CORRECTED 25 JANUARY 2024

SCIENCE ADVANCES | RESEARCH ARTICLE

CHEMISTRY

Misoriented high-entropy iridium ruthenium oxide for

acidic water splitting

.o

Chun Hu't, Kaihang Yue?+, Jiajia Han>*, Xiaozhi Liu?, Lijia Liu®, Qiunan Liu®, Qingyu Kong’*,
Chih-Wen Pao®, Zhiwei Hu'®, Kazu Suenaga®, Dong Su® Qiaobao Zhang?, Xianying Wang?*,

Yuanzhi Tan', Xiaoqing Huang'*

Designing an efficient catalyst for acidic oxygen evolution reaction (OER) is of critical importance in manipulat-
ing proton exchange membrane water electrolyzer (PEMWE) for hydrogen production. Here, we report a fast,
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nonequilibrium strategy to synthesize quinary high-entropy ruthenium iridium-based oxide (M-RulrFeCoNiO,)
with abundant grain boundaries (GB), which exhibits a low overpotential of 189 millivolts at 10 milliamperes per
square centimeter for OER in 0.5 M H,SO,. Microstructural analyses, density functional calculations, and isotope-
labeled differential electrochemical mass spectroscopy measurements collectively reveal that the integration of
foreign metal elements and GB is responsible for the enhancement of activity and stability of RuO, toward OER.
A PEMWE using M-RulrFeCoNiO, catalyst can steadily operate at a large current density of 1 ampere per square
centimeter for over 500 hours. This work demonstrates a pathway to design high-performance OER electroca-
talysts by integrating the advantages of various components and GB, which breaks the limits of thermodynamic

solubility for different metal elements.

INTRODUCTION

Developing a hydrogen economy provides one of the most promis-
ing pathways to achieve the goal of decarbonization. Electrocatalytic
water splitting has been regarded as an ideal strategy for transform-
ing electricity from intermittent solar and wind sources to produce
hydrogen fuel (I1-4). The traditional alkaline liquid electrolysis and
the membrane-based, including anion exchange membrane and
proton exchange membrane (PEM), water electrolysis are the two
mainstream technologies for hydrogen generation. Because of the
superiorities of high-purity hydrogen production, large working
current density, and fast response time, the PEM water electrolyzer
(PEMWE) is receiving more and more research attention. However,
the strongly acidic environment under PEMWE working condi-
tions extremely requires the use of noble metals (5). In comparison
with the cathode hydrogen evolution reaction, which merely in-
volves a two-proton—coupled electron transfer process, the anodic
oxygen evolution reaction (OER) experiences a four-electron trans-
fer pathway with sluggish reaction kinetics (6, 7). The ruthenium
oxide (RuO,) has been considered a promising candidate owing
to its relatively lower-cost and higher-catalytic activity (3, 8-10).
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However, the unwilling Ru dissolution under OER acidic condi-
tions and inadequate activity call for the development of high-per-
formance RuO, electrocatalysts (11-13).

To date, various approaches have been exploited to enhance the
OER performance of RuO, such as strain engineering (e.g., the
compressive or tensile strain existing on the skin) (14, 15),
surface/interface engineering (16, 17), and elemental doping (18,
19). Previous studies have revealed that the incorporation of corro-
sion-resistance elements could stabilize RuO,, thus alleviating the
generation of soluble high-valence Ru species (20). However, the
improved stability is usually at the sacrifice of activity. Besides,
doping with transition metals has been considered to be an effective
approach to improving the activity via modifying the local electron-
ic structure (e.g., d-band center), increasing the concentration of
surface active species (e.g., the hydroxyl group), and so on (21—
23), while many transition metals are prone to leaching under
acidic OER environment, resulting in the instability of catalysts.
Consequently, achieving enhanced activity and considerable stabil-
ity simultaneously within the RuO, counterpart has been formida-
bly challenging.

Here, we select a fast, nonequilibrium method to prepare the
grain boundary (GB)—abundant quinary high-entropy oxide, in-
volving five cations (atomic ratio of each cation: 5 to 35%) in a ho-
mogeneous phase, via simultaneously introducing acid resistance
constituent (Ir) and activity enhancing components (iron, cobalt,
and nickel) into RuO, lattice (M-RulrFeCoNiO,). The design strat-
egy of multicomponent catalyst is there to address the pre-existent
issues of inferior stability and limited catalytic activity of RuO,
under acidic OER conditions. Moreover, the introduction of non-
precious transition metal, if it works for the catalytic performance,
can reduce the usage of noble metals. The M-RulrFeCoNiO, deliv-
ers a high turnover frequency (TOF) value of 0.24 O, s™" (at n30),
surpassing commercial RuO, (0.02 O, s™'). Operando differential
electrochemical mass spectroscopy (DEMS) reveals that the reaction
pathway of oxygen evolution was tuned after incorporating foreign
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atoms. Moreover, density functional theory (DFT) simulations in-
dicate that the integration of the multielement mixing effect and GB
synergistically improves the OER activity and stabilizes the catalytic
unit. The PEM electrolyzer was assembled by using M-
RulrFeCoNiO, and commercial Pt/C as anodic and cathodic cata-
lysts, respectively, which exhibits outstanding long-term durability
for operating over 500 hours at an ultrahigh current density of 1 A
cm™?, further demonstrating its great potential in the application of
water splitting industry.

RESULTS

Synthesis and structural characterization

We synthesized the M-RulrFeCoNiO, catalyst using a nonequilib-
rium salt melt synthesis method (see details in Materials and
Methods). We introduced chemically active 3d transition metals, in-
cluding iron (Fe), cobalt (Co), and nickel (Ni), and 5d metal iridium
(Ir) into the RuO, for the sake of enhanced activity and stability,
respectively. A homogeneous precursor containing several metal
chlorides was rapidly added into the sodium nitrate (NaNO;)
ionic melt (350°C), followed by the fast cooling with water to
yield GB-abundant nanosheets composed of numerous small nano-
particles (NPs) (Fig. 1A). Here, NaNOj behaves as solvent and re-
action media, in analog to oxobase, which can serve oxide ion O*~
and therefore reacts with metal cations to precipitate oxide (24). As
a Lux-Flood base with relatively strong basicity, the presence of
NaNOs; can also accelerate the reaction kinetics (25). In contrast
to traditional slow cooling, nonequilibrium rapid quenching
favors the formation of structural misorientation attachment, such
as the GB resulting from the interplay of free energies and reaction
dynamics (26). More importantly, it was found that the introduc-
tion of GB can enhance the activity of catalysts (27). For compari-
son, the M-RuO, catalyst was prepared following the same
procedure except that ruthenium chloride is the sole metal
precursor.

