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Regulating the adsorption behavior
of intermediates on Ir-W@Ir—-WO3_, boosts
acidic water oxidation electrocatalysisT

Zheng Lu,t Cong Wei,t Xinmiao Liu, Yanyan Fang, Xiaobin Hao, Yipeng Zang,
Zhibin Pei, Jinyan Cai, Yishang Wu, Di Niu, Amirabbas Mosallanezhad, Da Sun,
Jian Ye, Shuwen Niu* and Gongming Wang =/ *

Tungsten oxide with strong acid resistance and weak O-binding ability could potentially achieve a
tradeoff on the O-binding properties by constructing W and Ir dual sites for acidic oxygen evolution
reaction (OER) catalysis. However, the peroxide intermediate formed during the OER process could
react with tungsten oxide to produce soluble species, thereby severely limiting its application. Herein,
we construct Ir-Wa@lr—-WOs3_, core—shell nanoparticles with an Ir-W metallic core and an Ir-doped
WOs_, (Ir=WOs_,) shell, which can deliver an impressive overpotential of 261 mV at 10 mA cm~2 for
acidic OER catalysis and extraordinary catalytic stability. Spectroscopic analysis manifests that Ir-Walr—
WOs_, could substantially suppress peroxide species formation and effectively avoid peroxide-induced
corrosion during the OER process. Theoretical studies reveal that the moderate O-binding capability on
Ir-Wa@lr—WOs_, not only accelerates catalytic kinetics, but also restrains hydroperoxide formation. This
work sheds light on the rational design of OER catalysts by modulating the adsorption behavior of
oxygen-containing intermediates.

Introduction

Among all the solutions to solve the ever-growing global energy
consumption and the consequent environmental issues,
developing a clean hydrogen fuel to replace conventional fossil
fuel is one of the most promising pathways toward constructing
a renewable and carbon-neutral energy system."> Water elec-
trolysis using a proton exchange membrane (PEM) system has
been regarded as an attractive electrolysis technology due to its
high energy efficiency, compact design and fast load change
capability.” However, the proton transported PEM electrolysis
is typically operated in a highly acidic environment, which
consequently leads to severe corrosion issues.* Most of the
non-noble catalysts used in PEM electrolysis, especially oxygen
evolution reaction (OER) catalysts, cannot well survive under
this corrosive conditions.*® Although a great number of OER
catalysts with excellent catalytic activities have been developed
for alkaline electrolysis, hardly any of them can be readily
operated in an acidic environment.’ 2" Moreover, with the rapid
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development of PEM electrolysis, unveiling the underlying instability
mechanism and constructing highly stable yet efficient acidic OER
catalysts are extremely important and attract immense attention.
Among the ever-reported acidic OER catalysts, IrO, with
superior anti-dissolution feature has been considered as a great
candidate for PEM application.>** Unfortunately, the high
price induced by the natural scarcity of Ir in the earth’s crust
limits its large-scale application.”® Additionally, the strong
binding affinity toward oxygen intermediates could essentially
limit the formation of OOH* on the surface of IrO, based on the
ever-reported volcano plots, which basically results in unsatis-
factory activity for OER catalysis.>®>” In this regard, manipulat-
ing the Ir-O interactions to boost the intrinsic activity and also
minimize the Ir contents is the most feasible strategy to develop
highly efficient and affordable Ir-based catalysts for OER.
Considering that carbon typically suffers from severe oxidative
corrosion during the acidic OER process, employing metal
oxides as the support matrix for IrO, species to reduce Ir dosage
and simultaneously tune the local electronic structure of the Ir
sites to reasonably weaken the oxygen-binding ability has been
explored for acidic OER catalysis.?>***”7*> For example, Seitz
et al. found that the in situ generated amorphous IrO, on SrIrO;
surface can significantly enhance the OER performance of
SrirO; due to the optimized O-binding ability of the Ir sites.>
Additionally, Yang et al. demonstrated that 6H-SrIrO; exhibited
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much higher activity and stability than 3C-SrIrO; and IrO,
toward acidic OER catalysis. The superior activity and stability
of 6H-SrIrO; originate from the weakened surface Ir-O binding
ability induced by the existence of unique face-sharing IrOg
dimers.** Moreover, Nong et al. constructed IrNiO, core-shell
particles for acidic OER catalysis and achieved an enhanced
activity. Nickel leaching during the OER process endows the
adjacent oxygen more electrophilic properties thus facilitating
the O-O bond formation.*> However, acid-induced metal
(Sr, Ni, and Ir) leaching is still obvious, and the long-term
stability for acidic OER catalysis remains challenging.?”

