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Abstract 

This thesis aims to design electrocatalysts with high activity, long-term stability and cost-

efficiency for proton exchange membrane (PEM) water electrolyzers. This technique is of vital 

importance for fast hydrogen fuel generation, but the catalysts generally suffer from rapid 

degradation due to the harsh acidic and oxidative conditions.  

Firstly, a rational design strategy is reported for the fabrication of heterostructured oxygen 

evolution reaction (OER) electrocatalyst (Ru@IrOx), in which a strong charge redistribution 

exists between highly strained ruthenium core and partially oxidized iridium shell across the 

metal-metal oxide heterojunction. The increased valence of iridium shell and decreased valence 

of ruthenium core activate a synergistic electronic and structural interaction, resulting in the 

simultaneously enhanced activity and stability of the catalyst as compared to most of the state-

of-the-art Ru- and Ir-based materials.  

The electrocatalysts with bifunctionality for efficient OER and hydrogen evolution reaction 

(HER) in acidic environments towards PEM water electrolyzers have been further investigated. 

A bifunctional electrocatalyst (M-RuIr, M = Co, Ni, Fe) is designed by doping RuIr alloy 

nanocrystals with transition metals that modify electronic structure and binding strength of 

reaction intermediates. Applying the Co-RuIr as the catalyst for overall water splitting, a very 

small cell voltage of 1.52 V is required to achieve current density of 10 mA cm-2. More 

importantly, the catalytic activity is correlated with the chemical/valence states of catalysts and 

a novel composition-activity relationship is established.  

Although noble metals exhibit potential towards energy conversion reactions in acidic 

environments, the wide application of noble metals is unfortunately restricted by high cost and 
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limited choice of geometric structures spanning single atoms, clusters, nanoparticles, and bulk 

crystals. Therefore, it is proposed to overcome this limitation by integrating noble metal atoms 

with the lattice of transition metal oxides to create a new type of hybrid structure. The third 

study shows that various kinds of noble metal atoms can be accommodated into the cationic 

sites of cobalt spinel oxide with short-range order and an identical spatial correlation with the 

host lattice. Among them, the iridium-incorporated hybrid exhibits higher electrocatalytic 

activity than the parent oxide by two orders of magnitude and significantly improved corrosion 

resistance towards the challenging OER under acidic conditions. This strategy can be extended 

to other oxide systems and would greatly diversify the topologies of noble metal structures for 

a variety of applications. 

To further explore the effect of spatial structure of noble metal substitutions on their catalytic 

performance, a series of Pt-substituted Co spinel oxide catalysts with different amounts of Pt 

substitutions are synthesized. It is shown that the catalyst with optimized spatial correlation of 

Pt substitutions outperforms the commercial Pt/C catalyst towards HER and hydrogen 

oxidation reaction (HOR) in acidic environments by over one order of magnitude.  

These systematic works open a new horizon for developing efficient electrocatalysts 

towards a wide range of applications in acidic environments by rational promotion of the 

chemical composition, interfacial structure and atomic spatial structure of noble metals to 

achieve a balance among activity, stability and cost of catalysts.  
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Chapter 1 Introduction 

1.1. Background 

The investigation of materials with high activity, long-term stability and reasonable cost is a 

primary goal of electrocatalyst design1. As a significant resolution to produce clean hydrogen 

energy, PEM water electrolyzers possess strong merits over traditional alkaline electrolyzers, 

and these include high voltage efficiency, low ohmic losses, and compact system design2. 

Nevertheless, the highly oxidative environment for anodic oxygen evolution reaction and harsh 

operation conditions set high standards for electrocatalysts3. Noble metals manifest themselves 

with high corrosion resistance, unique electronic structures and irreplaceable electrochemical 

properties towards a wide range of electrocatalytic applications, especially those working in 

acidic environments4. However, elaborate design is required to reach the balance among 

activity, stability and cost due to the scarcity and high cost of noble metals. Recently, it has 

been adopted as effective strategies to design and fabricate highly active and stable noble metal 

electrocatalysts by modifying their chemical composition, surface/interface structure and 

spatial atomic arrangements5,6. These strategies are expected to effectively adjust electronic 

properties of electrocatalysts towards energy conversion reactions including OER, HER and 

HOR in acidic environments, therefore provide promising solutions for generation and usage 

of clean hydrogen energy. 

1.2. Aim and Objectives 

This thesis aims to achieve high activity, long-term stability and cost-efficiency in PEM 

electrolyzers for fast hydrogen fuel generation. The specific objectives are as follows. 

(1) To promote catalytic activity and stability by developing advanced noble metal catalysts 
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for acidic HER/OER using surface/interface engineering strategies;  

(2) To establish Ru@IrOx core-shell structure to simultaneously enhance the activity and 

stability of the catalyst towards acidic OER; 

(3) To introduce surface heteroatom dopants in RuIr alloy and facilitate bifunctionality towards 

overall water splitting in acidic environments; 

(4) To explore a new topology of noble metals by integrating noble metal atoms in the 

framework of transition metal oxides; 

(5) To investigate the effect of spatial correlation of isolated noble metal sites on the catalytic 

performance; 

(6) To establish the relationship among physical structural properties, chemisorption behavior 

and catalytic performance; 

1.3. Thesis Layout 

This thesis contains seven chapters. Chapter 1 introduces the significance and objectives of the 

thesis. Chapter 2 reviews the recent achievements in surface and interface engineering in acidic 