X-ray diffraction (XRD) pattern of M-RulrFeCoNiO, matches
the standard rutile RuO, phase (JCPDS no. 43-1027) (Fig. 1B)
and is similar to that of M-RuO, (fig. S1). Atomic force microscopy
(AFM) image (Fig. 1C) and dark-field transmission electron mi-
croscopy (TEM) image (fig. S2A) reveal that the lateral size of M-
RulrFeCoNiO, ranges from the hundreds of nanometers to the mi-
crometer scale. AFM displays that the thickness of M-
RulrFeCoNiQ, is about several nanometers. Aberration-corrected
high-resolution TEM (HRTEM) image shows that M-
RulrFeCoNiO, is cobbled together from various NPs, comprising
a large population of GB (Fig. 1D). The average size of these NPs
is around several nanometers, being consistent with the height of
M-RulrFeCoNiO, from AFM measurement. Fast Fourier transform
images acquired from Fig. 1D indicate that these NPs presents dif-
ferent crystallographic planes and orientations. The small NPs
enable the large exposure of Ru active sites and more effective
usage of Ru atoms. The vigorous reaction between precursors and
NaNOj; molten salt results in a large amount of nucleation of metal
oxide. Subsequently, the formation of kinetically stabilized super-
structures of mesocrystals intermediates from these dispersed nu-
cleation centers spontaneously amalgamate by sharing a certain
crystallographic orientation at a planar interface. The imperfect ori-
ented attachment of multiple nanocrystals and the ultrafast cooling
led to the generation of dislocations with edges (such as GB) to
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match the orientations of different crystallographic facets and
reduce the surface free energy (28, 29). The enlarged HRTEM
image clearly shows that these NPs with different orientations are
connected by GB. The lattice spacing of 2.58 and 2.21 A can be as-
signed to the (101, 200) planes of the rutile RuO,, respectively (Fig.
1E). Further analyses reveal that these NPs also display the charac-
teristics of single crystal, and the twinning alongside the GB (Fig.
1F). Moreover, the GB can involve one or two atomic layers, accom-
panying with the mismatch of atomic arrangement by its sides (Fig.
1G). The refined electron energy loss spectroscopy (EELS) spectra
extracted from Fig. 11 are shown in Fig. 1H. It is found that Ru M-
edge, Ir M-edge, Fe L-edge, Co L-edge, and Ni L-edge as well as O
K-edge are simultaneously presented in the NPs. Furthermore, the
corresponding elemental mappings reveal that Ru, Ir, Fe, Co, and Ni
are homogeneously distributed rather than being phase-segregated
(Fig. 11 and fig. S5). To gain more statistics, Ar* sputtering—assisted
x-ray photoelectron spectroscopy (XPS) was measured on the M-
RulrFeCoNiO, (fig. S6). The concentration profiles also show that
despite increasing the etching time, Ru, Ir, Fe, Co, and Ni are always
present in the sample, indicating that these foreign elements were
successfully introduced into the RuO,. This can be attributed to
the ultrafast cooling manipulation that reserves uniform dispersion
of multiple elements. Moreover, the configurational entropy of the
high-entropy oxide is much larger than that of each single metal
oxide, which indicates that this high-entropy oxide is thermody-
namically stable at finite temperatures (Supplementary Note). The
content of Ru for M-RulrFeCoNiO, is around 28.94 weight % (wt
%) as determined by inductively coupled plasma optical emission
spectrometry (ICP-OES). Furthermore, as revealed by the Bruna-
uer-Emmett-Teller measurements (fig. S7), M-RulrFeCoNiO,
achieves a high specific area of 141.3 m* g™, showing the large ex-
posure of catalytic active sites.

Oxidation state and local structure analyses

XPS was used to investigate the surface chemical states of these cat-
alysts. The Ru 3d core level regions of M-RulrFeCoNiO,, M-RuO,,
and commercial RuO, (C-RuQ,; Perfemiker) show two sets of dou-
blets, showing mixed oxidation states of Ru*" and Ru“** (30). Com-
pared to M-RuO, and C-RuQ,, the Ru 3d of M-RulrFeCoNiO,
exhibits a negative shift after the incorporation of Ir, Fe, Co, and
Ni (Fig. 2A). In addition, Ir 4f XPS result of M-RulrFeCoNiO, ex-
hibits lower binding energy with three sets of peaks, which can be
assigned to the Ir’*, Ir**, and the satellites (fig. S8) (14, 27). The Fe,
Co, and Ni 2p XPS spectra in M-RulrFeCoNiQO, present the chem-
ical states of oxidative divalent and trivalent (fig. S9) (31). With
regards to O 1-s spectra, the deconvoluted peaks show negative
shifts in binding energies after incorporating foreign elements com-
pared to that of M-RuO,, which indicates the charge redistribution
among these elements (fig. S10) (18, 27, 32).

Moreover, x-ray absorption near-edge structure (XANES) and
extended x-ray absorption fine structure (EXAFS) experiments
were performed to elucidate the chemical states and the atomic co-
ordination structures of these catalysts, respectively. Ru-K XANES
spectra of M-RulrFeCoNiO, and M-RuO, locate at the same energy
as that of C-RuO, but shift to higher energy relative to that of Ru
foil, revealing a Ru** valence state. The diversity in the leading edge
and white shapes of M-RulrFeCoNiO, and M-RuO, might be at-
tributed to the differences in the local environment compared to
that of C-RuO, (Fig. 2B) (33, 34) as found in EXAFS. The Fourier
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Fig. 1. Synthesis and characterization of high-entropy M-RulrFeCoNiO,. (A) Schematic illustration of the fast, nonequilibrium synthetic process for synthesizing M-
RulrFeCoNiO,, showing the generation of GB. (B) X-ray diffraction pattern of M-RulrFeCoNiO,. (C) Atomic force microscopy image of M-RulrFeCoNiO,. Scale bar, 2 pm.
Inset, the thickness of the representative nanosheet. (D) Aberration-corrected high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
image of M-RulrFeCoNiO,, with abundant GB marked with white dashed lines (left). The fast Fourier transform patterns indicate the different orientations of nanoparticles
(right). Scale bar, 5 nm. (E) Magnified HAADF-STEM image of M-RulrFeCoNiO,, presenting the characteristics of polycrystalline. The white dashed lines highlight the GB.
Insets to the right show the corresponding intensity profiles labeled with blue and orange dashed boxes. Scale bar, 1T nm. (F) Lattice-resolved HAADF-STEM images of M-
RulrFeCoNiO, show the presence of a single crystal (top left) and twinning (top right) of nanoparticles. Scale bars, 0.5 nm. (G) Lattice-resolved HAADF-STEM images of M-
RulrFeCoNiO,, with different types of GB (top). Scale bars, 0.5 nm. The bottom images in (F) and (G) illustrate the atomic arrangement. The orange spheres and white
dashed lines in (F) and (G) denote metal atoms and atomic arrangement directions of M-RulrFeCoNiO,, respectively. (H) Electron energy loss spectroscopy (EELS) spectra

of the M-RulrFeCoNiO, in (1). (I) HAADF-STEM image and elemental mappings of the M-RulrFeCoNiO,. Scale bar, 0.5 nm. a.u., arbitrary units.

