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CHEMISTRY

Ir-Sn pair-site triggers key oxygen radical intermediate
for efficient acidic water oxidation
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The anode corrosion induced by the harsh acidic and oxidative environment greatly restricts the lifespan of
catalysts. Here, we propose an antioxidation strategy to mitigate Ir dissolution by triggering strong electronic
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interaction via elaborately constructing a heterostructured Ir-Sn pair-site catalyst. The formation of Ir-Sn dual-
site at the heterointerface and the resulting strong electronic interactions considerably reduce d-band holes of Ir
species during both the synthesis and the oxygen evolution reaction processes and suppress their overoxida-
tion, enabling the catalyst with substantially boosted corrosion resistance. Consequently, the optimized catalyst
exhibits a high mass activity of 4.4 A mg,,~" at an overpotential of 320 mV and outstanding long-term stability. A
proton-exchange-membrane water electrolyzer using this catalyst delivers a current density of 2 Acm™2at 1.711
V and low degradation in an accelerated aging test. Theoretical calculations unravel that the oxygen radicals
induced by the m* interaction between Ir 5d-O 2p might be responsible for the boosted activity and durability.

INTRODUCTION
Oxygen electrocatalysis plays a critical role in sustainable energy
devices such as water electrolyzers and metal-air batteries to accom-
plish energy conversion and storage (1-6). The proton-exchange-
membrane water electrolyzers (PEMWE) have been considered to
represent one of the most promising techniques to acquire large-
scale green hydrogen due to their unique merits, featuring high
current density, H, purity (> 99.99%), and fast dynamic response
(7-11). Nevertheless, it remains a huge scientific challenge to
realize superior activity and long-term stability simultaneously
due to the inherently sluggish oxygen evolution reaction (OER) ki-
netics and the inferior corrosion resistance of catalysts in acidic
media, especially at high oxidation potential (12-18).
Iridium-based catalysts have been regarded as the benchmark
catalysts for the acidic OER due to their decent activity and stability,
but their scarcity and dissolution issue in the high anodic potential
(>1.6 V) greatly limit their large-scale practical applications (19—
24). Therefore, it is highly desirable to rationally construct an ad-
vanced Ir-based catalyst that features both outstanding activity
and long calendar life. Previous studies have shown that the lower
oxidized state of iridium can exhibit enhanced corrosion resistance
and inherent oxygen-catalyzing capability, and Sn-based metal
oxides tend to be seriously corrosion-resistant even in highly oxidiz-
ing and acidic environments (25-31). In addition, triggering the
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creation of oxygen radicals on the surface of the catalyst which
serves as electrophilic centers for a nucleophilic attack easily from
H,O has been regarded as an effective way to enhance the catalytic
activity (32-34). As a consequence, triggering the formation of
oxygen radicals by constructing a heterostructures system compris-
ing Sn-based oxide-supported lower oxidized iridium species for
the acidic OER and identifying the underlying structure-activity de-
pendence are of vital significance.

Here, we report a heterostructured Ir-Sn pair-site catalyst (Ir-Sn
PSC), consisting of metallic Ir NPs grafted onto antimony tin oxide
nanocrystalline which features considerably reduced d-band holes,
to mitigate Ir dissolution in acid water oxidation. Microscopic char-
acterizations and operando x-ray absorption and emission spectro-
scopy collectively reveal the strong electronic coupling between Ir
and Sn dual-atom sites, which could optimize the electronic struc-
ture of Ir and suppress its overoxidation. Density functional theory
(DFT) calculations unravel that the formation of oxygen radicals
derived from the m* interaction between Ir 5d..-O 2p, and Ir 5d...-
O 2p, contribute to the accelerated surface electron exchange-and-
transfer capability, optimized oxygen adsorption energetics, and ex-
cellent corrosion resistance. Therefore, the Ir-Sn PSC exhibits supe-
rior OER activity and excellent long-term stability in the PEMWE.

RESULTS

Synthesis and characterization

The Ir-Sn PSC was prepared by a typical wet chemical method in
ethylene glycol solution at 120°C for 3 hours. Optical images indi-
cate that the color of the dispersion of the precursors changed from
aqua to dark after the formation of the Ir-Sn PSC (fig. S1). Different
Ir mass loading (10.2, 23.2, and 38.3 wt %, respectively) of Ir-Sn PSC
and pure Ir nanoparticles (Ir NPs) were synthesized for comparison.
To comprehensively consider the activity and Ir mass loading, we
focused on the study of the structure-performance relationship of
23.2 wt % Ir-Sn PSC and marked it as Ir-Sn PSC for simplicity.
The x-ray diffraction (XRD) patterns and transmission electron
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microscope (TEM) images suggest the successful formation of het-
erostructured Ir-Sn PSC (Fig. 1B and figs. S2 to S7). High-resolution
TEM (HRTEM) images demonstrated that metallic Ir NPs have an-
chored on the Sng ggSbg 1,0, (SSO) nanocrystallites, as evidenced by
the presence of characteristic lattice facets of SSO (110) and Ir (111)
(Fig. 1C). The high-angle annular dark-field (HAADF) and annular
bright-field (ABF) scanning transmission electron microscope
(STEM) images exhibit the existence of heterointerfaces between
Ir NPs and SSO nanocrystallites as indicated in the red rectangles,
where Ir atoms are connected and interacted with Sn atoms in the
interfaces of Ir-Sn PSC (Fig. 1, D and E). Some other representative
STEM images and the fast Fourier transform (FFT) pattern derived
from Fig. 1D and the selected area electron diffraction pattern also
further consolidate our knowledge of the formation of heterostruc-
tured Ir-Sn PSC (Fig. 1F and figs. S8 to S11). In addition, the STEM-
EDS mapping and spectra, where EDS stands for energy dispersive
spectroscopy, show the coexistence of Ir, Sn, Sb, and O elements in
Ir-Sn PSC (Fig. 1G and fig. S12). For comparison, STEM analysis