OER electrocatalysts from both experimental and theoretical perspectives. Chapter 3 presents 

the rational design of a heterostructured OER electrocatalyst (Ru@IrOx) that has unique 

physicochemical properties induced by strong charge redistribution across the metal-metal 

oxide heterojunction. Chapter 4 studies the catalytic activity dependence at fundamental level 

on the chemical/valence states of a series of M-RuIr (M = Co, Ni, Fe) catalysts. Chapter 5 

investigates the integration of noble metal atoms in the cationic sites of cobalt spinel oxide with 

short-range order towards significantly improved OER catalytic performance under acidic 

conditions. Chapter 6 explores the effect of spatial structure of correlated Pt substitutions in 
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cobalt spinel oxide lattice on their catalytic performance. Chapter 7 summarizes the overall 

conclusions of this thesis and provides perspectives for future work in the design and 

development of noble metal electrocatalysts. 
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Chapter 2 Literature Review 

2.1. Introduction 

Although PEM-based water electrolyzers are the key to generation of clean hydrogen fuel from 

solar and wind energy, in acidic environments the corresponding anodic OER remains to be a 

bottleneck and prohibits large-scale application. However, because the properties of 

electrocatalysts are heavily dependent on physicochemical makeup, surface/interface 

engineering offers a practical way to boost performance of catalysts. This chapter reviews these 

advances in surface/interface regulation for acidic OER electrocatalysts and explores the 

structure-property relationship. Specifically, three parts are included: 1. Prevailing OER 

mechanisms in acid from both a theoretical computational view and experimental findings; 2. 

The relationship between catalyst design, electronic structure and catalytic performance; 3. The 

correlation between the OER mechanism and the electronic structure of a catalyst. 

2.2 Regulating electrocatalysts via surface/interface engineering for acidic oxygen 

evolution 

This chapter is included as a published perspective article by Jieqiong Shan, Yao Zheng, 

Bingyang Shi, Kenneth Davey and Shi-Zhang Qiao, Regulating electrocatalysts via 

surface/interface engineering for acidic oxygen evolution, ACS Energy Lett. 2019, 4, 

2719−2730. 
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Regulating Electrocatalysts via Surface and
Interface Engineering for Acidic Water
Electrooxidation
Jieqiong Shan,†,§ Yao Zheng,*,†,§ Bingyang Shi,# Kenneth Davey,†,§ and Shi-Zhang Qiao*,†,§

†School of Chemical Engineering & Advanced Materials, The University of Adelaide, Adelaide, SA 5005, Australia
§Centre for Materials in Energy and Catalysis, The University of Adelaide, Adelaide, SA 5005, Australia
#Henan-Macquarie University Joint Centre for Biomedical Innovation, School of Life Sciences, Henan University, Kaifeng, Henan
475004, China

ABSTRACT: Although proton exchange membrane (PEM) water
electrolyzers offer a promising means for generation of hydrogen
fuel from solar and wind energy, in acidic environments the
corresponding anodic oxygen evolution reaction (OER) remains a
bottleneck. Because the activity and stability of electrocatalysts
depend significantly on physicochemical properties, material surface
and interface engineering can offer a practical way to boost
performance. To date, significant advances have been made using
a judicious combination of advanced theoretical computations and
spectroscopic characterizations. To provide a critical assessment of
this field, we focus on the establishment of material property−
catalytic activity relationships. We start with a detailed exploration
of prevailing OER mechanisms in acid solution through evaluating
the role of catalyst lattice oxygen. We then critically review advances in surface and interface engineering in acidic OER
electrocatalysts from both experimental and theoretical perspectives. Finally, a few promising research orientations are
proposed to inspire future investigation of high-performance PEM catalysts.

Clean hydrogen energy is widely considered a
promising substitute for dwindling supplies of tradi-
tional fossil fuels and the environmental pollution

caused through the continued burning of these.1−3 An ideal
means to produce hydrogen is using electrical energy from
renewable sources via water electrolysis. This involves two
electrochemical reactions in an electrolyzer, namely, oxygen
evolution reaction (OER) at the anode and hydrogen
evolution reaction (HER) at the cathode.2,4 As one of the
most critical electron-donating counter reactions,5 the four-
electron transferred OER (2H2O → O2 + 4H+ + 4e−) however
exhibits sluggish kinetics. Compared with the two-electron
transferred HER, OER dominates the applied voltage of
devices for overall water electrolysis.6,7 Additionally, when
compared with alkaline electrolyzers, acidic proton exchange
membrane (PEM) water electrolyzers offer significant
advantages, including greater voltage efficiency and gas purity.5

Although HER benefits from fast kinetics in acids, OER in
acidic electrolytes remains a significant research and practical
challenge because of the corrosive conditions and sluggish
kinetics.3,8

Ruthenium (Ru) and iridium (Ir) oxides have been
extensively investigated as OER electrocatalysts in acidic
environments because of inherent advantageous electronic

properties.9−14 However, although Ru oxides exhibit significant
catalytic activity, they generally suffer from poor stability due
to the formation of soluble high-oxidation state RuO4 during
OER.15,16 In contrast to Ru-based materials, Ir oxides exhibit a
relatively high stability but, generally, a lower catalytic
activity.9,17 A few strategies in catalyst design have been
adopted to address the requirement for high activity together
with long-term stability. One in particular is based on
modification of catalyst composition. For example, Ru−Ir
bimetallic oxides (RuxIr1−xO2) exhibit a better stability over
monometallic Ru oxides based on activity as a function of
concentration of Ru.12,14 Another focuses on regulation of
catalyst structure. For example, establishing a Ru@IrOx core−
shell nanostructure with strained active Ru core and protective
stable IrOx shell can achieve simultaneous high activity
together with long-term stability.18