transform EXAFS (FT-EXAFS) spectrum (non-phase shift correct-
ed) of M-RulrFeCoNiO, shows a main peak, which is fitted by a Ru-
O shell with a bond distance of 1.993 A, slightly longer than the
1.976 A distance in M-RuO,, indicating a distorted structure result-
ing from the incorporation of foreign atoms (table S2). Meanwhile,
the coordination number (CN) of M-RulrFeCoNiQ, is found to be
4.5, which is lower than the value of 6 for standard RuQ,. The de-
crease of the CN value is possibly ascribed to the following factors: a
large population of surface and corner atoms in the NPs arising
from the decrease in particle size and oxygen vacancies normally
presented in oxides. Moreover, the CN is much higher than that
of M-RuO, (3.6). Considering that M-RulrFeCoNiO, has a
similar particle size to that of M-RuQ,, the increase of CN value
mainly derives from the partial elimination of oxygen vacancies
after incorporating these foreign atoms, as revealed by the electron
paramagnetic resonance (EPR) spectra (fig. S12). Appropriate
amounts of oxygen vacancies could improve the electronic
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conductivity of the as-prepared materials (35, 36). Nevertheless,
the lack of contributions of distant coordination shells suggests a
much more disordered structure in M-RulrFeCoNiO, than in the
well-defined crystalline RuO, materials (Fig. 2C, figs. S13 to S15,
and table S2). At the Ir L;-edge, the white line position of M-
RulrFeCoNiO, is close to IrO, (Fig. 2D), indicating an Ir**
valence state. The corresponding EXAFS fitting reveals that the
CN of the first coordination shell (Ir-O) is 5.2, slightly lower than
the predicted value of 6. The Ir-O bond length in M-RulrFeCoNiO,
is around 1.995 A (figs. S16 to S18 and table S3), which is slightly
smaller than the value of standard IrO, (2.021 A). The O K-edge
absorption spectra of M-RulrFeCoNiO, and M-RuO, resemble
closely with four main features labeled (A, B, C, and D) (Fig. 2E).
The two pre-edge peaks denoted by A and B in M-RuO, can be as-
signed to t,, and e, orbitals hybridized with unoccupied O 2p states
(22, 37). In the pre-edge region of the O-K x-ray absorption spec-
troscopy (XAS) spectrum of M-RulrFeCoNiO,, peaks A and B can
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Fig. 2. Chemical state and coordination environment. (A) Ru 3d XPS spectra of M-RulrFeCoNiO,, M-RuO,, and C-RuO,. (B) Ru K-edge x-ray absorption near-edge
structure (XANES) spectra of M-RulrFeCoNiO,, M-RuO,, C-RuO,, and Ru foil. (C) Fourier transformed x-ray absorption fine structure k*-weighted x(R) function spectra
of Ru M-RulrFeCoNiO,, M-RuO,, C-RuO,, and Ru foil (non-phase shift corrected). (D) Ir L;-edge XANES spectra of M-RulrFeCoNiO,, C-IrO,, and Ir foil. (E) O K-edge soft
x-ray absorption spectroscopy (XAS) spectra of M-RulrFeCoNiO, and M-RuO,. (F) Formation energy of O vacancy in RuO, and RulrFeCoNiO,. O, and O; refer to the surface
and inner oxygen that coordinate with Ru/Ir, respectively. The hazel, pale green, tan, cyaneous, gray, and red spheres in the atomic models represent Ru, Ir, Fe, Co, Ni, and
O atoms, respectively. (G) Free energy diagram for oxygen diffusion of Ru-coordinated oxygen in RuO, [Ru(O)] and RulrFeCoNiO, [Ru(O)_1, and Ru(O)_2], and Ir-coor-
dinated oxygen in RulrFeCoNiO; [Ir(0)_1, Ir(0)_2, and Ir(0)_3]. IS and FS represent the initial state and final state, respectively. (H) Representative models for IS and FS of

Ru(0)_2 (top) and Ir(0)_3 (bottom) in (G).

be still seen, but the relative spectral weight is decreased due to in-
corporating more 3d transition elements, which have weak cova-
lence with O 2p. Moreover, the broader features at high energy
levels labeled as C and D are due to excitations into O 2p states hy-
bridized with M-sp states (22, 37-40).

It is widely accepted that the states of O atoms in catalysts are
very important since they closely relate to the structural stability
during the target OER. To confirm our experimental results and in-
vestigate the stability of the aim catalyst, we calculated the formation
energy and diffusion barrier of Ru/Ir-coordinated O atom based on
DFT, and here, the Ru in RuO, and RulrFeCoNiO, and Ir in
RulrFeCoNiO, were selected for comparison. The results show
that the vacancy formation energy of Ru coordination O atoms in
RulrFeCoNiO, is higher than that of Ru coordination O atoms in
RuO, (Fig. 2F). Although the vacancy formation energy of Ir
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coordination O atoms in RulrFeCoNiO, (Fig. 2F) is lower than
that of Ru coordination O atoms in RuO,, the diffusion barrier of
the former is much lower, and even the Ir can grab the coordination
O of the surrounding Fe/Co/Ni metal atoms. A similar phenome-
non is also found in Ru coordination O atoms in RulrFeCoNiO,
(Fig. 2, G and H, and fig. S19). That is, the defects formed by the
coordination O vacancies of Ru/Ir atoms can be much more
readily repaired by the diffusion of the nearest and second nearest
neighbor Fe/Co/Ni coordination O atoms to maintain structural
stability. In addition, the energy change required to lose surface
oxygen is 3.33 and 3.87 eV for RuO, and RulrFeCoNiO,, respec-
tively, indicating that the surface oxygen becomes more stable
during the OER process when introducing Ir, Fe, Co, and Ni
foreign atoms (fig. S20) (41).
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Electrocatalytic OER performance

The OER performance of various catalysts was evaluated in 0.5 M
H,SO, by linear sweep voltammetry (LSV). The C-RuO, and com-
mercial Ir/C (C-Ir/C; CAS Cotrun New Energy, 20 wt %) were used
as references. As depicted in Fig. 3A, M-RulrFeCoNiO, merely re-
quires an overpotential of 189 mV to deliver the current density of
10 mA cm ™2 (N10), which outperforms M-RuO, (210 mV), C-RuO,
(253 mV), and C-Ir/C (292 mV). The M-RulrFeCoNiO, also shows
a lower overpotential of 233 (150) and 262 mV (17,¢0) in comparison
with other references (fig. S21). The corresponding Tafel curves
further exhibit that M-RulrFeCoNiO, has a lower slope of 49 mV
decade™, compared to the values of other control samples (fig.
§22), showing a fast kinetic charge transfer within M-

RulrFeCoNiO, (42). As revealed by electrochemical impedance
spectroscopy (EIS), M-RulrFeCoNiO, shows the smallest charge
transfer resistance (R.;) among these samples, demonstrating the
fastest oxygen evolution kinetics on the M-RulrFeCoNiO,
(fig. S23).