was also conducted on the SSO nanocrystallites and Ir NPs, indicat-
ing typical rutile crystal structure (space group P42/mnm) and cubic
structure (space group Fm-3 m) for SSO and Ir NPs, respectively
(figs. S13 to S15). It should be noted, however, that a relatively
high content of oxygen was observed near the surface of Ir NPs, in-
dicating the presence of abundant absorbed oxygen-related species
(e.g., hydroxyl groups or surface-adsorbed oxygen) in Ir NPs (figs.
S16 and S17). In addition, it is also worth mentioning that the high
conductivity of SSO nanocrystallites is also an important factor for
their selection as the support of Ir-Sn PSC (30, 35). On the basis of
the abovementioned structural analysis, the structural model of Ir-
Sn PSC can be vividly illustrated as presented in Fig. 1A.

To examine the evolution of the electronic properties and coor-
dination environment of Ir-Sn PSC, x-ray photoelectron spectro-
scopy (XPS) and x-ray absorption spectroscopy (XAS) were
conducted. The high-resolution Ir 4f XPS spectrum demonstrates
that Ir-Sn PSC features lower binding energy, with two sets of dou-
blets at 61.1 and 64.1 eV and 61.7 and 64.7 eV, which can be
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Fig. 1. The structural characterization of heterostructured Ir-Sn PSC. (A) Schematic illustration of Ir-Sn PSC. (B) TEM image. (C) HRTEM image. (D) ABF-STEM image.
The top inset shows the FFT pattern of the corresponding yellow square area, and the bottom inset indicates the atomic arrangement of SSO in the white rectangle area.
Red, oxygen; gray, Sn and Sb. (E) HAADF-STEM image, along with the FFT pattern of SSO in the white rectangle area and the atomic arrangement of Ir NPs in the yellow
rectangle area. (F) The corresponding FFT pattern of (E). (G) Elemental mappings of Ir, Sn, Sb, and O in the Ir-Sn PSC.
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attributed to the valence states of Ir’ and Ir**, respectively (Fig. 2A
and table S1) (36-38). In contrast, the Ir 4f;, and Ir 4f5,, XPS spec-
trum of Ir NPs are located at higher binding energy, and the relative
ratio of Ir%/Ir** (0.17) is much lower than Ir-Sn PSC (1.2), illustrat-
ing the higher degree of surface oxidation of Ir NPs due to the ab-
sorption of oxygen species such as hydroxyl groups (Ir-OH) and
adsorbed H,O (fig. S18) (39—41). Compared to the pristine SSO,
the Sn 3d, Sb 3d, and Sb 3p XPS spectra of Ir-Sn PSC are all
shifted to higher binding energy, signifying that the Sn and Sb ele-
ments have suffered from a partial oxidation process during the for-
mation of Ir-Sn PSC (figs. S19 to S22) (42, 43). These results suggest
the presence of strong electronic interactions between Sb/Sn and Ir
species during the synthesis of Ir-Sn PSC.

X-ray absorption near-edge structure (XANES) and extended x-
ray absorption fine structure (EXAFS) were further carried out to
probe the chemical states and local ligand fields of Ir-Sn PSC. As

demonstrated in Fig. 2B, the intensity of the Ir L;-edge XANES
white line of Ir-Sn PSC is between those of Ir foil and the IrO, stan-
dard but lower than for Ir NPs, suggesting that the average valence
state of Ir is in this sequence: Ir foil (Ir°) < Ir-Sn PSC < Ir NPs < IrO,
(Ir*") (44, 45). This is well supported by the positive shift in the
second derivative of the Ir L;-edge XANES spectrum, illustrating
the increased Ir 5d electron density in Ir-Sn PSC compared to Ir
NPs (fig. S23) (46). The linear fitting results indicate that the d-
band hole count of Ir-Sn PSC is 3.29, close to that of Ir foil (3)
but lower than that of Ir NPs (3.96), indicating that Ir-Sn PSC has
an almost metallic state, which suggests the formation of Ir-Sn PSC
contributing to the reduction of the number of d-band holes in Ir
(Fig. 2D, fig. S24, and table S2) (47, 48). This is well in agreement
with the linear combination fitting results of the Ir L;-edge XANES
spectra of Ir NPs and Ir-Sn PSC, in which about 80.9% of the Ir in
Ir-Sn PSC is the metallic state, whereas only around 58.8% is in the
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Fig. 2. Electronic structure of Ir-Sn PSC. (A) High-resolution Ir 4f XPS spectra of Ir NPs and Ir-Sn PSC. (B) Ir Ls-edge XANES spectra of Ir foil, IrO,, Ir NPs, and Ir-Sn PSC. (C)
The Ir Ls-edge EXAFS spectra (points) and curve fits (lines) for Ir foil, Ir NPs, IrO, and Ir-Sn PSC. The data are k*-weighted and not phase-corrected. (D) White line peak area
difference as a function of the formal d-band hole count. Ir L;-edge XANES spectra fitting results for (E) Ir NPs and (F) Ir-Sn PSC. (G) WT-EXAFS contour maps of the Ir Ls-
edge for Ir NPs and Ir-Sn PSC. (H) Sn K-edge XANES spectra of Sn foil, Ir-Sn PSC, and SnO,. (I) The corresponding Sn K-edge EXAFS spectra (points) and curve fits (lines). The