As a four-electron transferred reaction, the OER mechanism
involves multiple electrochemical steps including the breaking
of H−O bonds and the formation of O−O bonds. Therefore,
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the adsorption strength of a series of reaction intermediates on
the surface of the electrocatalyst determines the reaction
energy barriers in overall OER kinetics.19 According to the
Sabatier principle, a moderate binding energy of intermediates
assures optimal activity of a catalyst.20 According to the
fundamental understanding at present, the adsorption strength
of intermediates is closely related to the electronic structure of
a catalyst, including density of states (DOS), spin ordering,
and charge distribution. A number of studies highlight the
dependence of OER catalytic activity on metal−oxygen bond
covalency, which indicates an interaction between the d-band
of the metal active sites and the O 2p band of the reaction
intermediates.21−23 In addition, Shao-Horn et al. established a
simplified parameter of orbit electron filling (eg) to describe the
OER activity on perovskites and observed an optimal activity
at around eg = 1.24 The regulation of the electronic structure of
catalysts therefore offers a promising means to boost OER.
Recent significant developments in theoretical calculations and
in situ spectroscopy characterizations appear promising means
to an enhanced understanding of the OER mechanism. As a
result, in recent years a number of strategies have been
developed for surfacial and interfacial engineering in material
design, including regulation of components (e.g., defect and
heteroatom-doping), atomic arrangement (facet and morphol-
ogy), reconstruction, strain effect, and metal (oxide)-
support.25,26

Here we provide a critical perspective of fundamental
progress in material surface and interface engineering toward
improved performance of acidic OER electrocatalysis. A key
issue addressed here is the discussion of the two most plausible
acidic OER mechanisms, namely, adsorbates evolution
mechanism (AEM) and lattice-oxygen participation mecha-
nism (LOM). Of additional interest is to correlate the recent
advances in surface and interface engineering with the
favorable electronic structure of acidic OER catalysts. We
focus on establishing a material property−catalytic activity
relationship for a range of OER catalysts. Based on this
knowledge, an outline of the existing challenges and
opportunities is provided to pave the way for future research.
OER Mechanisms. To date, a number of OER mechanisms in

acid environments have been proposed based on density
functional theory (DFT) calculations.5 Two of these, i.e., AEM
and LOM, are widely discussed by considering the origin of
generated oxygen molecules, triggering a series of experimental
contributions. AEM postulates that electrocatalytic oxygen
product molecules are derived from the water in electrolytes.27

This contrasts with LOM which proposes that oxygen
molecules are partially from lattice oxygen in the catalyst.

As is seen in Figure 1a for AEM at pH 0, the first step on a
metal oxide (MO2) surface is postulated to be the formation of
absorbed OH* species on M site (eq A1). The *OH
subsequently undergoes proton coupling and electron removal
to *O species (eq A2). A nucleophilic attack occurs at *O and
forms a hydroperoxide intermediate *OOH (eq A3) that can
release an O2 molecule to give a clean M active site (eq

A4).5,27 Each elementary step exhibits specific reaction-free
energy as a function of binding energies of the corresponding
intermediates (*O, *OH, *OOH). The step with the greatest
free energy difference determines the theoretical overpotential
(ηtheory) of the reaction. In most cases, the rate-determining
step (RDS) is either the oxidation of *OH to *O or the
formation of *OOH.28 Nilsson and co-workers reported an in
situ X-ray photoelectron spectroscopy (XPS) study that
provided experimental evidence for the DFT-predicted OER
mechanism.29 They observed a decrease in IrO2 surface
hydroxide species as the electrode was cycled into the OER
region. They concluded this was evidence that OER took place
via converting hydroxide into oxide on the surface of the
catalyst. In addition, a potential-dependent change from IrVI to
IrV was observed. This was attributed to the formation of the
OOH intermediate that was essential to OER.
At this point, a few issues in AEM on Ir oxides should be

discussed. First, the valence states of Ir undergo meaningful
change during OER. Specifically, the valence states of Ir were
found to increase from +3 to above +4, while the surface *OH
species change to *O and *OOH. With subsequent release of
an oxygen molecule, the Ir site returns to its initial state (Ir3+)
and exhibits excellent cycle stability.30 Another issue is the
structural evolution of Ir oxides in water oxidation, which can
be investigated by in situ Raman spectroscopy. As was
demonstrated by Pavlovic et al.,31 in the potential range
0.8−1.2 V (vs. RHE) the iridium oxide undergoes first-stage
oxidation from Ir3+ to Ir4+, with decreased Ir−O δ stretching
vibrations (linked to Ir3+) and increased Ir−O γ (and ε)
stretching vibrations (linked to Ir4+). As the potential is
increased to ∼1.4 V, the Ir4+ is oxidized to Ir5+ with only slight
redshift of γ (and ε) peaks. When greater potentials are
applied, the Ir oxides exhibit no further potential-dependent
movement of γ (and ε) signals and begin to oxidize water.
Additionally, the impact of the pH of the electrolyte solutions
is an important consideration in OER. According to AEM, the
proton and electron transfer are coupled in every step. This
coupled proton−electron-transfer thesis is supported by
Nakagawa et al., who found that OER overpotentials of a
heterogeneous Ir oxide catalyst have no dependencies on pH
value.32