Moreover, M-RulrFeCoNiO, achieves a specific activity of
1.17 mA cmgéSA at n3o Wwhich exceeds the M-RuO,
(0.66 mA cmEéSA , C-RuO, (0.27 mA cmgéSA), and C-Ir/C
(0.09 mA cmgés ) (Fig. 3B). To further evaluate the intrinsic activ-
ity of the catalysts, the TOF was calculated (details in Materials and
Methods). Obviously, M-RulrFeCoNiO, gives rise to the highest
TOF values of 0.24 O, s~ (normalized to all Ru + Ir atoms) at
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Fig. 3. Electrocatalytic OER properties of various catalysts in 0.5 M H,S0,. (A) Polarization curves of M-RulrFeCoNiO,, M-RuO,, and commercial control catalysts (C-
RuO, and C-Ir/C) with iR correction. (B) Specific activity [normalized by electrochemically active surface area (ECSA)] of M-RulrFeCoNiO,, M-RuO,, C-RuO,, and C-Ir/C. (C)
Comparison of TOF and mass activities of M-RulrFeCoNiO,, M-RuO,, C-RuO,, and C-Ir/C at an overpotential of 300 mV. (D) Faradaic efficiency of M-RulrFeCoNiO, at applied
different potentials. (E) Chronopotentiometric curves of M-RulrFeCoNiO,, M-RuO,, C-RuO,, and C-Ir/C at 10 mA cm™~2in 0.5 M H,S0,. (F) Chronopotentiometry durability

2

test with different applied current densities (at 50, 100, 200, 500 mA cm™~, respectively) for M-RulrFeCoNiO,, M-RuO,, C-RuO,, and C-Ir/C. (G) Chronopotentiometric
response of M-RulrFeCoNiO, at 1 A cm™2 in the PEM electrolyzer [Inset: (I) photograph of the PEM electrolyzer device and (Il) schematic illustration of the PEM

electrolyzer].
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N300 (Fig. 3C, left), which is 2.4, 3.5, and 12.1 times higher than that
of M-RuO,, C-Ir/C, and C-RuQ,, respectively. The TOF value of M-
RulrFeCoNiO, is also superior to other catalysts (table S4). The real
TOF value should be much higher than the theoretical value since
the calculations assumed all the Ru and/or Ir atoms were active sites
in the OER process. With respect to the mass activity (MA), M-
RulrFeCoNiO, achieves MA value of 691 A gi&Hr at 1300, which
is 1.8 times higher than that of M-RuO, (389 A gﬁ&), 4.9 times
higher than C-Ir/C (141 A gg!), and 8.5 times higher C-RuO,
(81 A ggl) (Fig. 3C, right). Besides that, the generated O, during
the OER process was detected by gas chromatography. The Faradaic
efficiency (FE) of M-RulrFeCoNiO, is more than 90% under a wide
range of potentials (Fig. 3D and fig. $26). We compared the OER
activity of M-RulrFeCoNiO, with the previously published works
in terms of n;o, Tafel slope, and noble metal loading, where M-
RulrFeCoNiO, performed better than most of the reported Ru/Ir-
based OER electrocatalysts, validating its outstanding activity
(table S5).

The stability of catalysts in acidic media is another key criterion
for OER performance. The accelerated durability test with voltam-
metric cycling in the OER potential window of M-RulrFeCoNiO,
reveals a negligible degradation after 1000 cycles (fig. S27A), which
is superior to that of M-RulrO, (fig. S28A), and comparable to M-
IrO, (fig. S28B). In contrast, an obvious decay is observed in M-
RuO, and C-RuO,. In particular, M-RuO, shows less decay in com-
parison with C-RuO,, indicating that the GB can improve the stabil-
ity of the catalyst (fig. S27, B and C). Moreover, the incorporation of
Ir can further stabilize the RuO,. Figure 3E shows the chronopoten-
tiometric responses of M-RulrFeCoNiO,, M-RuO,, C-RuO,, and
C-Ir/C in a three-electrode cell. The 1o of M-RulrFeCoNiO, dis-
plays a slow overpotential ascending of 0.3 mV hour™" during the
whole operating period of 120 hours. Note that the detachment of
the catalyst from the support is a factor that would affect the catalyst
stability, of which the continuous production of bubble exfoliates
the catalyst from the electrode. In contrast, other control samples
exhibit a rapid degradation in the early stage. The cations dissolved
are inevitable during the OER test in acidic media, especially Fe, Co,
and Ni metal ions. The time-dependent cation concentration in the
electrolyte during the chronopotentiometry test (at 50 mA cmg_et)
was detected using inductively coupled plasma mass spectroscopy
(ICP-MS). As shown, the Fe, Co, and Ni cations leached out of the
M-RulrFeCoNiO, rapidly in the first 2 hours, and then slowed
down for the next hours (66, 62, and 66 wt % of cations remained
for Fe, Co, and Ni, respectively). Ru and Ir ions encountered disso-
lution at the beginning of the reaction and maintained nearly un-
changed thereafter (cations reserved after 10 hours: 84 wt % of Ru
and 90 wt % of Ir) (fig. S29 and table S6). The higher dissolution in
the initial stage can be assigned to the dissolution of lattice defects
and unstable sites, and then the palliative situation indicates the sta-
bilization of the catalyst. To elucidate the stability enhancement of
the RuO, framework in M-RulrFeCoNiQO, after the introduction of
Ir, we calculated the stability number (S-number) of M-
RulrFeCoNiO, and M-RuO,. As shown in fig. S30, M-
RulrFeCoNiO, shows a markedly high S-number of 5.7 x 10%,
which is 13.2 times higher than that of M-RuO, (0.43 x 10%). The
multicurrent analyses (using different applied current densities
ranging from 50 to 500 mA cm ™) further indicate the enhanced
durability of M-RulrFeCoNiO,, especially under the large current
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density (e.g., 500 mA ¢cm™?), in comparison with M-RuO,, C-
RuO,, and C-Ir/C (Fig. 3F).

In addition, the used catalysts were collected for further charac-
terization. XRD pattern reveals that the RuO, phase in M-
RulrFeCoNiO, could be well retained after the stability test (fig.
$31). The HRTEM image and energy-dispersive x-ray spectroscopy
(EDS) mapping suggest that the NPs with abundant GB for M-
RulrFeCoNiO,; still exist, together with the uniform distributions
of Ru, Ir, Fe, Co, and Ni species, despite of a few decreased intensi-
ties of Fe, Co, and Ni elements (fig. $32). In addition, Ir 4f XPS
signal shows a complete tetravalent form in M-RulrFeCoNiO,
after the durability test (fig. S33). On the other hand, Ru 3p XPS
spectra depict the varying degrees of increased valence states of
Ru in M-RulrFeCoNiO,, M-RuO,, and C-RuO, compared with
the pristine ones. Moreover, note that M-RulrFeCoNiO, is prone
to remain in the lowest chemical state among these catalysts after
the accelerated durability test (fig. S34).

Subsequently, we applied the as-prepared M-RulrFeCoNiO, in a
PEM electrolyzer (anode) at 80°C, and the commercial Pt/C served
as the cathodic catalyst. When applying a large current density of 1
A cm™?, the cell voltage can be maintained over 500 hours of elec-
trolysis with tiny decay, implying the potential of practical applica-
tion for M-RulrFeCoNiO, catalyst (Fig. 3G). DFT calculations show
that when Ir, Fe, Co, and Ni are introduced into the RuO,, the
energy change of Ru demetallization increases from 3.95 to 5.06
eV, implying that RulrFeCoNiO, has a more stable surface Ru
than RuO, (fig. S37). Moreover, it is also found that the incorpora-
tion of Ir, Fe, Co, and Ni can effectively stabilize the lattice oxygen
during the OER process (Fig. 2, F and G, and fig. S20) (41).

