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ABSTRACT

The scale-up deployment of ruthenium (Ru)-based oxygen evolution reaction (OER) electrocatalysts in proton exchange
membrane water electrolysis (PEMWE) is greatly restricted by the poor stability. As the lattice-oxygen-mediated mechanism
(LOM) has been identified as the major contributor to the fast performance degradation, impeding lattice oxygen diffusion to
inhibit lattice oxygen participation is imperative, yet remains challenging due to the lack of efficient approaches. Herein, we
strategically regulate the bonding nature of Ru—O towards suppressed LOM via Ru-based high-entropy oxide (HEO)
construction. The lattice disorder in HEOs is believed to increase migration energy barrier of lattice oxygen. As a result, the
screened TixNbgHf;3W,Ru,30, exhibits 11.7 times slower lattice oxygen diffusion rate, 84% reduction in LOM ratio, and 29
times lifespan extension compared with the state-of-the-art RuO, catalyst. Our work opens up a feasible avenue to constructing
stabilized Ru-based OER catalysts towards scalable application.
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1 Introduction

Proton exchange membrane water electrolysis (PEMWE) for
hydrogen production coupled with renewable energy offers an
ideal solution to achieve the goal of net zero carbon emissions [1].
Despite numerous innate advantages such as high purity H,
delivering, high energy efficiency, and compatibility with
intermittent renewable energy [2-4], the scale-up adoption of
PEMWE is seriously restricted by the sluggish oxygen evolution
reaction (OER) in the anode [5,6]. To date, iridium (Ir)-based
catalysts are deemed as the state-of-the-art option in the
commercial PEMWE devices [7-9]. However, the high cost (US
$60,670 kg™), scarcity, and low intrinsic activity of Ir limit their
practical implementation and thus trigger enormous research
enthusiasm in exploiting alternatives to Ir-based catalysts [10]. In
this regard, Ru-based catalysts, with high intrinsic OER catalytic
activity and lower cost (US $9,523 kg™), have been hailed as the
most promising candidate to replace Ir and attracted increasing
attention in the past few years [11, 12].

In spite of the significant activity enhancement achieved, Ru-
based catalysts suffer from severe performance degradation under
harsh anodic and acidic conditions, showing an insufficient
lifespan of few hours [13-17]. Combining advanced operando
characterization techniques with theoretical calculations, it is
recognized that the lattice-oxygen-mediated mechanism (LOM)

accounts for the instability of Ru-based catalysts [18-21]. In the
LOM progress, lattice oxygen is involved in the reaction pathway
[22], accompanying with the migration of the atoms in the bulk
phase including the lattice oxygen migration and proceeds with
oxygen vacancies (Ov) formation, structural destruction, and
detaching of active Ru moieties [23]. Such a LOM induces
degradation of electrocatalysts. On this basis, either regulating the
electronic structure of Ru to inhibit the redox of lattice oxygen or
retarding the migration of lattice oxygen to avoid the formation of
Ov in the bulk is capable of mitigating the LOM induced
attenuation. Most of the recent endeavors were paid to stabilizing
Ru-based oxides through the former strategy. For instance, noble
metals (Pt [24], Ir [25], etc.), acid-insoluble metals (W [26]), and
rare earth metals (Ce [27], Er [26], etc.) have been coupled with
Ru to downshift the Ru d-band center towards decreased Ru-O
bonding covalency. However, rare efforts have been devoted to
mitigating or avoiding the migration of lattice oxygen due to the
lack of efficient strategies for directly adjusting the migration
energy barrier of lattice oxygen (thus migration rate). Thus, it is
urgently desirable to develop innovative approaches to inhibiting
lattice oxygen migration towards enhanced operational stability of
Ru-based catalysts.

Motivated by this challenge, we strategically regulate the
diffusion rate of lattice oxygen through constructing Ru-based
high-entropy alloy oxide (HEO) electrocatalysts, in which the
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oxygen migrating energy is proposed to be highly correlated with
the lattice distortion. As a proof-of-concept study, alloy oxides
with different elemental components are successfully synthesized
with a modified molten salt oxidation method. Combining isotope
labeled in situ differential electrochemical mass spectrum (DEMS)
with first-principles calculations, we find the more elements in the
alloy oxides (thus higher entropy), the higher energy barrier for
migrating of lattice oxygen, attributable to the sluggish diffusion
effect in HEOs. As a result, the optimized Ti,;Nb,Hf; ;W ,Ru;0,
(denoted as 5e HEOs) exhibits an lattice oxygen diffusion rate 11.7
times slower than that of RuO, and a resulting 29 times lifespan
extension. Our work not only provides a highly stable Ru-based
OER electrocatalyst but also enlightens the new version of
inhibiting lattice oxygen participation in OER from the
perspective of modulating the structure of lattice oxygen.