It was demonstrated that the adsorption free energies (ΔG)
of different intermediates are strongly correlated via a linear
relationship, for example, ΔGOOH (eV) = ΔGOH + 3.2, as can
be seen in Figure 1b. Based on this so-called scaling relation,
the difference between ΔGOH and ΔGO was introduced to
describe OER overpotential on metal oxide surfaces. A volcano
plot can be established to give a general universal principle for
activity at pH 0.33 It should be noted that this scaling relation
limits the further optimization of OER overpotential because
ΔG for each intermediate cannot be modified independently.
With the best values of ΔGO and ΔGOH, a minimum ηtheory =
∼0.37 V can be achieved, which imposes a fundamental
limitation for PEM electrolyzers.27,33 A significant research
effort in OER is therefore required to break (or bypass) this
scaling relation and to realize substantial enhancement in OER
catalytic activity.34 For example, it is reported that the
incorporation of Ni and Co into RuO2 can reduce OER
catalytic overpotential by inducing a proton donor−acceptor
effect in a 0.1 M HClO4 solution.

35 Based on theoretical model
predictions, if a Ni/Co site is located in the surface bridge site,
the oxygen atom on top of it will be activated so as to adsorb
hydrogen from *OH and *OOH species adsorbed on

AEM and LOM are widely discussed by
considering the origin of generated
oxygen molecules, triggering a series of
experimental contributions.

ACS Energy Letters Perspective
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neighboring Ru sites. An additional tunable parameter was
then introduced to describe this donor−acceptor effect.
Through incorporating different dopants, this additional
parameter can be optimized independently of the conventional
descriptor. In this way an improved OER activity was achieved
and the scaling relation based on a conventional descriptor can
be overcome (Figure 1c).
By way of contrast to AEM, the LOM mechanism postulates

that the evolution of oxygen molecules is derived from the
lattice oxygen with a key step of direct O−O coupling.36 As is
illustrated in Figure 2a (pH 0), the first two steps (eqs L1 and
L2) can be seen to be similar to those with AEM. For the third
step, however, the adsorbed *O species couple with the lattice
oxygen (OL) to release one oxygen molecule and to leave a
surface oxygen vacancy (VO) in the lattice (eq L3). The VO
sites are replenished by water dissociation products to generate
absorbed *H species (eq L4). In a final mechanism step, the
adsorbed *H is removed to give a clean M site (eq L5).
Tarascon and co-workers demonstrated LOM to be pH-
dependent with a sequential proton and electron transfer on
La2LiIrO6.

37 This pH dependence is attributed to the
mismatch between the electron-transfer kinetics and hydroxide
affinity at the catalyst/electrolyte interface and reflects

nonconcerted proton−electron-transfer behavior.38 Shao-
Horn et al. reported direct experimental evidence of LOM in
perovskites for alkaline OER. By performing in situ mass
spectrometry they measured the weight of the oxygen
molecules produced in OER electrocatalysis on 18O-labeled
perovskites.39 They found that lattice oxygen participated in
OER on certain perovskites. By combining these experimental
findings with theoretical computations, the authors further
proposed the origin of the LOM as the increase of metal−
oxygen bond covalency that activate lattice-oxygen oxidation to
trigger nonconcerted proton−electron transfers during OER
(Figure 2b). Importantly, it was suggested that LOM bypasses
the scaling relation and that it has a lower reaction barrier.
Yoo et al. investigated a series of perovskites and compared

theoretical performance through AEM and LOM.36 As is
illustrated in Figure 2c the LOM volcano overlapped that of
AEM with a higher peak, which indicates that some
electrocatalysts with LOM have lower overpotentials compared
with the minimum ηtheory defined in AEM. This is attributed to
the favorable interaction with *OH to form oxygen vacancies
and *OO on some surfaces, depending on the A cation sites in
the ABO3 cell. Additionally, recent studies with Ir-based oxide
electrocatalysts indicate direct participation of surface oxygen

Figure 1. (a) Proposed AEM for OER in an acidic environment. (b) Adsorption energy of HOO* plotted against adsorption energy of HO*
for different oxides. Reprinted with permission from ref 33. Copyright 2011 John Wiley Sons, Inc. (c) Volcano curve of theoretical
overpotential for OER using the second charge-transfer reaction as a descriptor. Reprinted with permission from ref 35. Copyright 2014
Royal Society of Chemistry.
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species in acidic OER.40,41 Ni leaching in IrNi oxide alloy
under OER in acid transformed inert surface lattice oxygen
into loosely bound surface OH groups that can be directly
involved in the reaction.40 However, other researchers state
that LOM can lead to increased dissolution of metal active
sites and thereby limit the stability of catalysts.42 This is
because the critical step in reversible formation of oxygen
vacancy on the surface of a catalyst can also result in significant
insertion and removal of oxygen in and out of its lattice.36 The
current situation points to the fact that a more precise in situ
characterization and in-depth understanding of LOM needs to
be realized.
A crucial consideration with acidic OER electrocatalysis is

long-term stability. This sets a high practical requirement for
the catalysts because of strong acidic and oxidative operating
conditions. Generally, a chronopotentiometric hold with a
constant current density of 10 mA cm−2 for up to 50 h, or a
cyclic voltammetry (CV) test in the OER potential range
under scan rates of 50 or 100 mV s−1 for up to 10 000 cycles, is
used as the long-term stability measurement. However, a
slowly increased, or even unchanged potential does not
necessarily indicate a stable OER electrocatalyst without loss
or decay of active sites. The partial dissolution of surface sites
might increase the number of exposed active sites. This helps
to compensate intrinsic activity decay of each site and can
result in an (almost) unchanged apparent performance.43