Insights into the catalytic mechanism

To investigate the influence of foreign metal ions and GB on catalyst
and reaction intermediates when operating at OER conditions, op-
erando Raman measurements were conducted on the homemade
Teflon electrochemical cell equipped with a confocal microscope
Raman system (fig. S38A). The operating potentials were chosen
ranging from near the initial open circuit potential of the sample
to an anodic potential limit of 1.6 V versus Reversible Hydrogen
Electrode (RHE). On the basis of Raman-active phonon frequencies
calculated by group theory, the rutile RuO, phase has the vibration
bands of E, (528 cm™Y), Ay (646 cm ™), and By (716 cm™Y) (43). As
shown in fig. $38 (B and C), E,;, Ay, and By, vibration modes are
clearly observed in C-RuO,, while the B, phonon band is not well
resolved in the Raman spectroscopy of M-RulrFeCoNiO,. More-
over, the peak at 480 cm ™" is also assigned to the additional vibra-
tion mode of RuO,. The E; mode in M-RulrFeCoNiO, appears the
features of blue shift and broadening compared to that in C-RuO,,
which might be due to the difference of particle size and/or the in-
corporation of foreign elements (44, 45). A blue shift and a spread of
E, peak in M-RulrFeCoNiO, emerge when the anodic potentials
continuously lift, which may derive from the appearance of an
active state and the reduction of symmetry, respectively, during
the OER process (46). With the increase of anodic potential, a
peak at around 600 cm™" disappears. This could be attributed to
the extraction of electrons from Ru“**, representing the oxidative
process on these two catalysts, which is in accordance with the
XPS analysis (46). For M-RulrFeCoNiO,, during the positive-
going potential excursion, the peak located at 380 to 440 cm ™'
and ~620 cm™' emerges, which corresponds to hydrous RuO,
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and IrO,, respectively (46, 47). The presence of GB and the “"Cock-
tail” effect arising from inter-elemental reactions and lattice distor-
tion contribute to the generation of highly active states under anodic
potentials, of which hydrous RuO, and IrO, species are responsible
for the remarkable catalytic activity and stability, respectively (48,
49). For C-RuO,, there is no abovementioned structural evolve-
ment. This may be attributed to the structural collapse of pure
RuO,, which is peculiarly prone to happen under acidic OER con-
ditions (50).

To further elucidate the oxygen evolution mechanism that
occurs on the M-RulrFeCoNiO, and M-RuO,, isotope-labeled op-
erando DEMS measurements were carried out using 0.5 M H,SO,
H,'%0 and H,'°0 electrolyte (Fig. 4, A to C, and figs. $39 and S40).
First, M-RulrFeCoNiO, and M-RuO, were loaded on the porous
Au film and labeled the catalyst surface with '*O by performing
five cycles (1.2 to 1.55 V versus RHE) in the 0.5 M H,SO, H,'%0
electrolyte. Then, the '®O-labeled catalysts were washed with a
large amount of water to remove the adsorbed H,'®0, followed by

three cycling in the 0.5 M H,SO4 H,'°0 electrolyte. The gaseous
oxygen products containing 320, (*°0'0), **0, (**0'®0), and
*°0, (**0'®0) were probed by online mass spectroscopy at each
cycle. In this case, the oxygen molecule products are widely consid-
ered to be formed by three pathways: (i) from two water molecules
(H,'%0) without lattice oxygen participation (*0*0), (ii) the com-
bination of one water molecule (H,'°0) and one lattice oxygen
(**0), and (iii) from two lattice oxygen without participation of
water (51). As depicted in Fig. 4 (B and C), M-RulrFeCoNiO, pro-
duced *20, and **0O,, and the *°0, product was not evolved as re-
flected by the mass signals, while the *°0, signals were evidently
discernible on M-RuO,. Note that the remaining surface H,'%0 ad-
sorbates are probably involved in the reaction to produce *°0,
species. Although the specific area of M-RulrFeCoNiO, is lower
than that of M-RuQO,, the amount of surface adsorbed H,O for
M-RulrFeCoNiO; is higher than M-RuO, as shown in O 1-s XPS
spectra (fig. S10). Note that the particle size and the GB-enriched
morphology are similar for these two catalysts; the influence of
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Fig. 4. OER catalytic mechanism analyses. (A) Schematic illustration of the operando DEMS. (B and €) DEMS signals of 320, ['°0'°0, mass/charge ratio (m/z) = 32], **0,
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physically absorbed H,'®0 could be neglected. The ratio of both
*40, and *°0, generated on M-RulrFeCoNiO, is much lower
than that on M-RuO,, implying the inhibitory effect of lattice
oxygen participation (lattice oxygen oxidation mechanism, LOM)
on M-RulrFeCoNiO, (Fig. 4D). In this approach, though the inev-
itable dissolution of Fe, Co, and Ni would lead to the active unco-
ordinated oxygen atoms, which is very likely to participate in the
LOM process, the presence of Ir can fasten these oxygen atoms
from releasing in the form of oxygen molecules. With the increase
of CV cycles, the gradually decreasing **O, signal indicates the con-
sumption of labeled '*O isotope (Fig. 4E). The suggested reaction
pathways are illustrated in Fig. 4F. As hinted by DEMS measure-
ments, both M-RulrFeCoNiO, and M-RuO, follow the main con-
ventional “metal peroxide” pathway [adsorbate evolution
mechanism (AEM)] including four concerted proton-electron
transfers (top row). Water molecules from the environment en-
counter a series of deprotonation processes and O-O coupling on
metal oxide surface, involving HO*, O%, and HOO* intermediates.
In this path, the source of O, products (**0,) merely comes from
electrolytes ('°0'°0). Another possible pathway results in lattice
oxygen evolution (LOM), and this path is identical to that of the
AEM process, except that the O, molecule (**0,) is composed of
one labeled lattice oxygen ('*0) and one environmental oxygen
(*%0) (bottom row). Note that the occurrence of the **O, process
usually implies the beginning of an unstable oxide surface. The
oxide surface suffers a destabilized state from TS1 to TSI’ for trig-
gering this reaction pathway. The formation of the destabilized state
increases the possibility of oxide dissolution and the participation of
more lattice oxygen ('°0) to generate *°0, (middle row) (51, 52), as
was detected in the M-RuO, catalyst (Fig. 4C). In addition, previous
work reported that the electrophilic *OH intermediates can be
probed by methanol electro-oxidation (53). Consequently, we in-
vestigated the CV curves of M-RulrFeCoNiO, before and after
the addition of methanol. The clear change of current density
after the incorporation of methanol reveals the generation of *OH
intermediates through an anodic oxidation process (fig. S41). In
summary, the operando Raman spectroscopy dynamically recorded
the electrochemical behaviors of M-RulrFeCoNiO, and C-RuO,
under the anodic OER process, which shows the formation of
robust active Ru/IrO,-xH,O species when applying anodic poten-
tials. Isotope-labeling DEMS measurements precisely probed the
real-time gaseous oxygen products from the oxygen evolution pro-
cedure in M-RulrFeCoNiO, and M-RuO, catalysts, indicating that
the incorporation of Ir can effectively inhibit the participation of
lattice oxygen during OER to stabilize the RuO,. The methanol ox-
idation result suggests the formation of *OH intermediates on the
M-RulrFeCoNiO, during the OER process.