2 Experimental details

Chemicals. All chemicals were obtained from commercial
suppliers and used as received without further purification.
Potassium titanium oxide oxalate dihydrate (C,K,O,Ti), hafnium
chloride (HfCl,), zinc nitrate hexahydrate (Zn(NOs),-6H,0) and
water-*O (H,"O, 97 at% "O) were purchased from Aladdin.
Ammonium niobate oxalate hydrate (C,H,;NNbOynH,O) was
purchased from Macklin Biochemical Technology Co., Ltd.
Hexaammonium heptamolybdate tetrahydrate
((NH,)Mo,0,-4H,0) were obtained from Xilong Chemical Co.,
Ltd. Ammonium Tungstate ((MH,);Hs[H,(WO,)s]-H,0) was
obtained from Shanghai Reagent Factory. Ruthenium trichloride
anhydrous was purchased from 3A Chemical. Sodium nitrate
(NaNO;) was obtained from Beijing F&F Chemical Co., Ltd.
Carbon paper was obtained from Engineered Fibers Technology,
LLC. 5 wt.% Nafion® ionomer was purchased from DuPont Co.

Preparation of alloy oxides. The alloy oxide was fabricated via
a direct annealing method assisted by molten salt. Typically, for
TiysNboHf ;W ,Ru;0,, the metal source preconfigured as an
aqueous solution was uniformly mixed in accordance with the
molar ratio almost consistent with the above molecular formula.
Then the nitrate including NaNO; and Zn(NO;), were added to
the above solution and stirred for 3 h. After rotary evaporation,
the obtained precursor was annealed at 400 °C for 0.5 h. Finally,
the annealed precursor was washed with 1 M HCI solution under
ultrasound and deionized water then separated by suction
filtration. After drying, the five-element high-entropy alloy oxide
(5¢ HEOs, Ti,sNbgHf ;W ,Ru,;0,) can be obtained. Although
NaNO; was added in larger quantities, the Na element added was
effectively removed, as shown in Fig.S1 in the Electronic
Supplementary Material (ESM) (the content of Na elements
decreased from 40.94 wt.% to 0.31 wt.% after washing), so the final
composition of the catalyst did not contain Na element. Other
alloy oxides of different elements were prepared similarly, the
difference was the type of metal source added and the molar ratio
of the metal (for ease of comparison, other elemental alloy oxides
are recorded as 4e EOs, 3e EOs, and 2e EOs for
TiseNb,oHf sRu,60,, TisgNbgRu,;0, and TigRugO,, respectively.
The commercial RuO, (recorded as Com. RuO,) was used for
comparison.

Structural characterizations. X-ray diffraction (XRD) patterns
were collected using a D8 ADVANCE diffractometer (Germany
BRUKER Company) with a Cu Ka (A = 0.154 nm) radiation
source in the 26 range of 5°-90°. Scanning electron microscopy
(SEM) was performed on a Philips XL 30 ESEMFEG scanning
electron microscope. Transmission electron microscopy (TEM)
and elemental mapping analysis were conducted on a FEI Titan 80-
300 scanning transmission electron microscopy (STEM). High-

Nano Res. 2024,17(3): 1107-1113

resolution TEM (HRTEM) and energy dispersive X-ray (EDX)
elemental mapping were conducted in a JEM-F200 field emission
transmission electron microscope. Textural properties such as
specific surface area were determined through N, gas
adsorption/desorption measurements (ASAP 2020, Micromeritics
Instrument Corporation, USA). The surface electronic states were
determined by X-ray photoelectron spectroscopy (XPS) using a
Thermo Fisher Scientific ESCALAB 250Xi unit with Al-K« (hv =
1486.6 V) as the X-ray source. Inductively coupled plasma optical
emission spectroscopy (ICP-OES; ThermoScientific iCAP6300)
was used to determine the ratio of metal atoms in each alloy
oxides and dissolution ratio of Ru during stability tests.