According to the volcano maps for OER catalysis,”>*” tung-
sten oxide has a relatively weaker O-binding ability than IrO,,
which could potentially reach a tradeoff on the O-binding
behavior by constructing W and Ir dual sites on a single catalyst
surface. Moreover, tungsten oxides with strong anti-corrosion
properties, cannot react with any inorganic acids apart from
HF, which enables tungsten oxide to be an attractive candidate
to anchor Ir sites for acidic OER catalysis. However, the biggest
issue is the peroxide species,®® the reaction intermediates
formed during the OER process, which can react with tungsten
oxide and produce a soluble peroxo-tungstate complex.>”>°
This is the reason why tungsten oxide is rarely used for acidic
OER catalysis, despite having such excellent acidic resistance.
To this end, manipulating the adsorption behavior of the
crucial reaction intermediates to avoid the formation of per-
oxide species is the key to solving the solubility issues of
tungsten oxide,*® as shown in Scheme 1. Since surface adsorp-
tion properties are essentially determined by the local electro-
nic structure of the adsorption sites, rationally constructing
superior catalytic sites on tungsten oxides could fundamentally
address the peroxide-induced solubility issues, but still remains
unexplored.

Herein, we construct Ir-W@Ir-WO;_, core-shell nano-
particles with a Ir-W metallic core and a Ir-doped WO;_,
(Ir-WO;_,) shell by thermally reducing Ir-doped WO;
(Ir-WO3) under hydrogen atmosphere. The prepared Ir-W@Ir-
WO;_, exhibited an impressive overpotential of 261 mV at a current
density of 10 mA cm ™ for acidic OER catalysis and extraordinary
catalytic stability with only 3.5% potential increase in a constant 20 h
chronopotentiometric test, which outperform most of the ever-
reported acidic OER catalysts. Spectroscopic analysis demonstrates
that the peroxide species and metal dissolution can be substantially
suppressed with Ir-W@Ir-WO;_, as the OER catalyst. Moreover,
theoretical calculation reveals that the unique core-shell structures
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Scheme 1 lllustration of the strategy to suppress the formation of hydro-
peroxide by tuning the adsorption behavior of the reaction intermediates.
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with moderate adsorption strength toward oxygen-containing inter-
mediates not only accelerate the oxygen evolution reaction but also
restrain the formation of hydroperoxide, which thus enable the
superior catalytic activity and stability for acidic OER catalysis. The
capability to regulate the surface adsorption behavior of the reaction
intermediates paves a pathway toward the development of highly
efficient and stable OER catalysts.

Results and discussion

Ir-W@Ir-wWO;_, nanoparticles (NPs) were synthesized via a
typical two-step process. First, the Ir-WO; nanowires (NWs)
were prepared through a modified hydrothermal reaction.”
Then, the prepared Ir-WO; NWs were further reduced to
Ir-W@Ir-WO;_, NPs vig high temperature reduction treatment
under the temperature of 700 °C in a reducing atmosphere
(details in the Experimental section, ESIt). Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
characterization (Fig. 1a and Fig. S1, S2, ESIt) indicate the
initial nanowire morphology of Ir-WOj; changed to nanoparti-
cle after a high temperature reduction treatment. The average
size of the nanoparticles is around 200 nm. X-ray diffraction
(XRD) was further performed to characterize the phase struc-
ture of the prepared samples. The initial Ir-WOj; exhibits the
typical characteristic peaks of the hexagonal WO; (JCPDS card
no. 01-085-2459) and iridium doping does not change the
intrinsic phase structure of WO; (Fig. 1b). Moreover, the XRD
patterns (Fig. S3, ESIT) of Ir-WO; NWs do not match with the
IrO, patterns and the high resolution transmission electron
microscopy (HRTEM) images (Fig. S4, ESI{) further eliminated
the formation of iridium oxide in Ir-WO; NWs. After a high
temperature reduction treatment, all the diffraction peaks of
the Ir-WO; disappear, and new peaks belonging to the metallic
W (JCPDS card no. 01-089-3659) emerge. Inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) analysis
indicates that the atomic ratio of Ir to W is around 6.7 at%.
Furthermore, HRTEM images (Fig. 1c) and selected area elec-
tron diffraction®” (SAED, selected region: blue square) pattern
(Fig. 1d) reveal that the nanoparticle exhibits a tungsten core
and an amorphous shell with a thickness of around 5 nm.
Meanwhile, the high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) and the corres-
ponding energy dispersive spectroscopy (EDX) line scan and
mapping images of Ir-W@Ir-WO;_, were conducted to probe
the elemental distribution over a single nanoparticle (Fig. 1e
and f). The EDX profiles reveal that the signal of oxygen is
mainly located at the shell, while the Ir and W elements are
homogenously distributed over the whole nanoparticle. There-
fore, the amorphous shell is expected to be tungsten oxides
with Ir as the dopant.