To further explore the impact of co-doping of transition metals
(Ir, Fe, Co, and Ni) and GB formed by different crystallographic ori-
entations on OER activity of RuO,, DFT computations were carried
out by establishing RuO,, RulrO, [(Ruy ;Ir,3)O,], RulrFeCoNiO,
[(RUOA4II'0A2F€0A2COOA1Ni0A1)02], and GB-RUOZ models (flg 846)
The partial density of states in Fig. 5A demonstrates the metal be-
haviors with high spin states of all these four models. The metallic-
like conductor featured by the O 2p and Ru 4d of RuO, dominating
the Fermi level (Ey) is in qualitative agreement with the results from
previous computational studies (54, 55). Transition metal doping
leads to an increased bonding and fewer antibonding states of O
2p states and metal d states, which is particularly evident in the
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RulrFeCoNiO, model. Under the multielement modulation, Ru
atoms transfer electrons to other metal atoms, and the reduced an-
tibonding states enhance the structural stability of the catalyst. The
GB formed by RuO, with different crystallographic orientations
similarly increases the occupancy states near the Ep, indicating
that the electron migration at the GB is also enhanced. The
charge density diagram near the Eg (Er — 0.1 to E) (Fig. 5B) intu-
itively shows that the electron transfer of RuO, and RulrO, basically
depends on metal atoms on the surface of the catalyst. Meanwhile,
that of RulrFeCoNiQ, can come from both the surface and internal
atoms, showing excellent electrical conductivity. In addition, GB
formed by different crystallographic orientations of RuO, also has
a positive effect on conductivity. The charge density difference
(CDD) (Fig. 5C) clearly shows the electrovalent cloud formed by
the d state of the metal atoms and the p state of the oxygen atom.
Nevertheless, Bader charge analysis quantifies the different
numbers of transferred electrons at the active site for these four
models, namely, 2.30 e~ for RulrFeCoNiO, and 1.97 ¢~ for GB-
RuO,, more than the 1.68 e~ for RuO, and 1.76 ¢~ for RulrO,
(Fig. 5D).

The free energies of the four elementary steps in OER (* + 2H,0
— OH* - O* - OOH* — 0O,) were calculated to uncover the role
of transition metals and GB on the electrocatalytic performance
(Fig. 5E and fig. S47). The transition metals including the Ru
atom with a CN of 5 were considered as the active site (56). We
noticed that RuO, and RulrO, have a strong adsorption effect on
OH" in the first step, which will inevitably lead to large potentials
of subsequent reactions (57). The results in Fig. 5E show that the
rate-determining step (RDS) in the four-electron process for
RuQ, is the formation of O*, with AG(O*) — AG(OOH*) of 1.84
eV (58), while that for RulrO, is the formation of O,, and the
free energy required from OOH* to O, is 1.89 eV. After doping tran-
sition metals, the adsorption ability of OH™ on the catalyst surface is
obviously reduced. Although the final RDS of RulrFeCoNiO, is still
the formation of O,, the energy required is only 1.56 eV, which is
much lower than the 1.89 eV of RulrO, and the 1.84 eV of RuO,.
The Ru atom on the GB of the RuO, catalyst also weakens the ad-
sorption of OH™, resulting in an RDS of the formation of OH*
during OER, with AG(OH¥) of 1.71 eV. Apparently, the introduc-
tion of transitional metals and the GB formed by different crystal-
lographic orientations of RuO, are effective strategies to greatly
improve the electrocatalytic performance of RuO,. We then shift
the chemical potential of the electrons by the equilibrium potential
of Uy = 1.23 eV, corresponding to the case where the electrode has
the thermodynamically allowed maximum potential (57). The over-
potentials required for the OER for RuO,, RulrO,, RulrFeCoNiO,,
and GB-RuO, were determined as 0.61, 0.66, 0.33, and 0.56 €V, re-
spectively. RulrFeCoNiO, and GB-RuO, exhibit excellent electro-
catalytic properties compared to RuO, and RulrO,. Although the
calculated OER overpotential does not directly correspond to the
experimental values due to the former being obtained from the
thermodynamic analyses (59), the reduction in the overpotential
by incorporation of transitional metal elements and GB can be
confirmed.

We found that the d-band center of RulrFeCoNiQO, (—1.45) and
GB-RuO, (—1.79) is more negative than that of RuO, (—1.08), sug-
gesting that the adsorption of intermediates should be weakened
during OER (Fig. 5F). Notably, the d-band center of RulrO, is
the most negative (—1.83) and theoretically should have the lowest
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activity (60). However, there is an important contradiction, not re-
vealed here, where RulrO, has the lowest d-band center while exhib-
iting the strongest adsorption to the intermediates during OER. By
following the CDD of the Ru-OH bond in the inset of Fig. 5G (the
red area indicates electron accumulation, and the blue area indicates
electron depletion), the order of electron loss of Ru atoms on the
surface after chemical interaction with OH™ is RulrO, > RuO, >
GB-RuO, > RulrFeCoNiO,. Specifically, the number of transferred
electrons of the Ru atom on the RulrO, surface is 0.64, much higher
than that in the other three models. In the multimetal system, the
scaling relationship between O* and OH* is broken. This can be at-
tributed to nonuniform reactions involving adjacent metal atoms
and the steric hindrance of lattice O. By combining the changes
in Bader charge of the surrounding transition metal and O atoms,
we found that in addition to the Ru atom directly involved in ad-
sorption, the nearby atoms on the RulrO, surface also undergo
severe charge transfer (fig. S48). Although the Ru atoms in
RulrO, have low activity, as inferred from the d-band center, the
strong coupling effect of the surrounding atoms contributes to im-
proving the adsorption activity of OH™, leading to the low free
energy of OH*. In contrast, the OH™ adsorption on the
RulrFeCoNiO, and GB-RuO, surface occurred without marked
charge transfer by Ru and surrounding atoms, and the chemical in-
teraction was relatively weak. This behavior effectively coordinates
the energy of each elementary step of the OER, thereby reducing the
overpotential of the catalytic process. Evidently, the d-band center
cannot be used as a single criterion for electrocatalytic activity, and
the coordination atoms of the active site should also be considered,
at least for the current systems. In summary, the increased OER ac-
tivity of RuO, is attributed to the reduction of AG(OH*), which can
be achieved by co-doping of transition metals and GB formed by
different crystallographic orientations of RuO,, as presented exper-
imentally by the M-RulrFeCoNiO,.

DISCUSSION

In summary, we present a fast, nonequilibrium route to prepare a
sort of multielement, GB-abundant M-RulrFeCoNiO, with excel-
lent activity (n;0 = 189 mV and TOF = 0.24 O, s7!at N300)
toward acidic OER. It can be even operated at a high current
density of 1 A cm™? for over 500 hours in a PEM electrolyzer
without obvious performance decay. Ex situ and operando charac-
terizations demonstrate that the intentional introduction of external
metal elements and GB would effectively alter the electronic struc-
ture and the OER pathway of RuO,, resulting in enhanced activity
and stability. DFT simulations further indicate that the synergistic
effects of multiple foreign metal elements and GB can tune the
binding energy of oxygen intermediates. Our work proposes a ratio-
nal design approach of multielement effect and GB enhancement
strategy to enhance the acidic OER performance of RuO, catalysts.