Therefore, it is appealed that the catalyst loading should be
controlled in long-term stability testing because large amount
of catalysts can be gradually corroded and result in an
overestimation of working-life. A more objective view of long-

term stability could therefore be obtained from the monitoring
of dissolved catalyst ions in electrolytes.19 In addition, some
electrocatalysts can undergo change in structural or surface
components in OER. This leads to a mismatch between the
fresh-prepared catalysts and the actual catalysts in reactions.44

In such cases careful characterization must be undertaken to
obviate potentially misleading conclusions.
Surface Engineering for Electronic Structure Modif ication.

Recent studies have highlighted effective strategies for
modification of electronic structure and catalytic performance
of electrocatalysts through surface engineering. These include
tailored modification of surface composition, surface atomic
arrangement regulation, and surface reconstruction.
Modification of surface composition is illustrated in Figure

3a (left), which is generally achieved by introducing structural
defects or incorporating heteroatom dopants. This strategy
offers a versatile pathway to tune electrocatalytic properties of
materials through creation of increased number of active sites,
an increased electronic conductivity, and optimized adsorption
of reaction intermediates. For example, it has been suggested
that surface anion defects like oxygen vacancies can increase
electronic conductivity of the catalyst material and boost the
rate of charge transfer during electrocatalysis.47 Cation
vacancies on the other hand can induce a lattice distortion
and change the local electron distribution, therefore resulting
in a tailored intermediate adsorption behavior.48 For metal
oxides, the existence of surface vacancies is generally
accompanied by a modified oxygen ligand environment,
which associates with the LOM mechanism.49 For example,
in a Y2[Ru1.6Y0.4]O7−δ electrocatalyst, the partial substitution of

Figure 2. (a) Proposed LOM for OER in an acidic environment. The empty square represents the oxygen vacancy. (b) Schematic rigid band
diagrams for LaCoO3 and SrCoO3. Reprinted with permission from ref 39. Copyright 2017 Nature Publishing Group. (c) Overall OER
volcano that takes into account both AEM (black) and LOM (red) for perovskites. Reprinted from ref 36. Copyright 2018 American
Chemical Society.
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Ru4+ with Y3+ cations results in a lattice oxygen vacancy and
mixed valence states of Ru sites. The oxygen-deficient
pyrochlore structure exhibits a lower Ru d-band center and
strengthened covalency between Ru 4d and O 2p bands. These
two factors together lead to an enhanced OER activity via a
LOM pathway.50 We have reported a Co-doped RuIr alloy
electrocatalyst for overall water splitting in acidic environ-
ments.45 Under OER conditions the leaching of less stable Co
species in acid resulted in the formation of cation vacancies
and increased concentration of surface reactive OI− species.
The generated electrophilic OI− species were highly active in
OER because they were vulnerable to nucleophilic attack from
water molecules, or hydroxyl species.41 When coupled with
electrochemical investigation on a series of transition metal-
doped RuIr, a double-linear relationship can be demonstrated
for both oxygen intermediate adsorption ability and OER
activity with intensity of OI− species (Figure 3b). In another
system the depletion of surface Ni in IrNiOx resulted in the
formation of IrNi@IrOx core−shell nanoparticles and gave rise
to lattice vacancies in the IrOx shell, as was evidenced by in situ
X-ray near-edge structure analysis (XANES).51 The vacancies
produced a significant number of d-band holes that referred to
unoccupied d-band states on surface Ir centers, resulting in

increased Ir oxidation states and an enhanced electrophilic
characteristic of the surface oxygen ligand. Because of
activation of electrophilic oxygen, an energetically favorable
O−O bond formation is realized by nucleophilic attack by
water or hydroxyl ligands at reduced kinetic barriers that
ultimately contribute to improved OER activity.
Heteroatom doping is an effective means to tailor the

electronic structure of catalysts.52 The d-band theory suggests
that the introduction of heteroatom dopants moves a metal d-
band center relative to the Fermi level and modifies the
adsorption ability of reaction intermediates.53 A systematic
study of different transition metal-substituted rutile TiO2(110)
surfaces was conducted for OER electrocatalysis. It was
predicted that in the case of most dopants, especially for
example, Cr, Mo, Mn, and Ir, the doped TiO2 surfaces would
exhibit boosted OER due to enhanced adsorption of
intermediate species.54 In addition, heteroatom dopants in
the crystalline lattice can tailor the local coordination
environment. Su et al. designed a Cu-doped RuO2 hollow
porous polyhedron with a significant OER activity. XPS
investigation and DFT calculations demonstrated that charge
redistribution around Cu dopants, together with the formation