To probe the chemical states of I-W@Ir-WO;_,, Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS) were
further performed. The Raman profiles of the pristine WO3,
Ir-WO; and Ir-W®@Ir-WO;_, are shown in Fig. S5 (ESI{). Both
Ir-WO; and Ir-W@Ir-WO;_, display the same characteristic
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Fig.1 (a) SEMimage of Ir-Wa@lr-WOs_, NPs. (b) XRD patterns of Ir-Wa@lr—WO3_, NPs and Ir—-WOz NWs. (c) The HRTEM image of Ir-Wa@lr-WOs_, NPs.
(d) The SAED pattern of the highlighted area in (c) with the zone axis of [101]. (e) The HAADF-STEM image with the EDX line-scanning profiles (inset) of Ir,
W and O and (f) the corresponding element mapping images over Ir-Wa@lr—WOs_, NPs. XPS core-level spectra of (g) Ir 4f and (h) W 4f spectra of
Ir-Wa@lr-WOs_, and Ir-WOs3, respectively. (i) The schematic illustration of the core—shell structure of Ir-Wa@lr-WOs_,.

peaks with WO;, suggesting that the surface of the Ir-W@Ir-
WO;_, nanoparticles are covered with tungsten oxides.*?
Besides, the electronic structures were examined by high reso-
lution XPS. Fig. 1g shows the core-level XPS Ir 4f spectra of Ir-
WO; and Ir-W@Ir-WO;_,. XPS fitting analysis reveal that Ir in
Ir-WO, is mainly in the oxidation state (Ir**, 61.34 eVv; Ir*",
62.56 eV),”>** while Ir-W@Ir-WO,_, exhibit one more metallic
state (Ir°, 60.38 eV).** The metallic signal might originate from
the metallic core, because the detection depth of XPS is greater
than the thickness of the oxide shell in some regions. Mean-
while, the W 4f XPS spectra (Fig. 1h) show that the binding
energy of I-W@Ir-WO;_, displays an obvious negative shift in
comparison with that of Ir-WO;. The shift is attributed to the
existence of abundant lower oxidation state of tungsten (W>*),*>
suggesting the formation of large amount of oxygen vacancies
in the amorphous shell. Furthermore, the O 1s XPS spectra
(Fig. S6, ESIt) also prove the existence of oxygen vacancies.*®
Taken together, all these characterization studies clearly reveal
that the prepared Ir-W@Ir-WO;_, nanoparticles possess a
core-shell structure, as shown in Fig. 1i, in which the core is

metallic Ir-W and the shell is amorphous Ir-WO;_, with
abundant oxygen vacancies.

The OER performance of Ir-WO; and Ir-W@Ir-WO;_,
grown on carbon cloth (CC) was evaluated in a 0.5 M H,SO,
aqueous electrolyte using a typical three-electrode cell, with the
studied material, Ag/AgCl and a Pt plate as the working,
reference and counter electrodes, respectively (details in Experi-
mental section, ESIt). Commercial IrO, was also tested for
comparison. The influence of iridium content on the OER
performance was studied by controlling the addition of
H,IrCls-6H,0. Fig. S7 (ESIt) shows the XRD of Ir-W@Ir-WO;_,
with different Ir ratios. To precisely evaluate the effect of
iridium content, we also compare the linear sweep voltammetry
(LSV) curves normalized by the mass of the used Ir. Fig. S8
(ESIT) shows the OER activities with different iridium contents.
With increase in iridium concentration, the catalytic activity of
Ir-W@Ir-WO;_, increases. However, further increasing the Ir
ratio will result in the mass activity decay. Herein, the Ir ratio of
6.7 at% with maximum activity was adopted. Fig. 2a exhibits
the LSV curves normalized by the geometrical area of the
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Fig. 2