Electrochemical measurements in a three-electrode cell. The
electrocatalytic measurements of as-prepared catalysts were
performed using a standard three-electrode cell on Princeton
PARSTAT MC. Typically, a gold electrode with a diameter of
3 mm coated with each catalyst was used as the working electrode.
A mercurous sulfate electrode (Hg/Hg,SO,, filled with saturated
K,SO, solution) and a carbon rod were used as the reference
electrode and counter electrode, respectively. 0.5 M H,SO, was
used as electrolyte. The Hg/Hg,SO, reference electrode was
calibrated in Hj-saturated 0.5 M H,SO, solution by measuring
hydrogen oxidation/evolution at a platinum wire electrode and
defining the point of zero current as 0 V versus reversible
hydrogen electrode (RHE). Therein, all of the measured potentials
vs. Hg/Hg,SO, were converted to the potential vs. RHE according
to the following equation

E (vs. RHE) = E (vs. Hg/Hg,SO,) + C

where C is the potential difference between the Hg/Hg,SO,
reference electrode and RHE in 0.5 M H,SO, which was
calibrated by the open circuit potential (OCP) test prior to
electrocatalysis. The calibration values (C) of the two reference
electrodes we used were slightly different, 0.7052 and 0.7034 V,
respectively.

The catalysts (5 mg) and Vulcan XC-72 (2.5 mg) were
dispersed in a mixture of 0.45 mL ethanol and 50 uL Nafion®
solution (5 wt.%). After ultrasonication, 2.52 uL homogeneous ink
was dropped on a gold electrode (diameter 3 mm). Linear sweep
voltammetry (LSV) curves of OER were obtained with a scan rate
of 5 mV:s" with iR correction. Chronopotentiometry (CP) tests at
10 mA-cm™ for catalysts were conducted on 0.5 cm x 1 cm carbon
paper which was dropped with 50 pL catalyst ink.

In situ DEMS with isotope labeling. In situ DEMS
experiments were performed on an in situ differential
electrochemical mass spectrometer purchased from Linglu
Instruments (Shanghai) Co., Ltd. Typically, the test was carried
out in a three-electrode cell with 0.5 M H,SOj as electrolyte. The
catalyst ink was prepared and dropped on a gold electrode. The
oxygen in the alloy oxide catalysts was labeled as *O by
chronopotential test with H,"®O. After removing the H,"O on the
surface of electrode and drying, the DEMS experiments were
performed. The mass signal of *O,/”O, is defined as the ratio of
*0O, signal to O, signal at the onset time of oxygen evolution
reaction obtained by mathematical fitting calculation.

3 Results and discussion

Alloy oxides were obtained via a direct annealing method assisted
by molten salt. The schematic diagram of the process for
preparing optimized high-entropy alloy oxide (5e HEOs,
TiyNboHf ;W ,Ru,;0,) is depicted in Fig. 1(a) (see methods for
experimental details). For convenient comparison, alloy oxides
with different element numbers are denoted as 4e EOs, 3e EOs,
and 2e EOs for TisgNb,HfsRu0O, TisgNbgRu;0,, and
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Tig,Rug0,, respectively. The atomic ratio in each alloy oxide was
confirmed by ICP-OES measurement (Table S1 in the ESM). To
determine the crystallographic structure of as-prepared alloy
oxides, Powder X-ray diffraction (XRD) was carried out. As
shown in Fig. 1(b), all diffraction peaks were well indexed to the
standard pattern of JCPDS-43-1027, without any characteristic
peak corresponding to MO, (M = Ti, Nb, Hf, W), confirming the
successful formation of phase-pure tetragonal structure alloy
oxides. Notably, the diffraction peaks appear broader with
increased elements number, indicating the smaller particle size
according to the Debye-Scherrer equation (Fig. S2(a) in the ESM).
Then, the nanostructure of alloy oxides was examined by SEM
and TEM. As shown in Fig. 1(c), the SEM image of 5¢ HEOs
reveals an accumulational nanocrystalline morphology with a size
of 40 nm. The TEM images (Fig. S2(b) in the ESM) reveal that the
nanocrystalline is composed of grains with a size of 2.2 nm for 5e
HEOs, which is in line with the results from XRD. The TEM
images of alloy oxides (Figs. S2(c)-S2(e) in the ESM) show that
the agglomerates are fragmented into uniform aggregates with
increased element types, which may originate from the modified
crystal nucleation/growth behaviors as observed in other solid-
solution systems [27]. The interplanar spacing at 0.320 nm is
clearly observed in the HRTEM image of 5¢ HEOs (Fig. 1(d)),
exhibiting slight increasing spacing compared to the (110) facets
(0318 nm) of rutile RuO, This is consistent with the
characteristics introduced by other metal atoms with larger radii
and consistent with the XRD pattern shown in Fig. 1(b). The EDX
elemental mapping of alloy oxides (Fig. 1(e) and Fig. S3 in the
ESM) demonstrates that each element is evenly distributed in the
catalyst nanostructures. Taking all these together, the successful
preparation of series of single-phase alloy oxides with uniform
element dispersion is confirmed.