data are k*-weighted and not phase-corrected. a.u., arbitrary units.
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Ir NPs (Fig. 2, E and F; fig. S25; and table S3). The weakened Ir-O
scattering in the wavelet transform (WT) of Ir L;-edge EXAFS
contour maps for Ir-Sn PSC also offers compelling evidence to
support this conclusion (Fig. 2G and fig. $26). An inconspicuous
peak at ~1.62 A and another notable peak situated at ~2.5 A are ob-
served in the Ir L;-edge FT-EXAFS spectra of Ir NPs and Ir-Sn PSC,
which could be assigned to the contribution of Ir-O and Ir-M (M =
Ir, Sn, and Sb) scattering, respectively (Fig. 2C) (49, 50). The FT-
EXAFS fitting results further reinforce the substantial role of the
heterointerface in impeding the oxidation of Ir NPs with a lower
coordination number of ~2.0 for the Ir-O path and a higher
ligand number of ~8.6 for Ir-M scattering in Ir-Sn PSC than
those of Ir NPs, which are ~3.1 and ~6.2 for the Ir-O and Ir-Ir
path, respectively (fig. S27 and table S4). Moreover, the Sn K-edge
XANES spectrum for Ir-Sn PSC shows that the absorption edge has
a slightly positive shift toward higher energy compared to SnO,,
which implies the slight oxidation of Sn with a higher valence
state than +4 in Ir-Sn PSC, in good agreement with the analysis
results of XPS (Fig. 2H) (42, 51). The Sn K-edge FT-EXAFS spec-
trum of Ir-Sn PSC exhibits a prominent peak at ~1.54 A, derived
from the contribution of the Sn-O path, and another peak at
~3.51 A contributed by the Sn-M coordination, which is well sup-
ported by the WT-EXAFS analysis with the presence of Sn-O and
Sn-M coordination in Ir-Sn PSC (Fig. 2I and figs. S28 and $29) (51,
52). The negative shift of the Sn-O path in Ir-Sn PSC is probably
caused by the reduced ionic radius of Sn due to oxidation, resulting
in the contraction of the Sn-O bond length. Overall, the spectro-
scopic analyses collectively reveal possible charge transfer between
Ir-Sn/Sb sites around the interface during the formation of Ir-Sn
PSC, which triggers the strong electronic metal-support interac-
tions (EMSI) and plays a vital role in impeding the overoxidation
of Ir species.

Electrocatalytic performance

The polarization curves reveal that the catalytic activities can be
boosted by increasing the mass loading of Ir, in which the required
overpotentials for current densities of 10 and 100 mA cm ™ can be
reduced from 225 and 324 mV (10.2% Ir-Sn PSC) to 200 and 299
mV (Ir-Sn PSC) and 193 and 264 mV (38.2% Ir-Sn PSC) (fig. S30).
Similarly, we selected Ir-Sn PSC as the representative catalyst to sys-
tematically elucidate the extraordinary structure-activity depen-
dence. The Ir-Sn PSC also delivered superior activity to those of
the control catalysts, with the overpotentials of 35 and 172 mV
smaller than for Ir NPs and commercial IrO, at 10 mA cm™>, and
this difference could reach 53 and 334 mV on increasing the current
density to 40 mA cm™? (Fig. 3, A and B, and table S5). The Ir-Sn
PSC could exhibit an extremely high mass activity of 2.9 A mg;, " at
an overpotential of 320 mV, which is more than one and two orders
of magnitude higher than for Ir NPs and IrO,, respectively (Fig. 3C
and fig. S31). It should be mentioned that the mass activity could be
further enhanced to 4.4 A mg;,~" by reducing the Ir mass loading to
10.2 wt %. The acidic OER activity of Ir-Sn PSC is superior to those
of most of the state-of-the-art catalysts reported in previous works,
suggesting its unique structural superiority (table S6). Moreover, the
lowest Tafel slope of Ir-Sn PSC (64.1 mV dec™ ") suggests rapid mass
and charge transfer kinetics processes (Fig. 3D). The electrochem-
ical impedance spectroscopy results (fig. S32) demonstrate that Ir-
Sn PSC exhibits the lowest charge transfer resistance (~3 ohms),
much smaller than that of Ir NPs (~7 ohms) and IrO, (~329
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ohms), illustrating the substantially enhanced reaction kinetics.
Also, the Ir-Sn PSC exhibits a high turnover frequency (TOF) of
1.06 s, about 11 and 105 times higher than those of Ir NPs and
IrO,, respectively, illustrating the considerably enhanced intrinsic
activity of Ir-Sn PSC (Fig. 3E). The electrochemical double-layer ca-
pacitance (Cq)) derived from the cyclic voltammetry (CV) curves
suggest that the Ir-Sn PSC features much more exposed catalytically
active sites (Fig. 3F and fig. S33). This could be attributed to the
crucial role of SSO, which provides abundant surface sites to
anchor and inhibit the Ir species to avoid aggregation.

Chronopotentiometry (CP) measurements indicated that the Ir-
Sn PSC exhibits excellent durability without obvious decay after 180
hours of operation at the current density of 30 mA ¢cm™ in 0.5 M
H,SO,, whereas the IrO, could only survive for several hours, dem-
onstrating the high corrosion resistance of Ir-Sn PSC in an acidic
and oxidative environment (fig. S34) (53, 54). This is supported
by the well-maintained crystal structure of Ir-Sn PSC after the
stability test (fig. S35). Inspired by the substantial advances in
both activity and durability, a water-splitting cell was assembled
with Ir-Sn PSC and Pt/C as OER and Hydrogen Evolution Reaction
(HER) catalysts, respectively. The Ir-Sn PSC||Pt/C cell exhibited
both lower overpotential and higher cycling stability, with only
0.46 mV/hour decay at 20 mA cm™> for 260 hours of operation,
two orders of magnitude more than that of the IrO,|| Pt/C cell
(Fig. 3G and fig. S36).