(a) The LSV curves normalized by the geometric area and (b) the corresponding Tafel plots of Ir-Wa@lr—-WOs_,, Ir-WOz and IrO, in 0.5 M H,SO4,

respectively. (c) The potential-dependent TOF curves of Ir-W@lr—-WOs_,, Ir-WOs and IrO,. (d) Nyquist plots of Ir-Wa@lr-WO=_,, Ir-WOs and IrO,
collected at the potential of 1.31 V vs. RHE. (e) Chronopotentiometric curves of Ir-Wa@lr-WOs3_,, Ir-WO3z and WO3 recorded for 20 h at 10 mA cm™2.
(f) Performance comparison of Ir-Wa@lr-WOs_, with the ever-reported Ir-based catalysts under acidic conditions.

various working electrodes. The overpotential of Ir-W@Ir-
WO;_, toward OER catalysis at a current density of 10 mA cm?
is only 261 mvV, which is substantially lower than that of
Ir-WOj; (310 mV) and IrO, (486 mV). It also represents one of
the best performances for OER catalysis under acidic condi-
tions among the everreported Ir-based compounds
(Fig. 2f).'51621,22.2535 Byen at a high current density of
100 mA cm ™%, I-W@Ir-WOs_, can still deliver an impressive
overpotential of 318 mV. Besides, I-W@Ir-WO;_, also has the
lowest onset potential of around 1.4 V (potential required to
reach 0.1 mA cm ?), suggesting its extraordinary catalytic
activity. Meanwhile, Tafel slope analysis (Fig. 2b) reveals that Ir-
W@Ir-WO;_, possesses a smaller Tafel slope of 65 mV dec™*,
indicating a faster kinetics in comparison with Ir-WO;
(205 mV dec™') and IrO, (208 mV dec ™ %).

Since the morphology has substantially changed, the elec-
trochemical active surface area (ECSA) was further estimated to
study the intrinsic catalytic activity (Fig. S9, ESIt). The double-
layer capacitance (Cq;) of I-W@Ir-WO;_, NPs was calculated
to be 36 mF cm ™2, which is slightly larger than that of Ir-WO;
NWs (27 mF ¢cm™?). Moreover, the BET measurements were also
conducted, as shown in Fig. S10 (ESIt), Ir-W@Ir-WO;3_, NPs
delivered a more larger surface area of 208.8 m> g~ than that of
Ir-WO; NWs (127.8 m* g~ ). To eliminate the effects of surface
area variation on OER activity and unravel the intrinsic per-site
activity, the turn-over frequency (TOF) was estimated based on
the ECSA data (details for the TOF calculation in Experimental
section, ESIt). Fig. 2c reveals that the TOF values of Ir-W@Ir-
WO;_, are extraordinarily larger than the values of Ir-WO; NWs
at the studied potential range, suggesting that the per-site

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

activity has been substantially increased. At a potential of 1.5 V,
the TOF value of Ir-W®@Ir-WO;_, is 2.94 times larger than the
value of the Ir-WO;. Considering that Ir is an expensive noble
metal, the catalytic performance was further normalized by the
mass of the used Ir. Fig. S11 (ESIt) shows the mass normalized
LSV curves. Impressively, the mass activity of Ir-W@Ir-WO;_,
NPs is about 3.5 and 18.7 times higher than that of Ir-WO; NWs
and commercial IrO,, respectively, at a potential of 1.5 V vs. RHE.
The prominent intrinsic mass activity toward OER catalysis
indicates an enhanced atomic utilization and a decreased catalyst
cost. Furthermore, electrochemical impedance spectroscopy (EIS)
was conducted to probe the charge transfer kinetics at the inter-
face between the electrode and electrolyte (Fig. 2d). Generally, a
small charge transfer resistance (R.) indicates fast interfacial
charge transfer kinetics. The R values of the studied three
samples follows the decreased order of Ir-WO; NWs > IrO,
NPs > Ir-W®@Ir-WO;_, NPs, indicating that Ir-W@Ir-WO;_,
NPs have the best catalytic feature in interfacial charge transfer.

