift, suggesting that Ir
in A-Ir/Ru/Ir oxide NSs possesses the lowest oxidation states.

X-ray absorption near-edge structure (XANES) spectra were
employed to investigate the electron transition behavior and
electronic structure. The normalized Ru K-edge of A-Ir/Ru
oxide NSs and A-Ir/Ru/Ir oxide NSs shows a similar spectral
shape and edge position to the reference RuO2 (Figure 3c),
which identified that the average valence state of Ru species in
A-Ir/Ru oxide NSs and A-Ir/Ru/Ir oxide NSs is close to +4. A-
Ir/Ru/Ir oxide NSs exhibit a slight positive shift compared to
A-Ir/Ru oxide NSs, suggesting an increase in the Ru oxidation
state. The Ir L3-edge (Figure 3d) shows the average valence
states of Ir in the order of IrO2 > A-Ir/Ru oxide NSs > A-Ir
oxide NSs > A-Ir/Ru/Ir oxide NSs > Ir foil. XANES results for
the Ru K-edge and Ir L3-edge reveal an increase in Ru valence
and a decrease in Ir valence in A-Ir/Ru/Ir oxide NSs compared
to A-Ir/Ru oxide NSs, consistent with the XPS results. The
converse shift of Ru and Ir valence states within the A-Ir/Ru/Ir
oxide NSs could be attributed to changes in the heterogeneous
interface, which triggers the charge redistribution of Ir and Ru
atoms on the vertically stacked heterointerfaces, with a transfer
of electrons from Ru to Ir, and thus an increase in the Ru
valence and a decrease in the Ir valence.40 The Fourier
transforms of the extended X-ray absorption fine structure
(FT-EXAFS) spectra of A-Ir/Ru/Ir oxide NSs at the Ru K-
edge (Figures 3e, S13, and Table S1) show a dominant peak at
approximately 1.50 Å, corresponding to the Ru−O bond.
According to the fitting results, the coordination numbers
(CNs) of the Ru−O bond in A-Ir/Ru/Ir oxide are smaller than
those in crystalline RuO2, which is attributed to the rich
unsaturated coordination properties of the amorphous
nanostructure. The FT-EXAFS spectra of Ir in R-space
(Figures 3f, S14, and Table S2) demonstrate that IrOx in A-
Ir/Ru/Ir oxide NSs exhibit nearly identical Ir−O bond lengths
and similar coordination numbers as crystalline IrO2, revealing
the typical coordination octahedra of IrO6 in A-Ir/Ru/Ir oxide
NSs. Moreover, the presence of Ru−Ir/Ir-Ru bonds in the Ru
K-edge and Ir L3-edge spectra indicate an interaction between
Ru and Ir at the heterointerface of the A-Ir/Ru/Ir oxide NSs.13

The interactions in Ir−Ru local structures can prevent the
formation of more soluble Ru/Ir high-valent complexes.14,41

■ ELECTROCATALYTIC ACTIVITY OF A-IR/RU/IR
OXIDE NSS TOWARD OER

OER performances for A-Ir/Ru/Ir oxide NSs, A-Ir/Ru oxide
NSs, A-Ir oxide NSs, commercial IrO2 (Figure S15), and
commercial RuO2 (Figure S16) were evaluated in O2-saturated
0.1 M HClO4 electrolyte. As shown in the linear sweep
voltammetry (LSV) curves and corresponding Tafel slopes

Figure 2. Characterization of A-Ir/Ru/Ir oxide NSs. (a) AFM image
and (b) cross-sectional HAADF-STEM image of A-Ir/Ru/Ir oxide
NSs. (c) Cross-sectional aberration-corrected HAADF-STEM image
and (d) corresponding EDS elemental mapping of interface I in A-Ir/
Ru/Ir oxide NSs. (e) Cross-sectional aberration-corrected HAADF-
STEM image and (f) corresponding EDS elemental mapping of
interface II in A-Ir/Ru/Ir oxide NSs.
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(Figure 4a,b), the A-Ir/Ru/Ir oxide NSs show the best OER
catalytic performance. The lowest overpotential was 191 mV at
a current density of 10 mA cm−2 and a Tafel slope of 41.6 mV
dec−1, indicating that the A-Ir/Ru/Ir oxide NSs possess the
fastest OER kinetics.

To compare the intrinsic catalytic activities of these catalysts,
we calculated turnover frequency (TOF) at each noble metal
site and mass activities according to the total loading mass of
the noble metal (Table S3) in the catalysts. In Figure 4c, the
TOF of A-Ir/Ru/Ir oxide NSs (0.855 s−1 at η = 300 mV) was
about 4.4 and 4.5 times higher than that of A-Ir/Ru oxide NSs
(0.194 s−1) and A-Ir oxide NSs (0.192 s−1), respectively.
Additionally, the A-Ir/Ru/Ir oxide NSs reached the highest
mass activity of 2377.1 A gIr+Ru