Studies on the long-term stability

To explore why Ir-Sn PSC exhibits outstanding long-term durability
during the acidic OER, we have carefully examined the crystal struc-
ture, morphology, and electronic structure of cycled Ir-Sn PSC cat-
alysts. The XRD results indicate that the crystal structure of cycled
Ir-Sn PSC is well-maintained even after 260 hours of operation at 20
mA cm™? in 0.5 H,SO,, suggesting that Ir-Sn PSC features an out-
standing corrosion-resistant ability to avoid structural decay due to
the formation of Ir-Sn dual-atom site at the interface (Fig. 4A and
tig. S37). HAADF-STEM and ABF-STEM images demonstrated
that the morphology and heterointerfaces of cycled Ir-Sn PSC are
well-preserved, and the observed characteristic lattice facets of Ir
and SSO [e.g., Ir (111) and SSO (101)] further collectively highlight
the structural superiority of Ir-Sn PSC. (Fig. 4B and figs. S38 and
$39). The evolution of the electronic states and coordination envi-
ronment of cycled Ir-Sn PSC was further deciphered by various
spectroscopic characterizations. The positive shift of the Ir 4f, Sn
3d, and Sb 3d spectra of cycled Ir-Sn PSC suggests the slight oxida-
tion of I, Sn, and Sb after the long-term stability test (fig. S40). The
Ir L;-edge XANES spectra indicated that the average oxidation state
of Ir in cycled Ir-Sn PSC was higher than that of pristine Ir-Sn PSC
but lower than that of IrO, (Fig. 4C). The calculated number of d-
band holes of cycled Ir-Sn PSC is about 4.3, larger than for Ir-Sn
PSC (3.29) but smaller than for IrO, (5), and this trend correlates
well with the XANES fitting results, in which the metallic Ir” and
oxidized Ir*" are 35.6 and 64.4% of Ir content, respectively, mani-
festing that the metallic state is maintained, even after long-term
cycling (Fig. 4D and figs. S41 and S42).

This is further evidenced by the enhanced intensity of the Ir-O
path with higher coordination numbers (around 4.3) and the main-
tained Ir-M peak in the Ir L;-edge FT-EXAFS spectrum of cycled Ir-
Sn PSC when compared to that of the pristine one (Fig. 4E and fig.
$43). Moreover, the WT results also confirm the presence of more
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Fig. 3. OER performance of Ir-Sn PSC. (A) Polarization curves of SSO, Ir NPs, Ir-Sn PSC, and IrO,. (B) The corresponding overpotential at the current densities of 10 and 40
mA cm?. (C) Linear sweep voltammetry curves based on the mass activity of Ir. (D) Tafel slopes of Ir NPs, Ir-Sn PSC, and IrO-_(E) TOFs based on the mass of Ir. (F) Cg, plots.
(G) Long-term durability test for full cells for water splitting assembled with Pt/C and Ir-5n PSC at the current density of 20 mA cm?.

prominent Ir-O and retained Ir-M coordination in cycled Ir-Sn PSC
compared to Ir-Sn PSC_OER and Ir-Sn PSC (Fig. 4F and fig. S44)
The maintenance of the Ir-M scattering featured in the cycled Ir-Sn
PSC suggests the retained metallic nature of Ir species in the Ir-Sn
PSC, even after 260 hours of operation at 20 mA cm™>. The metal
dissolution was determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES), revealing that only approximate-
ly 12% of the Ir in Ir-Sn PSC was dissolved into the solution after
192 hours of operation (fig. S45). Moreover, it can be inferred that
the electronic interaction between Ir and Sb also plays a vital role in
enhancing the stability of the Ir-Sn PSC. The superior durability of
Ir-Sn PSC might arise from the unique heterostructured architec-
ture with the presence of Ir-Sn dual-atom site around the interface,
offering abundant sites to anchor Ir species and inhibit their migra-
tion, aggregation, and dissolution during the OER process, as well as
the triggered strong electronic interaction to suppress the overoxi-
dation of Ir species via spontaneously delivering charge from to Ir to
SSO in the Ir-Sn PSC.

Zheng et al., Sci. Adv. 9, eadi8025 (2023) 18 October 2023

Encouraged by both its superior activity and durability, we as-
sembled a PEMWE using Ir-Sn PSC as the anode catalyst with a
mass loading of 1 mg cm ™2 (Fig. 4G). The polarization curve indi-
cated that the Ir-Sn PSC can deliver a high current density of 1 and 2
A cm™? with only 1.548 and 1.711 V, respectively, comparable to
most reported PEMWE devices using state-of-the-art electrocata-
lysts (fig. S46 and table S7). Furthermore, the PEMWE assembled
with Ir-Sn PSC also exhibited excellent durability with only 0.88
mV/hour decay rate at the current density of 1 A cm ™, rendering
it attractive as a potential acidic OER electrocatalyst for practical ap-
plications (Fig. 4H).