MATERIALS AND METHODS

Preparation of M-RulrFeCoNiO, and M-RuO,

In a typical procedure for synthesizing M-RulrFeCoNiO,, 0.5 mmol
of RuCls-xH,O (Alfa Aesar), 0.25 mmol of IrCl;-xH,O (Alfa Aesar),
0.25 mmol of FeCl;-6H,0 (Sinopharm Chemical Reagent), 0.25
mmol of CoCl,-6H,0O (Sinopharm Chemical Reagent), and 0.25
mmol of NiCl,-6H,O (Sinopharm Chemical Reagent) were
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dissolved in 2 ml of ethanol. After vigorous ultrasound for 1
hour, the homogenous suspension was evaporated in an oven at
60°C. The dried product was ground into fine powder for further
use. Subsequently, the crucible containing 0.118 mol of NaNOj; (Si-
nopharm Chemical Reagent) was heated to 350°C in a muffle
furnace with a heating rate of 5°C min~' and maintained at this tem-
perature. After forming a clear liquid, the above-obtained precursor
was quickly added into the liquid and annealed at 350°C for 2 hours.
The crucible was quickly taken out of the muffle furnace and cooled
with water. The product was washed with deionized water and
ethanol, then collected by centrifugation, and dried at 80°C over-
night. Last, the product with an approximately stoichiometric
(Rug 4Iry,Feq »,Cog Nijp ;)O, was obtained and was labeled as
RulrFeCoNiO, for simplicity. The M-RuO, was prepared using
the same process except that only the sole Ru source was used
during the annealing treatment.

Characterizations

XRD patterns were collected by a SmartLab SE powder diffractom-
eter operating with Cu Ka radiation (A = 0.15406 nm). TEM was
measured on an FEI Tecnai F20 TEM at an accelerating voltage of
300 kV. Scanning electron microscopy EDS was obtained through
ZEISS Sigma 300 field emission scanning electron microscope.
Annular dark-field scanning transmission electron microscopy
images and EELS measurements were obtained from probe Cs-cor-
rected JEM ARM200CF at 200 kV (JEOL Ltd.) and Triple C #3 TEM
(an ARM200F-based ultrahigh vacuum microscope equipped with a
JEOL delta corrector and a cold field emission gun operating at 60
kV). AFM image was acquired using the Horiba SmartSPM-1000
AFM (Horiba, France). XPS was conducted on an ESCALAB 250
XI x-ray photoelectron spectrometer and Thermo Fisher Scientific
K-Alpha (Thermo Fisher Scientific Co., USA) with Al Ka radiation
and the Cls peak at 484.8 eV as a calibration standard. N, adsorp-
tion-desorption measurements were carried out using a Quadra-
sorb SI Surface Area and Pore Size Analyzer (Quantachrome Ins)
at 77 K. The Ru content of the catalysts was measured by ICP-
OES (ICAP 7000, Thermo Fisher Scientific Co., USA). ICP-MS
was performed on a Thermo Fisher Scientific iCAP RQ ICP-MS
system to determine the dissolved metal ions. The produced O,
was measured by gas chromatography (Agilent, 8890 GC System).
The EPR spectra were collected on the Bruker A300.

The operando electrochemical Raman spectroscopy was collect-
ed on a confocal microscope Raman system with a 532-nm laser.
The electrochemical Raman experiments were performed in a
homemade Teflon electrochemical cell. An Autolab PGSTAT30
(Metrohm) potentiostation was used to control the potential
during the OER process. Raman frequency was calibrated by a Si
wafer (520.6 cm™") during each experiment.

Ru K-edge of catalysts was collected in transmission mode at the
Optique Dispersive EXAFS (ODE) beamline of the Soleil Synchro-
tron, France. Ir L-edge XAS data were collected in transmission
mode at the TPS44A beamline of the National Synchrotron Radia-
tion Research Center (NSRRC), Taiwan. The metal foil of either Ru
or Ir was used to calibrate the monochromator energy. O K-edge
measurements recorded in the total electron yield mode were per-
formed at the beamline TLS 11A in NSRRC, Taiwan. Processing
and fitting of data were processed using the Athena and Artemis
programs included in the IFEFFIT software package (61, 62).
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Isotope-labeled DEMS measurements were performed on an op-
erando DEMS system, including a mass spectrometer with a high
vacuum chamber together with another chamber connecting with
the electrochemical cell at ambient pressure. The generated gaseous
oxygen products are directly transferred into the vacuum chamber
for mass spectrometer analysis. As for the electrochemical system,
the Ag/AgCl and Pt wire are served as reference and counter elec-
trodes, respectively. The working electrode is a porous Au film sup-
ported on a porous polytetrafluoroethylene membrane. The
catalysts ink was dropped cast onto the Au film and naturally
dried. First, the catalysts were performed five cycles in '*O-
labeled 0.5 M H,SO, electrolyte in the potential range of 1.2 to
1.55 V versus RHE at a scan rate of 5 mV s~ for isotope labeling.
Then, '®O-labeled catalysts were rinsed with 'O water to remove
the residual H,'®0. Last, the above catalysts were conducted
several cycles in '°0 0.5 M H,S0, electrolyte at the same potential
range and scan rate. The gaseous products including 320,,%*0,, and
*°0, were probed in real time by the mass spectrometer.

Electrochemical OER measurements in a three-

electrode system

The electrocatalytic OER properties were evaluated in O,-saturated
0.5 M H,SO, electrolyte with a three-electrode setup viaa CHI 760E
electrochemical workstation, using a saturated calomel electrode
(SCE) and graphite rod as the reference electrode and the counter
electrode, respectively. To better estimate the electrocatalytic per-
formance of the catalysts under a larger current density, the
carbon paper (CP) electrode (Shanghai Hesen Electric Co., Ltd.)
was used as the working electrode. For the preparation of the cata-
lyst ink, 5 mg of active material with 1 mg of Vulcan XC-72 carbon
was homogeneously dispersed into a solution containing 250 pl of
ethanol, 250 ul of deionized water, and 25 ul of Nafion (Dupont, 5
wt %). Then, 25 pl of the suspension was drop-casted onto the CP
(0.5 cm by 1 cm; catalyst loading: 0.476 mg cm™?) and left to dry
naturally at room temperature. For the OER experiment, LSV
curves were measured at a scanning rate of 10 mV s™', and all
LSV data presented were iR-compensated (95%). The potential
(versus SCE) was converted into RHE values using the following
equation: Eryp = Escg + 0.2415 + 0.059* pH. The Tafel slope was
calculated by the Tafel equation (n = a + b log j, where 1, g, b, and j
represent the overpotential, the intercept, the Tafel slope, and the
current density, respectively). EIS (350-mV overpotential) was con-
ducted from 1 Hz to 100 kHz with an amplitude of 10 mV. The elec-
trochemically active surface area (ECSA) for all electrocatalysts was
estimated from the electrochemical double-layer capacitance (Cq;)
at nonfaradaic overpotentials. Cy4 values were acquired from the
linear fitting of double-layer current density versus scan rate. The
accelerated stability test of the catalyst was performed through con-
tinuous cycling ranging from 1.1 Vryg to 1.5 Vryg for 1000 cycles
with a sweep rate of 100 mV s~