Stability is another vital parameter of catalytic performance,
especially for acidic OER. Therefore, chronopotentiometry (CP)
was carried out for stability study. Fig. 2e exhibits the CP curves
of I-W@Ir-WO;_,, Ir-WO; and WO; at a constant current
density of 10 mA cm ™2 WO; and Ir-WO; start to deactivate
after 1.5 h and 10 h, respectively. Impressively, I-W@Ir-WO;_,
can well maintain the high catalytic activity for a continuous
20 h test with merely 3.5% voltage increase. Besides, the LSV
curves (Fig. S12, ESIt) of I-W@Ir-WOj;_, after a 20 h test show
that the overpotential decay is only 13 mV after 20 h, demonstrat-
ing the robust catalytic stability toward acidic OER. Fig. 2f and
Table S1 (ESIT) compare the activity (overpotential at 10 mA cm ™ 2)

Mater. Chem. Front., 2021, 5, 6092-6100 | 6095
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and the stability (overpotential increasing in 20 h) of Ir-W@
Ir-WO;_, with the ever-reported acidic OER catalysts,'>'®?1222%3
Apparently, I-W@Ir-WO;_, outperforms most of the reported
catalysts not only in activity, but also in stability.

To probe the stability of the structures and electronic states,
SEM, XRD and XPS characterization studies on the catalysts
were performed after stability test. The SEM images indicate
that the particle morphology of Ir-W@Ir-WO;_, can be well
maintained after the stability test (Fig. S13, ESIt). Meanwhile,
structural phase analysis by XRD (Fig. 3a) finds that the cubic
phase of tungsten is also retained, indicating that the whole
crystal structure is robust during the acidic OER catalysis. By
comparing the XPS spectra of Ir 4f and W 4f spectra before and
after OER catalysis, it was found that the ratios of Ir*" and W°*
are increased after OER stability test, which is probably attrib-
uted to the partial oxidation of Ir** and W°" (Fig. 3b and c). All
these results suggest that the whole structures of Ir-W@Ir-
WO;_, can be well maintained during the acidic OER catalysis.