Operando spectroscopic characterizations during the

OER process

To further unravel the underlying dynamic catalytic mechanisms of
Ir-Sn PSC, we combined operando XAS and x-ray emission spectro-
scopy (XES) techniques to examine the evolution of the electronic
structure of Ir and Sn during the OER process. With increasing the
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Fig. 4. Structural characterization of cycled Ir-Sn PSC. (A) XRD pattern. (B) HAADF-STEM image. (C) Ir L3-edge XANES spectra of Ir foil, IrO,, and cycled Ir-Sn PSC. (D)
White line peak area difference as a function of the formal d-band hole count. (E) Ir L;-edge EXAFS spectra (points) and curve fits (lines) for Ir foil, IrO,, and cycled Ir-Sn PSC,
shown in R space. (F) WT-EXAFS contour map of Ir L3-edge for cycled Ir-Sn PSC. (G) Schematic illustration of PEMWE using Ir-Sn PSC as the anode catalyst. (H) CP test of

PEMWE using Ir-Sn PSC operated at 1000 mA cm™2,

applied voltage from the open circuit potential to 1.6 V, the white
line intensity of the Ir L;-edge XANES spectra of Ir-Sn PSC in-
creased gradually, along with a slight positive shift to higher
energy (Fig. 5A and fig. $47). This suggests the gradual enrichment
of d-band holes and reduced 5d electron density of Ir species under
potential-driven conditions, implying an increase in the oxidation
state of Ir in Ir-Sn PSC (55). Meanwhile, the slight shift of the white
line position and the increased intensity suggest the crucial role of
the heterointerface in suppressing the over-oxidation of Ir species
during the OER process, thereby substantially mitigating metal dis-
solution. Moreover, a peak located at ~1.64 A, which can be attrib-
uted to Ir-O coordination, becomes pronounced at 1.6 V,
manifesting the dynamic evolution of surface Ir species during
the OER process (Fig. 5B) (56). Despite the oxidation of surface
Ir species at high potential, the well-maintained intensity of Ir-M
coordination evidences the metallic nature of Ir species in Ir-Sn
PSC during the OER (fig. S48) (57). Moreover, this dynamic
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evolution process can be vividly illustrated by the gradual change
of the Ir L;-edge WT-EXAFS plots, where the Ir-O scattering
becomes increasingly obvious and Ir-M scattering maintains well
with improved potential bias (fig. $49). In addition, there is a slight-
ly positive shift of the absorption edge for Sn K-edge XANES from
the open circuit potential to 1.4 V, suggesting that the slight oxida-
tion of Sn is probably related to the increased potential (Fig. 5C) (58,
59). This indicates that strong electronic interaction exists between
Ir and Sn sites, in which the SSO could act as an electron reservoir to
provide the extra electrons to oxygen species for Ir species at higher
potential, and in turn hinders the formation of soluble Ir®*-contain-
ing species to prevent the overoxidation of Ir. Also, the WT and FT-
EXAFS results further verify the well-kept Sn-O and Sn-M coordi-
nation in Ir-Sn PSC during the OER process (figs. S50 and S51). In
addition, we conducted operando XES to examine the dynamic
electronic evolution of Ir sites in Ir-Sn PSC (60, 61). The character-
istics Ly, feature with a peak at ~10,709 eV was observed for the Ir
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Fig. 5. Dynamic evolution of the electronic structure of Ir-Sn PSC during the OER process. (A) Operando XANES spectra of the Ir L3-edge for Ir-Sn PSC at different
voltages. The inset is the magnified image in the red rectangle area shown in (A). (B) The corresponding Ir Ls-edge EXAFS spectra, shown in R space. The data are k>-
weighted and not phase-corrected. (C) Operando Sn K-edge XANES spectra. Inset is an enlargement figure of the indicated range in (C). (D) Operando Ir L,,; XES spectra

recorded on Ir-Sn PSC from open circuit potential to 1.8 V versus RHE.

foil, IrO,, and Ir-Sn PSC sample, which can be assigned to the Ir
3ds/, (Ly) to Ir 2p,» (My) dipole transition (fig. S52). The gradually
positively shifted Ly,; peak demonstrates an oxidation process of Ir
species with increased potential which could be reasonable as more
available d holes could cause poorer screening, resulting in a larger
chemical shift, well consistent with the operando XAS results
(Fig. 5D and fig. S53) (62).

We further examined the evolution of the crystal structure, mor-
phology, and electronic properties of Ir-Sn PSC after several OER
cycles (Ir-Sn PSC_OER) by ex situ XPS and XAS. The microscopic
characterizations demonstrated that the crystal structure and the
morphology were well-maintained (figs. S54 to S61). The mainte-
nance of the metallic iridium phase can be discerned by carefully
examining the atomic arrangement of Ir, which is in good agree-
ment with the crystal structure of metallic Ir viewed from the
[011] zone axis rather than that of the IrO, from the [001] direction
(figs. S58 and S59). The lower Ir 4f binding energy and the main-
tained Ir® component of Ir-Sn PSC suggest its good oxidation resis-
tance capability with only slight oxidation, which might be
beneficial for enhancing long-term durability (fig. S62 and table
S8). This is also supported by the retained Sn 3d, Sb 3d, and 2p
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XPS spectra in Ir-Sn PSC_OER (fig. S63). The linear combination
fitting results for L;-edge XANES spectra indicate that only ~7%
metallic Ir is oxidized in Ir-Sn PSC_OER, which is consistent
with the small increase in d-band holes to 3.4 (figs. S64 and S65).
The emerging Ir-O path with higher coordination numbers (~2.3)
in Ir-Sn PSC_OER than the pristine one and the maintained Ir-M
scattering in the Ir L;-edge FT and WT-EXAFS spectra jointly
support the slight oxidation of surficial Ir species after OER
cycling of Ir-Sn PSC (figs. S66 and S67). These results suggest
that there is probably a dynamic equilibrium between surface Ir ox-
idation and reduction due to the unique heterostructured architec-
ture of Ir-Sn PSC, which could greatly suppress the rapid oxidation
of Ir metal.