Figure 3. (a) Schematic of surface engineering strategies for component and arrangement engineering. (b) Relationship between OI− species
concentration and OH desorption potential and that for OER on various electrocatalysts. Reprinted with permission from ref 45. Copyright
2019 John Wiley Sons, Inc. (c) In situ Ir-L3 XANES and (d) EXAFS spectra recorded under different applied potentials on Li incorporated
IrOx. As is shown in the legend of panel c, the curves with darker red color represent spectra achieved through applying greater potentials.
Reprinted from ref 46. Copyright 2019 American Chemical Society.
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of neighboring coordinatively unsaturated Ru sites (CUSs), is
responsible for the boosted activity.55

In addition to surface composition optimization, an effective
strategy to alter electrocatalytic properties of a catalyst material

is structural regulation. Within this, surface atomic arrange-
ment has attracted wide research interest. Surface atomic
arrangement can be practically realized through the adjustment
of surface orientation, surface morphology, and degree of order
(Figure 3a, right). For example, Shao-Horn et al. examined
OER kinetics on a single-crystal RuO2(110) surface.

56 With a
combination of DFT calculations and in situ surface diffraction
measurements that monitored atomic structural changes, it was
confirmed that Ru CUS sites were in fact the active sites for
OER. Then a modified AEM pathway was proposed that RDS
was the stabilization of −OO species on Ru CUS active sites. A
consistent finding was reported also for RuO2(110), (100),
(101), and (111) orientations, where a positive trend was
established between density of CUS sites and OER catalytic

activity.57 In addition, morphology control has been
investigated as a structural regulation strategy to boost OER
performance through increasing the number of active sites, or
through enhancing electronic conductivity. For example, 2D
mesoporous metallic Ir nanosheets were reported to exhibit a
significantly improved OER activity as a benefit from the
greater availability of chemically active sites.58 In comparison
with nanoparticle counterparts, the nanoporous architecture
provided an electron transport channel with comparatively
lower resistance and was responsible for the increased catalytic
activity.59

The order degree of catalyst surfaces has recently been
considered as a significant parameter impacting OER activity;
that is, there is an observed greater activity on amorphous IrOx

in comparison with that for crystalline counterparts.41,60 For
example, in a Li−IrOx system, X-ray absorption spectroscopy
(XAS) results denoted that the long-range order of rutile IrO2

was broken because of incorporation of lithium and that an
amorphous Li−IrOx structure with disordered [IrO6] octahe-
drons can be generated.46 As the applied potential was
increased, a constant increase in the absorption peak energy in
the Ir L3-edge XANES spectra (Figure 3c) and a shrinkage of
the Ir−O distance in the Ir L3-edge extended X-ray absorption
fine structure (EXAFS) spectra (Figure 3d) were observed.
This enhanced activity of amorphous Li−IrOx can be
interpreted, therefore, as resulting from the ready oxidization

In addition to surface composition
optimization, an effective strategy to
alter electrocatalytic properties of a
catalyst material is structural regula-
tion.

Figure 4. (a) Schematic of surface reconstruction under OER conditions. (b) Relationship between the surface oxidation state of annealed
Ru0.5Ir0.5 with Ir skeleton formation during OER. Reprinted with permission from ref 62. Copyright 2014 John Wiley Sons, Inc. (c)
Theoretical overpotential volcano plot with O* and OH* binding energies as descriptors. The data marked as B−I refer to corresponding
visual representation of IrOx and SrIrO3 surfaces shown in the right (strontium, green; iridium, blue; oxygen, red). Reprinted with
permission from ref 63. Copyright 2016 American Association for the Advancement of Science.
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of Ir sites during OER and from shrinkage of the Ir−O bond
that promotes hydroxyl oxidation and O−O bond formation.
There is increasing research awareness that many catalyst

surfaces can undergo structural reconstruction in catalysis. This
is particularly true for OER in acid because of the corrosive
and oxidative environment.44 Surface reconstruction raises a
difficulty in identifying the active sites. However, it could be
advantageously utilized to boost catalytic performance. One of
the most commonly reported surface reconstruction observa-
tions is dealloying of multicomponent alloys during electro-
catalysis. Typically, the less-noble components undergo
selective dissolution under electrochemical environmentsand
leave the segregation of more-noble components in the near-
surface domain (Figure 4a).61 In a well-established acidic OER
electrocatalyst of RuIr bimetallic alloys, a Ru0.5Ir0.5 alloy was
reported as a model for investigation of the surface segregation
phenomenon of Ir. An in situ XANES analysis was conducted
on sputtered and annealed Ru0.5Ir0.5 alloy surfaces. Results
indicated that a protective Ir skeleton was formed on the latter
via rapid dissolution of less-stable Ru (Figure 4b). As a result,
it was possible to balance the near-surface composition to form
an annealed surface with the segregation-induced enrichment
of Ir. This exhibited a four times-enhanced stability without
compromising any OER activity.62

Additionally, surface reconstruction offers an opportunity to
balance the activity and stability of electrocatalysts, thereby
making it practical to optimize catalytic performance. In an Ir

core@nanoporous IrO2 shell (dtf-Ir25Os75) system sythesized
through selective etching of Os in Ir25Os75 precursors, because
of successful surface rearrangement, dtf-Ir25Os75 exhibited a 30-
fold increase in activity-stability in comparison with the Ir
oxide catalyst.59 Apart from multimetallic alloys, metal oxides
have also been demonstrated to undergo surface rearrange-
ment during acidic OER. In a catalyst of IrOx/SrIrO3 derived
from bulk SrIrO3, the less-stable Sr leached from surface layers
during OER electrocatalysis in acid and simultaneously formed
a highly active IrOx surface layer.63 An initial activity
improvement was observed in continuous electrocatalysis
tests that was attributed to the in situ formation of highly
active sites through the leaching of Sr. To explore the evolution
of active sites during surface reconstruction, DFT calculations
were conducted for a series of possible motifs (Figure 4c).
Through evaluation of theoretical overpotentials, IrO3 and
anatase IrO2 motifs were identified as being responsible for the
experimentally demonstrated greater activity.
Interface Engineering for Electronic Structural Modif ication.