The MA (jma) was calculated using the following (Eq. 1) (63)
_ jgeo X Ageo
Mpoble metal

(1)

where jg., is the geometric current density, A, is the geometric
area, and Myople metal 1S the loading mass of noble metal onto the
working electrode.

jMA
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The TOF is generally considered to represent the intrinsic cata-
lytic activity of catalysts. In this work, the TOF values of M-
RulrFeCoNiO,, M-RuO,, C-RuO,, and C-Ir/C were calculated by
Eq.2 (27)

TOF = 02 (2)
nmass
where ng_ is the number of oxygen molecules and #,,,; is the
number of active sites determined via the total loading mass by as-
suming noble metal atoms as active sites.
no, was calculated by Eq. 3

<‘ mA) (A 2) 1 % (1 mol e7> (1 mol 02> (6.023 x 1023 mol 02)
n = i cm
0=\ 2 1000mA ) \96,485C/ \4mol e~ 1 mol O,

®3)

mass Was estimated according to the following (Eq. 4) (64)

Mioading X Ng
Mw

where 110a4ing 15 the loading mass of the catalysts, N, is Avogadro's
constant (6.023 x 10> mol™!), Mw is the molecular weight of cat-
alysts, and 71,,ople meta 1S the number of Ru atoms and/or Ir atoms per
molar of the catalysts.

The FE of O, generated at different anodic potentials was deter-
mined by Eq. 5

Nmass = X Hpoble metal (4)

4 X no, XF

2 ()

where n¢, (in mole) represents the mole amount of the O, gas gen-
erated on the results of gas chromatography, F is the Faraday's cons-
tant (96,485 C mol™"), and Q (in coulomb) is the total amount of
charge passed through the electrochemical cell. It is assumed that
the four electrons are needed to produce one O, molecule during
the OER process.

The S-number was calculated according to the previous litera-
ture (65) by using the following (Eq. 6)

FE

P ©)

Mnoble metal

S — number =

where ng_ is the molar amount of total oxygen generated during a
certain period of time (collected from gas chromatography) and
Mnoble metal 18 the total noble metals (Ru and/or Ir) dissolved in
the electrolyte measured by ICP-MS.

Electrochemical OER measurements in a PEM electrolyzer

The membrane electrode assembly (MEA) was constructed to
examine the performance of catalysts under actual conditions.
Before preparing the MEA, the commercial Nafion 212 membrane
(N212, Dupont) was successively pretreated with 5 wt % H,0,, 0.5
M H,SO,, and deionized water at 80°C for 1 hour, and then pre-
served in deionized water for further use. The M-RulrFeCoNiO,
was used as an anode catalyst, and commercial Pt/C (40 wt %)
was used as a cathode catalyst. Appropriate amounts of catalysts
were first suspended into a mixture of isopropanol and Nafion
ionomer (25 wt % for both anode and cathode) by ultrasonication
for 1 hour. Subsequently, the as-prepared ink was sprayed onto the
Nafion 212 membrane [catalyst-coated membrane (CCM), surface
area: 1.5 cm?, catalyst mass loading: 2 mg,ople metal cm ™2 for anode,
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and 0.5 mgp, cm ™ for cathode]. A porous Pt-plated Ti foam and CP
served as anodic and cathodic porous gas diffusion layers (GDLs),
respectively. Last, the PEM cell was integrated by assembling CCM
in the middle of anode and cathode GDLs, equipped with two Ti
bipolar plates with the serpentine flow field together. The PEM elec-
trolyzer was maintained at 80°C during the test, using the preheated
deionized water as the anode electrolyte (flow rate: 10 ml minY).
The stability performance of catalysts was measured by the chrono-

potentiometry test at a current density of 1 A cm™2.

Theoretical calculations
All the calculations of geometric and energy are executed within the
framework of the DFT method implemented in the Vienna Ab
initio Simulation Package (VASP) code (66). The exchange-correla-
tion potential was described by the generalized gradient approxima-
tion with Perdewe-Burkee-Ernzerhof functional (67). The
projector-augmented wave method was used to account for core-
valence interactions (68, 69). The kinetic energy cutoff for plane
wave expansions was set to 600 eV, and reciprocal space was
sampled by the gamma-centered k-mesh with a resolution of 0.03
in the unit of 2*PI/A, depending on the model. The vacuum layer is
at least 15 A in the z direction to minimize possible interactions
between the replicated cells. The convergence criteria are 1 x 107
eV energy differences for solving the electronic wave function, and
the structures were relaxed until the forces on all atoms were smaller
than —0.02 eV/A. A post-stage Van der Waals DFT-D3 method
with Becke-Johnson damping was applied (70) and the Hubbard
U corrections to the d electrons of Ru and Ir following the approach
proposed by Dudarev et al. (71) were considered. The values of the
effective Hubbard U parameter, U = 3.8 eV and 4.2 eV, are chosen
for Ru and Ir, respectively, determined by the linear response ap-
proach (72). The climbing image nudged elastic band method
(73) as implemented in VASP was used to locate the transition state.
The free energy AG for each OER step was calculated through the
model of computational hydrogen electrode along with the equa-
tion as follows (Eq. 7)

AG = AEpgr + AZPE — TAS (7)

where AEppr, AZPE, AS, and T are the changes in DFT energy, zero-
point energy, entropy from the initial state to the final state, and
temperature, respectively. AZPE and AS can be obtained from the
NIST-JANAF thermodynamics table (74) for gaseous molecules
and by calculating the vibrational frequencies for the reactive inter-
mediates, respectively. The energies of H,O and H, molecules cal-
culated by DFT together with the experimental formation energy of
H,0 (4.92 eV) were used to establish the free energy diagram. The
free energies of OOH*, O*, OH*, and O,, at a given potential U,
were calculated relative to RHE.

For pure RuO,, a 4 X 3 x 4 RuO,(110) surface slab model was
constructed, with the bottom two layers fixed to mimic the bulk
structure. (Rug ,Irg )05 and (Rug 4Irg >Fey,Cog 1Nig 1)O, models
were constructed by replacing the Ru atoms with the transition
metal atoms using a normal distribution algorithm. The interface
was constructed by the RuO,(111) with different crystallographic
according to experimental observation.

The formation energy of O vacancy (Eq) is defined as (Eq. 8)

EO = Edef(o) - Etotal + Ho (8)
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where E, is the energy of the slab. E4.(O) and o are the energy of
the slab when one O atom is removed and the chemical potential of
the O which is referenced to O, gas at 0 K, respectively. The energy
required for the demetallization of metal (Eg.) is calculated by Eq. 9

Eq = Edef(m) — Eioral + M (9)

where E4.f(m) and p, are the energy of the slab when one metal
atom is removed and the chemical potential of the metal atom
which is referenced to its most stable simple substance, respectively.
The special quasi-random structure method (75), which is coded
as "mesqs” (76) in the Alloy Theoretical Automated Toolkit, was
used to construct the structural models for high-entropy oxides.
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