Given that peroxide intermediate species generated during
OER catalysis are the key factors that affect the stability of
tungsten-based catalysts,*®?7*%*%*” the concentration of per-
oxide products was further detected and the dissolution of W
and Ir was monitored in the electrolyte. The generation of
peroxide products can be detected using a color developing
agent (CPA) (details in supplementary method, ESIt) by
ultraviolet-visible (UV-vis) adsorption spectroscopy.*® Before
testing, a standard calibration curve (the absorption intensity
at 257 nm versus the concentration of H,0,, Fig. S14, ESIt) was
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performed. Fig. 3d shows the UV-vis spectra of the blank
electrolyte solution and the solution after catalytic tests for
30 min at a current density of 10 mA cm™? with WO;, Ir-WOs,
and Ir-W@Ir-WO;_, catalysts, respectively. Apparently, the
absorption intensity of the solution with the I-W@Ir-WO;_,
catalysts is almost overlapped with that of the blank solution,
suggesting that the generation of peroxide intermediates is
negligible due to Ir induced low selectivity toward H,O, pro-
duction. On comparison, the obvious absorption intensities of
pristine WO; and Ir-WO; indicate that the peroxide species
cannot be well suppressed, which could be the reason for the
unstable catalytic performance. Quantitatively, the concen-
tration of the generated peroxide species during OER catalysis
was estimated using the standard calibration curve (Fig. S14,
ESIT). Within the 30 min test, the contents of peroxide species
in the electrolyte using WO3;, Ir-WO; and Ir-W@Ir-WO;_, as
the OER catalysts are 3.99, 0.013 and 0 ug mL ', respectively
(Fig. 3e). This indicates that Ir-W@Ir-WO;_, can effectively
prevent the production of peroxide species. Besides, the
ICP-AES was further employed to monitor metal dissolu-
tion during OER catalysis. As shown in Fig. 3f, the dissolu-
tion of iridium and tungsten is very limited for the
Ir-W@Ir-WO; _, catalyst, which is consistent with the per-
oxide species generation results. Taken together, structural
analysis after the OER test and dissolution analysis reveal
that controlling the generation of the peroxide intermedi-
ate is the key to achieving stable OER catalysis for tungsten-
based catalysts.
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Fig. 3 (a) Comparison of XRD patterns of Ir-Wa@lr-WOs_, before and after the stability test, (b) XPS core-level spectra of Ir 4f and (c) W 4f for Ir-Walr—
WOs_, before and after stability test. (d) UV-visible absorption spectrum of the electrolyte solution after 30 min CP test with the Ir-Wa@lr-WOs_,, Ir-WO3
and WOjz as the working electrodes, respectively, while the background electrolyte and the electrolyte with the addition of H,O, (6.02 pg mL™) are used
as reference. (e) The estimated H,O, concentrations based on the UV-vis spectra in (d). (f) ICP-AES analysis to estimate the leached W and Ir weight
percentage of Ir-Wa@lr-WOs_,, Ir-WOs3, IrO,, and WOz under different reaction times.
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To reveal the underlying mechanism at the atomic level for
the excellent OER activity and dissolution resistance of the
Ir-W@Ir-WO;_, catalyst, density functional theory calculations
were performed on the I-W@Ir-WO;_,(110), Ir-WO5(001) and
WO3;(001) surfaces. The model construction is according to the
In particular, the
Ir-W@Ir-WO;_, catalyst contains five possible surface config-
urations including W@Ir-WO03(110), W@Ir-WO0;-0,(110),
Irgu-W@Ir-WO05(110), Irg,~W@Ir-WO0;-0,(110) and Irg,—
W@Ir-w0;-0,(110) (the details are shown in Fig. S15, ESIt).
Subsequently, the catalytic activities were explored in term of
the OER overpotential based on the four-step OER pathway,>>*°
which proceeds through OH*, O*, and OOH* intermediates.
Firstly, the free energies of OH*, O* and OOH* were calculated
on the WO3(001), Ir-WO3(001) and Ir-W@Ir-WO;_, surfaces,
respectively. The results indicate that the free energy of OOH* is
linearly related to that of OH* on the WO;(001), Ir-WO3(001)
and Ir-W@Ir-WO;_, surfaces, following the equation
AGoon+ = 0.91AGoy- + 3.2 £+ 0.2 (Fig. 4a), which supports the

hypothesis of four-step OER mechanism and is in good agree-
k.25,49

experimental structural characterization.

ment with previous wor

The overpotential (1) was obtained according to the four-
step OER mechanism (Fig. S16-S22, ESI). For the Ir-W@®@Ir-
WO;_, catalysts, the minimum overpotential is 0.49 V over the
Irgup-W@Ir-W0;3-0,(110) surface, which is lower than that on
W@Ir-W05(110) (0.87 V), W@Ir-W0;-0,(110) (0.56 V),
Irg,~W@Ir-wO05(110) (0.64 V), and Irg,~W@Ir-WO3-0,(110)
(0.62 V) surfaces, suggesting that Irg,,~-W@Ir-WO;—

0,(110) is

Q
(o2
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the best structural configuration of Ir-W@Ir-WO;_, for OER
catalysis. In the following analysis, the structural model of
Irg,p-W@Ir-WO0;-0,(110) is used as a typical catalytic surface
for I-W@Ir-WO;_,. More importantly, the calculated n over
Irg,-W@Ir-WO03-0,(110) surface is more favorable than
Ir-WO0;(001) and WO3(001) surfaces with 5 values of 0.58 and
1.05 V, respectively, which are the reason why Ir-W@Ir-WO;_,
display better catalytic activity than WO; and Ir-WO;_,.

Since pursuing the volcano peak of the OER catalysts is of
great significance for catalytic studies, the calculated n with
respect to the free energy of the O* and OH* intermediates is
further presented using a 2D volcano plot (Fig. 4b). Based on
the 2D volcano plot and the Gibbs free energy diagrams
(Fig. S16-S22, ESIt), a large AGo«—AGoy+ value impedes the
adsorption of OH* and the subsequent dehydrogenation to
form O*, while a small AGo-—~AGoy~ value is detrimental for the
formation of the OOH* intermediate. The Gibbs free energy
diagrams reveal that the potential-determining step is primarily
related to the second step (OH* + H,0 —» O*+H,0 +H' +e ") or
the third step (O* + H,O — OOH* + H' + e7) on the Ir-W@
Ir-WO;_,, Ir-WO; and WO; catalysts. Therefore, the adsorption
behavior of O was further analyzed.®® The charge density
difference (Fig. 4c) shows that the charge interaction between
O and Ir in Irg,,-W@Ir-WO0;-0,(110) surface is stronger than
the W-O interaction in WO;(001) but weaker than the Ir-O
interaction in Ir-WO3(001), which leads to a moderate adsorp-
tion free energy toward O on the Irg,,~-W@Ir-WO3-0,(110)
surface. The moderate adsorption capability could endow
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Fig. 4