Theoretical insights on the OER activity and stability

After thoroughly discussing the structure-performance relationship
based on the results of experimental characterizations, it is imper-
ative to provide detailed theoretical insights down to the electronic
level. Four-electron OER pathways based on the adsorbate evolution
mechanism on IrO, (110) and Ir-Sn PSC were studied by exploring
and comparing the energetics of the corresponding adsorption
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intermediates (fig. S68). As indicated in Fig. 6A, the potential-de-
termining step of Ir-Sn PSC is the formation of ‘OOH derived from
the attack of H,O to O radical, which features a small energy barrier
of 1.56 eV, much lower than that of IrO, (1.66 eV) (table S9). Also,
Ir-Sn PSC shows a near-optimal AGo-AGoy (1.19 eV), very close to
the theoretical value (1.23 eV) and low theoretical overpotential of
only 0.33 V (fig. S69 and table S10), suggesting a higher OER activ-
ity, in good agreement with the experimental results (40).

Yet, how is this amazing performance of Ir-Sn PSC achieved?
First of all, the EMSI of Ir-Sn PSC is essential for enhanced activity.
As demonstrated by the charge density difference results, there is a
large amount of electron exchange between the Ir species and the

SSO substrate, in good accordance with the spectroscopic character-
ization results, indicating the existence of a strong EMSI in Ir-Sn
PSC (Fig. 6B and fig. S70). In addition, the strong electronic inter-
actions of Ir-Sn and Ir-Sb are also revealed by the crystal orbital
Hamilton population (COHP), supported by the large overlapping
between Ir and Sn/Sb orbitals in the range from —12 to 0 eV (Fig. 6C
and fig. S71). The EMSI could accelerate the electron transfer and
enhance the binding capability, helping to effectively inhibit the ag-
gregation and impede the dissolution of Ir species from the host ma-
terial during the OER process (63).

In addition, the proper EMSI could modify the electronic envi-
ronment of the Ir species. The electrostatic potential and the
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Fig. 6. Electronic properties of Ir-Sn PSC. (A) Gibbs free energy diagram of IrO, (110) and Ir-Sn PSC at U= 0V and U = 1.23 V, where U is the potential under standard

conditions versus RHE. (B) Charge density difference of Ir-Sn PSC. The cyan and yellow isosurfaces show electron density accumulation and depletion, respectively. (C) The

COHP of the Ir atoms at different heights and Sn atoms on the surface of the Ir-Sn PSC. (D) DOS of Ir 5d orbital and the adsorbed O 2p orbital in Ir-Sn PSC-O*. (E) The COHP
evolution of Ir-O after the adsorption of O* OH*, and OOH*. (F) The ELF of the Ir-Sn PSC-OOH*. (G) The COHP evolution of Ir-Sn after the adsorption of O*, OH*, and OOH*.
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electron localization function (ELF) analysis results indicated that
there are synergistic effects on Ir atoms (Fig. 6F and figs. S72 and
§$73). In the acidic media, the water molecules often exist in the
form of H;O", which needs binding sites featuring nucleophilic
and electrophilic properties simultaneously. The electrostatic po-
tential analysis revealed that the Ir atoms exhibited middle-level
properties of gain and loss of electrons, which is favorable for the
enrichment of the reactant (i.e., HsO") and the adsorption of O-
end intermediates for further oxidation (fig. S72). Similarly, the
ELF values of the active sites were lower than 0.4, meaning that
the oxidation process of the reactant is not only restricted to a
single Ir atom but also has to do with the neighboring Ir sites (fig.
S§73). As claimed above, the surrounding Ir atoms play the role of
anchoring the H atom on H;0", thereby enriching the reactant.
Meanwhile, the highly discrete electron cloud distribution on Ir-
Sn PSC contributes to accelerating the surface electron exchange-
and-transfer capability. The EMSI accelerates the rate-determining
step of *OOH formation, which is the key to the system. Analyses of
the density of states (DOS) and COHP reveal the main aspects (figs.
S74 to S76). When the DOS of the Ir site with the adsorption of O is
put forward, the orbitals for adsorbed O and Ir anchoring sites are
amazingly consistent from —8 to 3 eV (Fig. 6D). There is a large
contribution of antibonding orbitals, however, as shown by the cor-
responding COHP (fig. S76). It can be concluded that, although
there are a large number of electron transitions and strong interac-
tions between O and Ir, the adsorption is relatively weak. From the
Bader charge analysis, the adsorbed O atom has a charge of —0.72 ¢,
so it is more likely oxygen radical. The O radical is very active, which
accelerates the formation of *OOH in the following step (32). These
results can also be supported by an experimental phenomenon. The
bubbles on the catalysts are very small and arise beyond the surface,
indicating that the O, may not exactly obey the desorption rule but
rather the process of radical quenching. Therefore, the right combi-
nation between Ir and SSO achieves the proper EMSI, which realizes
the formation of O radicals during the reaction and accelerates the
oxygen evolution kinetics.