Electrocatalysis is strongly associated with the properties of
electrochemical interfaces in a catalyst system, including both
the catalyst itself and the structure of the electrocatalyst−
electrolyte double layer.64 Notably the latter is rarely discussed
in the general field of acidic OER.65 Therefore, we focus
mainly on interfacial engineering of electrocatalysts. This is
achieved through investigation of inner boundaries among

Figure 5. (a) Schematic of interfaces in catalyst systems. (b) Overpotential to reach 0.1 and 10 mA cm−2 for Ru1−PtCu and lattice parameter
dependence on composition of different Pt/Cu catalysts. (c) In situ XAS spectra for Ru K-edge during the OER. Reprinted with permission
from ref 68. Copyright 2019 Nature Publishing Group. (d) XANES spectra of Ru@IrOx core−shell nanocrystals. Reprinted with permission
from ref 18. Copyright 2019 Elsevier.
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different components of the catalysts and interfaces between
catalyst and substrate materials (Figure 5a).
It is a common strategy to tune the catalytic property of

metals by alloying with other elements, which leads not only to
the adjustment of surface composition but also to the
induction of lattice strain among the different components
with different lattice parameters. The lattice strain together
with lattice mismatch or lattice defects can be used to tailor the
electronic structure of catalysts.66 For example, it is reported
that a significant quantity of oxygen vacancies can be generated
when a tensile strain is introduced on the outermost surface of
CoO nanorods.67 These oxygen vacancies result in facilitated
water dissociation kinetics and a well-modified electronic
structure that leads to an optimized catalytic performance.
Further, the d-band center can be up-shifted by tensile lattice
strain to cause an increased interaction with adsorbates.
Alternatively, it can be down-shifted by compressive strain and
weaken the interactions.69 Recently, a series of Pt−Cu alloys
with atomically embedded Ru atoms in the Pt-rich shell were
used as efficient OER electrocatalysts in acid (Figure 5b).68 On
one hand, the Pt shell exerted a compressive strain on Ru sites,
inducing an up-shifted d-band center with optimized
intermediate binding energies. On the other hand, in situ
XANES studies showed that along with the applied potential,
the Pt L3-edge underwent an increase in white-line intensity
while the Ru K-edge spectra exhibited no change. This finding
suggests an increased valence state of Pt and stable oxidation
state of Ru in OER (Figure 5c). It is concluded these results
imply a charge compensation of Ru from Pt, which acted as an
electron reservoir to donate electrons and helped prevent an
overoxidation and subsequent dissolution of Ru.68 Through
capture of the OOH* intermediate on the catalyst surface
using in situ attenuated total reflection infrared spectrum, it
was confirmed that the dominant OER mechanism on Ru1−
Pt3Cu was AEM rather than LOM, which contributed to its
cycling stability.
In addition to modulation of band structure, facilitated

charge transfer can also be achieved at the interfaces among

the different components, leading to modified valence states of
the active sites. For example, a strong charge redistribution can
be generated in a well-established Ru@IrOx core−shell catalyst
with a highly disordered Ru core and a partially oxidized Ir
shell.18 As underscored by XANES, the charge redistribution
across the metal−metal oxide heterojunction resulted in a
decreased valence for Ru and an increased valence for Ir
(Figure 5d). These favorable valence states were reckoned to
be responsible for the boosted OER catalytic activity. More
importantly, compared with conventional RuIr alloy, the core−
shell nanostructure simultaneously exhibited significantly
improved structural stabilityas well as a more effective
protection for inner sites.
The introduction of a support material into the catalyst

system offers opportunity to increase dispersion and to reduce

the agglomeration of the active electrocatalysts (Figure 6a).
Carbon-based materials are frequently adopted as substrates
because of inherent large surface area and high conductiv-
ity.70,71 These can however be oxidized to CO2 under OER
potentials and are therefore not practically appropriate as
support materials in PEM electrlyzers.5 Consequently, other
materials have recently been used to trigger electronic effects
across the catalyst−substrate interface. For example, Ng et al.
introduced an underlying gold−metal support in a Ce-doped
Ni oxide catalyst. It was suggested that the Au support
increases accessibility of Ni sites during electrocatalysis via
geometric effects or high conductivity, contributing to
optimized value of OER activity descriptor (Figure 6b).72

Moreover, complex oxides including pyrochlore oxides have
recently been utilized as support materials in alkaline OER
applications. The adopted support materials are proposed to
assist to expel generated electrons and to reduce the energy
barrier of intermediate formation.73 However, it remains
unresolved whether similar approaches will be successful
with acidic OER; only a few stable and conductive oxides,
including Sn-, In-, W-, and Ti-based oxides, have been used.
For example, through using Nb-doped TiO2 as a support, both
mass-based activity and stability of IrO2 displayed meaningful
improvement.74