(a) The linear scaling relationship between AGoon+ and AGop- for the seven kinds of surfaces listed in Fig. S16—-S22 (ESI+). (b) Volcano plots of the

theoretical overpotential towards Gop+ and Gox_oon+ (¢) Calculated charge density differences and adsorption free energy (Ap = p(O/slab) — p(slab) —
p(0)) of oxygen on WO3(001), Ir-WO3(001) and Irg,—Walr—WO3-0,(110), respectively; the value of absolute isosurface is 0.008 e A=%. (d) Standard free

energy diagram for the OER and H,O, at equilibrium potential for oxygen evolution (U

= 1.23 V) over WO3(001), Ir-WO3(001) and Irg,p—Wa@lr—WOz—

0O,(110), respectively. (e) Comparison of experimental and theoretical data for the OER stability. (f) Local DOS of WO3(001), Ir-WO3(001) and Irgyp—Walr—

WO3-0,/(110), respectively, with respect to the Fermi level.
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Irgup,-W@Ir-WO03-0,(110) with superior catalytic activity by
balancing the potential-determining steps, which is well
consistent with the experimental observation.

Considering that the generation of hydroperoxide is respon-
sible for the stability of the catalysts, the formation of H,0, on
the WO;(001), Ir-WO3(001) and Irg,,-W@Ir-WO3-0,(110) sur-
faces was s-ystematically analyzed.*° Fig. 4d exhibits the energy
barrier for H,0, formation on the Irg,,~-W@Ir-W0;-0,(110),
Ir-wO03(001) and WO3(001) surfaces, in which Irg,~-W@Ir-
WO;-0,(110) has the largest energy barrier. And the energy
barrier of H,0, formation follows the order of WO;(001)
< Ir-WO03(001) < Irg,y,-W@Ir-wWO03;-0,(110), which is contrary
to the oxygen formation activity. The correlation between the
experimental results and the theoretically calculated » was
further plotted (Fig. 4e). This indicates that the lowest oxygen
evolution reaction overpotential and the highest peroxide for-
mation energy barrier enables Ir-W@Ir-WO;_, to be the most
active and stable catalyst toward OER catalysis. In order to un-
cover the modulation essence of the electronic structure on
stability, the local density of states (LDOS) analysis is carried
out on the Irg,-W@Ir-W0;3-0,(110), Ir-WO3(001) and
WO3(001) surfaces. As shown in Fig. 4f, the introduction of Ir
in Ir-WOj; can effectively eliminate almost all of the unoccupied
portions of the non-bonding state oxygen (Oyg) around Ey,
leading to both Onxg and W-O overlap far away from the E¢
level relative to WO; and enhancing the durability of Ir-WO;
catalyst from the corrosion of hydroperoxide.

Conclusions

In summary, we have demonstrated that the rational modula-
tion of surface adsorption toward oxygen-containing intermedi-
ates on tungsten-based catalysts can enhance both catalytic
activity and stability for acidic OER catalysis. The constructed
Ir-W@Ir-WO;_, core-shell nanoparticles achieve a low over-
potential of 261 mV at 10 mA cm™ > and excellent stability with
merely 3.5% potential increase for 20 h chronopotentiometric
test, which outperform most of the ever-reported acidic OER
catalysts. Spectroscopic analysis indicates that the suppression
of hydroperoxide formation is responsible for the excellent
stability of the catalyst. DFT calculations further uncover that
the moderate adsorption strength of oxygen-containing inter-
mediates on Ir-W@Ir-WO;_, not only accelerates the oxygen
evolution reaction, but also restrains the formation of hydro-
peroxide, which thus enable the superior catalytic activity and
stability for acidic OER catalysis. This work could provide
significant insights for the design of highly efficient and stable
OER catalysts and beyond.
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