Upon further analysis of the process, intriguing coincidences
come to light. As the COHP changes during the OER process
(Fig. 6E), a new positive peak emerges at approximately —6 eV.
This peak can be attributed to the strong electronic interaction
between Ir and O, facilitating efficient electron transfer to the reac-
tant. Simultaneously, there are also other new negative peaks
located at —2.5 to 1.5 eV, which represent antibonds between Ir
and O. These antibonds are mainly attributed to the n* interaction
between Ir 5d.:-O 2p, and Ir 5d,..-O 2p,, located at ~1 eV above the
Fermi level, which can be occupied during the OER process (over
1.23 V versus RHE) (fig. S75). It thus provides alternative orbitals
for electron transfer from Ir sites, resulting in the formation of O
radicals (fig. S77). Amazingly, the electronic interactions of Ir-Sn
pair-site show similar changes at the same energy level during the
OER process (Fig. 6G and fig. S78). This indicates that the electron
lost from the O atom is quickly transferred to the substrate, accel-
erating the formation of an O radical and preventing the overoxida-
tion of the Ir species.

DISCUSSION
In summary, we report an antioxidation strategy to boost anode cor-
rosion resistance by triggering oxygen radicals via elaborately
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constructing heterostructured Ir-Sn PSC. The substantially en-
hanced catalytic performance of Ir-Sn PSC could be attributed to
the formation of heterointerface with the Ir-Sn dual-atom site,
which offers abundant interfaces, enabling substantially increased
catalytically active sites and accelerated charge transfer kinetics.
Moreover, the Ir-Sn PSC has a favorable electronic structure and
coordination environment to realize near-optimal oxygen adsorp-
tion energetics and triggers oxygen radicals by the strong electronic
interactions to suppress Ir overoxidation. This study not only pro-
vides a highly efficient and long-lived device-oriented electrocata-
lyst but also offers important insights into manipulating free
radicals to realize antioxidation for anodic protection.

MATERIALS AND METHODS

Preparation of Ir-Sn PSC

Ir-Sn PSC was prepared by a facile wet chemical method. Specifi-
cally, 12 mg of antimony tin oxide (99.5%, Alfa Aesar) and 80 mg
of P123 (Macklin) were added to 15 ml of ethylene glycol (99%,
Sigma-Aldrich). The mixture was ultrasonicated for 30 min to
obtain a homogeneous solution. Then, different contents (0.312,
0.832, and 1.873 ml) of 0.05 M IrCl, xH,O (99%, Aladdin) were
added into the homogeneous solution and ultrasonicated for
another 30 min, respectively. The obtained solution was heated
and stirred (1200 rpm/min) at 120°C for 3 hours in an oil bath.
The suspension was washed with ethanol and deionized water
and then centrifuged several times, followed by drying in a
vacuum oven for 12 hours. The actual loaded Ir metal content
was evaluated by ICP mass spectroscopy, which were 10.2, 23.2,
and 38.3%, respectively. For comparison, the synthesis of pure Ir
NPs was the same as for Ir-Sn PSC, only without adding the
SSO support.

Material characterization

XRD was performed on a D/max-2550 x-ray diffractometer with a
sweep rate of 5° min~" from 10° to 80°. The morphology of the Ir-Sn
PSC catalysts was characterized by TEM (JEM-2100F). The atomic
arrangement of Ir-Sn PSC was examined by HAADF-STEM and
ABF-STEM (JEOL ARM300F). The mass loading of Ir and
leached Ir, Sn, and Sb contents were determined by ICP-OES
(Optima-7000DV). The valence states of all the elements (Ir, Sn,
Sb, and O) were assessed by XPS using an ESCALAB Xi"Analyser
(Thermo Fisher Scientific) installed in a high-vacuum chamber
(below 10™° mbar), and x-ray excitation was provided by Al Ka ra-
diation at the high voltage of 15 kV. The XAS spectra were collected
at Beamline BL14W1 and the BL11B station at the Shanghai Syn-
chrotron Radiation Facility (SSRF) and the 1W1B station at the
Beijing Synchrotron Radiation Facility (BSRF). The obtained
XANES and EXAFS data were analyzed using Athena and
Artemis software, respectively (64).

Operando XAFS measurements

Operando XAFS measurements of Ir L;-edge spectra were recorded
at the BL14W1 station in the SSRF, China. The storage ring of SSRF
is operated at 3.5 GeV with a multibunch current up to 300 mA. The
operando XAFS measurements were carried out using a homemade
cell in 0.5 M H,SO, solution. The Ir L;-edge XAFS spectra were col-
lected in transmission/fluorescence mode. The Ir-Sn PSC ink was
coated on carbon paper (1 cm by 2 cm) with a mass loading of
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0.5 mg cm 2. The data were recorded at different voltages, including
the onset potential, 1.0, 1.2, 1.4, and 1.6 V versus RHE. The absorp-
tion edge energy (E,) of Ir Ls;-edge spectra was calibrated using a
standard sample of Ir foil. The Sn K-edge XAFS spectra were re-
corded at the BL11B station in the SSRE. The energy calibration
of the Sn K-edge XAFS spectra was based on the standard sample
of Sn foil.

Operando XES measurements

The operando XES spectra were collected at the beamline of 4W1B
station in the BSRF, China. The storage ring runs 2.5-GeV electrons
with a current of 250 mA. The operando XES measurements were
carried out by a homemade cell in a 0.5 M H,SO, solution. The Ir-
Sn PSC ink was coated on carbon paper (1 cm by 2 cm) with a mass
loading of 0.5 mg cm ™. The data were recorded at different voltages
including onset potential, 1.0, 1.2, 1.4, 1.6, and 1.8 V versus RHE.
For the Ly, line of iridium element, Si (555) crystal was used. Also, Ir
foil and IrO, were used as the reference samples for Ir® and Ir**
valence states, respectively.