−1 at η = 300 mV (Figure 4d),
which was nearly 17.5 and 69 times higher than that of
commercial RuO2 and commercial IrO2, respectively. Fur-
thermore, the A-Ir/Ru/Ir oxide NSs exhibit extremely high
mass activity compared with previously reported noble metal
electrocatalysts (Table S4). Apart from outstanding OER
activity, A-Ir/Ru/Ir oxide NSs demonstrate excellent long-term
stability, maintaining approximately 92% of current density
over a 100 h chronoamperometry stability test, whereas A-Ir/
Ru oxide NSs exhibit rapid decay after 22 h (Figure S17). We
also employed ICP-MS to measure the dissolved amounts of
Ru and Ir ions in the electrolyte at various intervals during the
stability test of A-Ir/Ru/Ir oxide NSs (Figure S18). The
exceedingly low concentration of Ru ions in the electrolyte
indicates the effective protection of RuOx by the IrOx
protective skeleton layer. Besides, the OER activity of A-Ir/
Ru/Ir oxide NSs demonstrated minimal degradation even after
10,000 cycles (Figure S19), highlighting their outstanding
stability. The results indicate that IrOx protective skeleton layer
of A-Ir/Ru/Ir oxide NSs can significantly reduce the leaching
of Ru and improve the stability of the catalyst. Meanwhile, as
illustrated in Figure 4e, we systemically compared the OER
performance of A-Ir/Ru/Ir oxide NSs and A-Ir/Ru oxide NSs,
including overpotential, mass activity, Tafel slope, TOF, and

long-term stability. Compared to A-Ir/Ru oxide NSs, A-Ir/Ru/
Ir oxide NSs demonstrate better performance in all of these
metrics. The superior catalytic activity and overall performance
of A-Ir/Ru/Ir oxide NSs surpass those of A-Ir/Ru oxide NSs,
highlighting the significant performance advantage of the
vertical heterostructure with RuOx sandwiched in the IrOx
layer over the directly exposed RuOx surface, which under-
scores the importance of the vertical heterostructure with IrOx-
enriched surfaces for enhancing performance. Moreover, the
Nyquist plots (Figure S20) show that the A-Ir/Ru/Ir oxide
NSs have the lowest charge-transfer resistance among all of the
tested catalysts, verifying the faster charge transfer process for
A-Ir/Ru/Ir oxide NSs. To confirm the mechanism of the OER
on A-Ir/Ru/Ir oxide NSs, in situ attenuated total reflection
surface enhanced infrared absorption spectroscopy (ATR-
SEIRAS) was employed. The in situ ATR-SEIRAS spectra for
A-Ir/Ru/Ir oxide NSs at different working potentials (Figure
4f) reveal a distinct absorption peak at 1148 cm−1 attributed to
the O−O stretching of surface adsorbed *OOH,42,43 which is a
characteristic intermediate of the adsorption evolution
mechanism (AEM) pathway, indicating that A-Ir/Ru/Ir
oxide NSs follow the AEM pathway.

We finally assembled a single cell using A-Ir/Ru/Ir oxide
NSs as the anode to assess its performance in a real proton
exchange membrane (PEM) electrolyzer device (Figure S21).
The A-Ir/Ru/Ir oxide NS electrolyzer (at 60 °C) required only
1.63 V to reach a current density of 1.0 A cm−2 (Figure 4g),
surpassing the performance of commercial RuO2 (1.72 V) and
IrO2 (1.80 V), as well as outperforming other previously
reported advanced Ir/Ru-based catalysts (Table S5). Impres-
sively, no significant activity decay was observed during the
1300 h test at gradient increasing current density (Figure 4h).
Specifically, the cell voltage remained stable (with a fluctuation
within 20 mV) for 600 h at a current density of 1.0 A cm−2,
and the voltage fluctuations were small when the current
density was increased to 2.0 and 3.0 A cm−2. Additionally, the
polarization curve indicates a slight increase in the cell voltage

Figure 3. Spectroscopic studies of A-Ir oxide NSs, A-Ir/Ru oxide NSs, and A-Ir/Ru/Ir oxide NSs. (a) Ru 3d XPS spectra. (b) Ir 4f XPS spectra. (c)
Ru K-edge XANES spectra. (d) Ir L3-edge XANES spectra. (e) Fourier transforms of Ru K-edge EXAFS. (f) Fourier transforms of Ir L3-edge
EXAFS of A-Ir oxide NSs, A-Ir/Ru oxide NSs, and A-Ir/Ru/Ir oxide NSs, respectively.
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after the 1300 h test (Figure S22). PEM electrolyzer test
results demonstrate the good stability of the A-Ir/Ru/Ir oxide
NSs and its excellent applicability under varying current
densities. In addition, as shown in Figure S23, the TEM image
and XRD pattern of A-Ir/Ru/Ir oxide NSs after the long-term
durability test indicate negligible changes in morphology
during the OER process, and the structural amorphous features
remain unchanged.

In summary, we synthesized vertically stacked A−Ir−Ru-Ir
oxide NSs. The prepared A-Ir/Ru/Ir oxide NSs exhibit a three-
layer vertical heterostructure, with amorphous IrOx layers on
the upper and lower surfaces, and a layer of amorphous RuOx
sandwiched between the two IrOx layers. Impressively, the as-
prepared A-Ir/Ru/Ir oxide NSs exhibit an ultralow over-
potential (191 mV@10 mA cm−2) and high mass activity
(2377.1 A gIr+Ru

−1@300 mV) in acidic OER. The significant
enhanced catalytic performance of A-Ir/Ru/Ir oxide NSs could
be attributed to rich heterointerfaces, enabling substantially
increased catalytically active sites and accelerated charge
transfer kinetics. Additionally, A-Ir/Ru/Ir oxide NSs exhibited
outstanding durability, sustaining performance for 1300 h in

the PEM electrolyzer with virtually no activity decay.
Moreover, A-Ir/Ru/Ir oxide NSs exhibited stable operation
even at high current densities of 2.0 and 3.0 A cm−2. This work
opens a new horizon for rationally exploiting surface
segregation to deliberately synthesize and design electro-
catalysts.
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