The OER catalytic performance of as-prepared alloy oxides was
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Figure1 Preparation scheme and physical structure of alloy oxides: (a) schematic figure for preparation of five-element high-entropy alloy oxides; (b) X-ray
diffraction patterns of different alloy oxides; (c) SEM image for 5e HEOs; (d) HRTEM image of 5¢e HEOs; () EDX mapping of 5e HEOs.

evaluated and compared to that of commercial RuO, in a
conventional three-electrode set-up, with 0.5 M H,SO, as
electrolyte. LSV curves of all samples with the same catalyst mass
loading were first collected to probe the OER activity. As shown in
Fig. 2(a), the apparent activity of alloy oxides increases with
incorporation of more types of elements. The optimized 5e HEOs
exhibits the highest OER activity, requiring only a 251 mV
overpotential to attain 10 mA-cm? which is 61 mV lower than
that of Com. RuO,. Besides, the alloy oxides except for Ru
elements (denoted as TINbHfWO,, TINbHfO, and TiNbO,) were
prepared and their structure and activity were illustrated by XRD,
SEM, EDX, and LSV curves as shown in Fig. $4, Table S2 and
Section S1 in the ESM. These alloy oxides attain a current density
of less than 1 mA-cm™ at 1.65 V potential versus RHE, indicating
that Ru is still the main active center in high-entropy alloy oxide,
and the addition of other non-precious metals mainly plays a
regulating role in improving the activity. After normalized to the
electrochemically active surface area (ECSA, obtained from Fig. S5
in the ESM), the optimized 5e HEOs also present a higher
intrinsic activity of 25 pA-cmgcg,” at 1.5 V (vs. RHE), which is 2
times that of Com. RuO, (Fig. 2(b)). In addition, the Tafel slope of
5e HEOs is as low as 65 mV-dec™, significantly lower than those of
other alloy oxides and Com. RuO, (72-134 mV-dec™) (Fig. S6(a)
in the ESM), indicating accelerated OER kinetics on the 5¢ HEOs.
In line with the Tafel analysis, electrochemical impedance spectra
(EIS) suggest faster charge transfer rate on the 5e HEOs than on
other alloy catalysts (Fig. S6(b), Section S2 and Table S3 in the
ESM).

To evaluate the operational stability of the as-prepared alloy
oxides, chronopotentiometric (CP) tests were performed at a
constant current density of 10 mA-cm™. The 5e HEOs retains the
activity within 25 h uninterrupted operation, with a slight
potential increase (from 1.50 to 1.57 V, Fig. 2(c) and Fig. S6(c) in
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Figure2 Comparison of electrocatalytic performance: (a) geometric area normalized LSV curves for as-prepared alloy oxide catalysts and Com. RuO,; (b) current
density normalized for ECSA of prepared alloy oxide catalysts and Com. RuO, at 1.5 V (vs. RHE); (c) chronopotentiometry curves for as-prepared alloy oxides
catalysts and Com. RuO,, with the inset showing the proportion of total Ru dissolution; (d) comparison of OER performance (overpotential at 10 mA-cm™) and
operational stability (operation time) of 5e HEOs with reported anode catalysts, activity, and stability data are derived from Table S4 in the ESM.

the ESM). In sharp contrast, the OER activities of 4e EOs, 3e EOs,
2e EOs, and Com. RuQ, decrease dramatically during the CP test,
giving the lifetimes of only 1821, 2.82, 1.64, and 1.60 h,
respectively. To investigate the origins of the enhanced stability of
5¢ HEOs, we monitored its dissolution behavior under OER
conditions by measuring Ru concentration in the electrolyte
during 20-h CP measurement via ICP-OES. As shown in the inset
of Fig.2(c), the dissolution rate of Ru gradually decreases with
elongated operational time and converges to 1.13 pugh™ at 20 h.
More directly, SEM, XRD, and XPS results (Figs. S7(a)-S7(c) in
the ESM) before and after the durability test show that the bulk
and surface crystalline structure of 5e HEOs remain intact,
implying the inherently robust nature of 5e HEOs. The LSV
curves of 5e HEOs before and after the stability test show no
significant attenuation of activity during the CP test (Fig. S7(d) in
the ESM). Additionally, the stability number (S-number) and
lifetime of 5e HEOs are calculated to be 4.16 x 10° and 441 h,
which is 29 times that of Com. RuO, (1.43 x 10% 15 h), further
proving the significance of constructing high-entropy alloy oxides
on improving stability (calculation methods shown in the ESM).
Besides, the optimized 5e HEOs also exhibits coordinated OER
activity and stability compared to those advanced catalysts recently
reported (Fig. 2(d) and Table $4 in the ESM).