Electrochemical measurements

The catalyst ink was prepared by dispersing a mixture of the sample
(4 mg) with VulcanXC-72 carbon (2 mg) into 1 ml of mixed solu-
tion (5% Nafion solution/deionized water/isopropanol = 4:96:25 by
volume). Then, 10 pl of catalyst ink was dropped on glassy carbon
and dried in ambient air. The OER performance was investigated
with three-electrode systems (CHI 760) at a rotation speed of
1600 rpm in 0.5 M H,SO, solution. Hg/Hg,SO, was used as the ref-
erence electrode, and Pt mesh was used as the counter electrode,
respectively. Linear sweep voltammetry was conducted at a scan-
ning rate of 10 mV s™'. The stability testing was performed with
CP measurements at 30 mA cm > for 180 hours. Electrochemical
impedance spectroscopy was carried out in the frequency range of
100 kHz to 0.1 Hz. All the potentials were iR-corrected by the resis-
tance of the electrolyte unless explicitly stated.

The TOF values for all catalysts were evaluated by the following
equation

TOF = —— (1)
4nF
where I is the current (A) at an overpotential of 300 mV, F is the
Faraday constant (96,485 C mol™), and n represents the number
of moles of Ir in the Ir NPs, IrO,, and Ir-Sn PSC.

The double-layer capacitance (Cq;) of all the catalysts was deter-
mined by conducting CV at different scanning rates. CV curves
were recorded at different scanning rates from 40 to 200 mV s~
in the voltage range of 1.166 to 1.266 V versus RHE. The Cy was
evaluated by the following equation

| + Lje|
Ca =" (2)
where j, and j, (mA cm™?) are the anodic and cathodic current den-
sities, respectively. v is the scan rate (mV s™').

For the overall water-splitting performance assessment, catalyst
ink (250 pl) was dropped on carbon paper (with mass loading of the
catalyst 1 mg cm™?) and dried at room temperature. Ir-Sn PSC and
commercial Pt/C catalysts were applied as the anode (OER) and
cathode (HER) catalysts for the assembly of the water-splitting
device, and the cell was marked as Ir-Sn PSC||Pt/C. For comparison,
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an IrO,||Pt/C cell using commercial IrO, and Pt/C as the anode and
cathode catalyst, respectively, was assembled. The durability of the
Ir-Sn PSC||Pt/C cell was recorded by CP measurements at a current
density of 20 mA cm™? for 260 hours. The potentials were without
iR correction for the overall water-splitting test.

Electrochemical measurements in PEM water electrolyzer

A membrane electrode assembly was constructed using a treated
N117 membrane. The obtained Ir-Sn PSC and commercial Pt/C
(20 wt % Pt) were used as the anode and cathode catalysts for the
PEMWE, respectively. The Pt/C and Ir-Sn PSC were deposited onto
carbon paper and were used as the HER and OER catalysts, respec-
tively. The surface area of the MEA was 2 cm by 2 cm (4 cm?). The
PEM electrolyzer was operated in H,O under 80°C. The polariza-
tion curves of the PEMWE were recorded from the current
density of 0.01 to 2.0 A cm ™2 The CP measurements were conduct-
ed at the current density of 1.0 A cm™? to assess the long-term du-
rability of PEMWE using an Ir-Sn PSC catalyst.

Theoretical calculations
All the DFT calculations were performed by using the Vienna Ab
initio Simulation Program (65, 66). The generalized gradient ap-
proximation in the Perdew-Burke-Ernzerhof form and cutoff
energy of 500 eV for the plane-wave basis set were adopted (67).
A 2 by 2 by 1 Monkhorst-Pack grid was used for sampling the Bril-
louin zones for structure optimization (68). The ion-electron inter-
actions were described by the projector-augmented wave method
(69). The convergence criteria of structure optimization were
chosen with the maximum force on each atom less than 0.01 eV/
A, with an energy change of less than 1 x 107> eV. The DFT-D3
semiempirical correction was described via the Grimme's scheme
method (70). To guarantee relaxations, a 15-A vacuum space in
the z axis was introduced. The calculation model was fully opti-
mized before the electron properties and energy calculations.

The elementary steps are considered according to the following
scheme.

2H,0 + * — OH* + H,0 + H" (3)
OH* + H,0 — O" + H,0 + e — +H" (4)
0" + H,0 — OOH* +e— +H" (5)
OOH* — O, + e — +H™ (6)
The Gibbs free energy of the elementary steps is calculated as
AG] = AGOH —eU (7)
AGZ = AGO — AGOH —eU (8)
AGZ = AGOOH — AGO —eU (9)

AG4 =492 eV — AGOOH —eU (10)

where U is the potential recorded under standard conditions (versus

10 of 13



SCIENCE ADVANCES | RESEARCH ARTICLE

RHE). The * is the adsorption site, and OH*, O*, and OOH* repre-
sent the OER reaction intermediates.

The Gibbs free energy difference was calculated based on AG =
AE + AZPE -TAS, and the energy differences AE are evaluated ac-
cording to the energy of H,O and H, (at U= 0 and pH = 0) as

AEoy = E(OH") — E(%) — [E(H,0) — 0.5E(H,)] (1)

AEo = E(O%) — E(x) — [E(H,0) — E(H,)] (12)

AEoon = E(OOH*) — E(x) — 2E(H,0) — 1L5E(H,)]  (13)

The theoretical overpotential can be determined by the following
equation

n = max[AGi, AG,, AG;, AGy) /e — 1.23]V] (14)

Supplementary Materials
This PDF file includes:

Figs. S1 to S78

Tables S1 to S10
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