Y Tsinghua University Press

To rationalize the origin of the stability of 5e HEOs, the
reactivity of O was carefully analyzed by in situ DEMS and XPS.
To validate the suppressed LOM in rationally designed high-
entropy alloy oxide system, we first carried out in situ O isotope-
labeling DEMS measurements with Com. RuO, as control. The
schematic of in situ DEMS measurements is shown in Fig. 3(a).
The samples were labeled with O isotopes in 0.5 M H,SO,
aqueous electrolyte and tested in 0.5 M "O-labelled H,SO,
aqueous electrolyte, with the mass intensity of m/z = 32 and m/z =
34 monitored (Fig.3(b) and Fig. S8 in the ESM). The ratio of
*0,/*0, in the gas products of Com. RuO, is calculated to be
182% at the onset potential, implying a LOM content of 9.1%
during OER. On the contrary, the isotope-labeled 5¢e HEOs gives a
*0,/*0, ratio of 2.9%, indicating the LOM path is suppressed in
5e HEOs (Fig. 3(c)). The reactivity of lattice oxygen during OER
was assessed, and the evolution on the ratio of Oy in 5¢ HEOs
after the stability test was firstly studied by XPS. As shown in Fig.
S9(a) in the ESM, the ratio of O;/Oy in the O 1s XPS spectrum of
5e HEOs coated on carbon paper keeps consistent at ~ 0.310
before and after the galvanostatic test, also indicating less LOM
during OER and thus no significant increase in oxygen vacancy
density after OER.

We turned to elucidate the intrinsic mechanism of LOM
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Figure3 The origin of the stability of 5¢ HEOs: (a) schematic of in situ DEMS; (b) determination of the onset time of oxygen evolution and DEMS measurements of
*0, and *O, signals from the reaction products for 5¢ HEOs in 0.5 M H,SO, in H,"O; (c) comparison of the ratio of *O,/”O, in the gas products for Com. RuO, and
5¢ HEOs; (d) high-resolution XPS spectra of Ru 3d for 5e HEOs and Com. RuO, (e) the deconvoluted O 1s spectra for 5¢ HEOs and Com. RuO,; (f)
chronoamperometry data (i vs. t'?) used for the calculation of oxygen ion diffusion coefficient. The inset shows the CV curves of 5¢ HEOs and Com. RuO, in Ar-

saturated 0.5 M H,SO, solution at a scan rate of 20 mV-s™.

inhibition by analyzing the states of Ru and O in 5e HEOs. As
shown in Fig.3(d), a 0.3 eV positive shift in the binding energy
(280.6 eV) of 3ds;, XPS spectrum of 5e HEOs is observed
compared to that of commercial RuO, (280.3 eV) in the high-
resolution Ru 3d spectrum, suggesting a lower electron density
and an increased oxidation state of Ru in 5e HEOs electrocatalysts
[13]. Further, the high-resolution O 1s XPS spectra were recorded
(Fig. 3(e)) to monitor the structure evolution of lattice oxygen
after constructing HEOs. Obviously, the peaks of lattice oxygen
(Oy), oxygen vacancy (Oy), and surface oxygen (Oy,) [14] in 5e
HEOs shift to higher binding energies compared with those of
Com. RuO,, indicating the enhanced Ru-O bond covalency in
high-entropy alloy oxides. The projected density of states (PDOS)
plots of the Ru d band in 5¢ HEOs and RuO, also show the
reduced electronic density in the Ru site and higher d-band center
in 5¢ HEOs (Fig. S9(b) in the ESM), which is in well accordance
with the higher Ru oxidation states. However, it is inconsistent
with the conventional understanding that higher Ru oxidation
states and enhanced Ru-O bond covalency are indicative to the
activation of lattice oxygen during OER [15,24,28]. This
contradiction indirectly implies that it is the suppressed oxygen
reactivity/migration kinetics rather than tailored electronic states
of Ru that results in the inhibited LOM.

To validate this hypothesis, we further carried out oxygen
intercalation measurements to estimate the oxygen ion diffusion
coefficients (Do) [29] of 5¢ HEOs and Com RuO, (Fig. 3(f) and
Fig.S10 in the ESM). According to the three-dimensional
diffusion model reported before [30-32], the D value of Com.
RuO, is calculated to be 5.43 x 10 cm*s™'. Remarkably, 5e HEOs
has a Dy of 4.64 x 107 cm?s, which is ~ 11.7 times slower than
that of Com. RuO, (Table S5 in the ESM). Thus, it is
unambiguous that the suppressed LOM is originated from the
restrained oxygen ion diffusion derived from the lattice distortion
in high-entropy alloy oxides [33].

For in-depth understanding the relation between alloy oxide
structure, the reactivity of lattice oxygen and catalytic stability, we

further conducted in situ DEMS on alloy oxides with various
element numbers. After labeled with O, the signals of *O, and
?Q, in the products catalyzed by alloy oxides were monitored (Fig.
S8 in the ESM). As indicated by the *O,/*O, ratios of different
alloy oxides (Fig.4(a)), the proportion of lattice oxygen
participation during OER decreases quickly with increased
element number, i.e., from 6.4% for 2e EOs to 1.5% for 5e HEOs.
Besides, the LOM ratio of alloy oxides is correlated linearly with
the OER stability (Fig.4(b)). Notably, the operational duration
time of 5¢ HEOs is 15.2 times longer than that of 2e EOs with
higher LOM content. Giving the high uniformity between oxygen
ion diffusion coefficients, in situ DEMS, and CP test, we believe
the boosting in electrocatalytic stability of 5¢ HEOs is attributable
to the inhibited lattice oxygen participation associated with the
sluggish diffusion kinetics of high-entropy alloy oxide during
OER.

To further verify the effect of retarding lattice oxygen diffusion
on enhancing the OER stability, DFT calculations were
performed. Two structure models, i.e., ideal rutile RuO, and 5e
HEOs (Fig.S11 in the ESM) with different types of oxygen
vacancy (Fig.S12 in the ESM) were selected for consideration.
Based on the experimental results obtained above, the diffusion
rate of lattice oxygen, which is determined by the energy barrier
for lattice oxygen migration, plays a vital role in the stability of
LOM. Thus, the energy barriers for different lattice oxygen in
HEOs (including Ti-O-Ru, Nb-O-Ru, Hf-O-Ru, W-O-Ru) and
RuO, (Ru-O-Ru) migrated to the surface were calculated and
compared in Table S6 in the ESM. Clearly, the migration energies
of the four types of lattice oxygen considered in 5¢ HEOs (0.17,
-0.37, —0.67, and —0.20 eV) are higher than those of the lattice
oxygen in RuO, (-0.79 and -0.82 eV), which results in the
decreased oxygen ion diffusion rate, lower ratio of LOM and thus
enhanced stability (Fig. 4(c)). Together with the experimental and
computational results, we confirm that the improved operational
stability of 5 HEOs is derived from the large migration energy
barrier of lattice oxygen, which is caused by the lattice disorder in
high-entropy alloy oxides.
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Figure4 Comprehension of the origin of the enhanced stability: (a) comparison of the ratio of *O,/*O, in the gas products for alloy oxides; (b) the relationship of the
content for lattice oxygen participating in OER with catalytical stability (indicated by decay rate of catalysts in the beginning 1.6 h of CP test); (c) comparison of

migration energies of lattice oxygen for 5¢ HEOs and RuO,.

4 Conclusions

In summary, we presented an innovative and feasible idea, namely
commanding the migration of lattice oxygen, to address the
stability issue associated with Ru-based electrocatalysts for OER,
which is accomplished by constructing high-entropy alloy oxides.
As expected, the screened five-element high-entropy alloy oxides
(TiyNboHf s W ,Ru,;0,) exhibited 29 times lifetime extension
compared with Com. RuO,. Based on the experiment and DFT
calculations, we revealed that the superb stability of the as-
designed Tiy;NbyHf ;W ,Ru,;0, catalyst is originated from the
reduced LOM caused by low diffusion rates of lattice oxygen
rather than by the modulated electronic structure of Ru. This
work not only provides a highly competitive Ru-based OER
catalyst with excellent stability, but also opens up a new avenue to
inhibiting lattice oxygen participation in OER from the
perspective of modulating the structure of lattice oxygen.
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