To reveal connections between electrochemical stability and
electronic structure of supported catalysts, Strasser et al.
developed electrochemically oxidized IrOx nanoparticles on
mesoporous antimony-doped tin oxide (ATO) and on
carbon.75 They found that, in contrast to carbon, ATO
exhibited evident interaction with the IrOx catalyst that they
inferred as metal−metal oxide support interaction (MMOSI)
effects (Figure 6c). As a result of this MMOSI effect, IrOx/
ATO exhibited a low Ir mass loss (28.3%) in a long-term
stability test, substantially outperforming that of the IrOx/C
counterpart (97.1%). According to XANES analysis, the
MMOSI effect can also tailor the electronic structure of Ir
(Figure 6d). Ir species exhibited a lower average oxidation state
in IrOx/ATO (Ir3.2+) as compared with those in IrOx/C (Ir4+).
Because of the sacrifice of stability in the formation of high
valent Ir oxide layer, it is suggested that the MMOSI effect
facilitates a thinner surface oxide layer thickness in the IrOx/
ATO and assists in stabilizing the Ir species in IrOx.
Challenges and Outlook. Through a judicious combination of

experimental methodologies and advanced characterization
techniques, significant progress has been made in research
understanding of acidic OER. However, a number of
fundamental challenges remain, including the following:
(1) The use of highly scarce iridium in acidic OER

electrocatalysts is a bottleneck in the scaling-up of PEM
electrolyzers.19 Therfore, increasing the efficiency of these
catalysts through either reducing the use of noble metals or
development of earth-abundant alternatives is needed.6,76

Additionally, although Ir and Ru are the present best OER
electrocatalysts, substantial overpotentials are still required,
which have slowed development of active OER catalysts. As no
significant advances have been reported over the past decades,
future research should therefore aim to break the scaling
relation to result in reduced overpotentials.
(2) To quantitatively compare the performance of different

electrocatalysts, agreed upon standards are needed. For
example, mass activity and turnover frequency (TOF) more
accurately reflect intrinsic catalyst activity than that based on
geometric area. In addition, a significant challenge with acidic

In addition to modulation of band
structure, facilitated charge transfer can
also be achieved at the interfaces
among the different components,
leading to modified valence states of
the active sites.
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OER electrocatalysis is long-term stability in the strong acidic
and oxidative operating conditions. Developments in under-
standing of catalytic stability have often been overlooked
because of a major emphasis on catalytic activity. Greater in-
depth experimental and theoretical study is therefore needed
to reveal the origin of stability fading and the structure−
stability relationship. Further, it would practically guide the
future design of catalysts if a quantitative descriptor dealing
with the catalyst stability could be raised.

(3) Catalyst surfaces are changed dynamically under acidic
OER electrocatalysis, mainly because of oxidized potential and
acid corrosion. The result is to impede the precise
identification of active sites and the exploration of mechanisms
based on ex situ characterizations. Therefore, advanced in situ
analytical techniques, operando theoretical computations, and
microscopy should be utilized to develop understanding of the
more well-established catalysts. In situ XAS is a powerful
research tool to detect chemical and electronic structures of
electrocatalysts during electrocatalysis, including surface

species and structural transformations dependent on applied
potential. Resulting information will be of significant value in
determining reaction mechanisms and in guiding design of
electrocatalysts.77

Up to this point, we could expect the establishment of
structure−activity/stability relationship as well as more in-
depth insights of the reaction mechanism based on a
combination of advanced characterizations and controlled
electrochemical experiments. The fundamental understanding
of electronic structural modification will facilitate design in not
only electrocatalysis but also environmental science and energy
conversions.
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Figure 6. (a) Schematic of catalyst−support interface. (b) Deconvolution of various effects modifying OER performance of NiCeOx-Au
based on DFT calculations. The region shaded in red indicates ideal binding energy of intermediates. Reprinted with permission from ref 72.
Copyright 2016 Nature Publishing Group. (c) Constant current stability test of IrOx/ATO electrocatalysts for OER. (d) Determination of Ir
oxidation states for IrOx/ATO and references according to Ir L3-edge XANES data. Reprinted from ref 75. Copyright 2016 American
Chemical Society.
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Chapter 3 Charge-Redistribution-Enhanced Nanocrystalline Ru@IrOx Electrocatalysts 

for Oxygen Evolution in Acidic Media 

3.1. Introduction and Significance 

Electrochemical OER in acidic media is of great importance in PEM-based water electrolyzers 

for clean hydrogen fuel generation but largely hindered by serious catalyst degradation due to 

harsh corrosive and oxidative operation conditions of this process. So far, however, not only 

the highly active and stable OER electrocatalysts are still lacking, but the rational catalyst 

design fulfilling the OER requirement of simultaneously optimizing activity and stability is 

rarely elucidated. This chapter aims to present a new strategy of inducing “charge redistribution 

across heterojunction” to achieve unique physicochemical properties on nanocrystalline 

Ru@IrOx electrocatalysts, where the OER catalytic activity and stability are simultaneously 

enhanced. In this chapter, atomic imaging and advanced spectroscopy techniques, including 

HAADF-STEM and synchrotron-based XAFS have been used to identify the existence of 

highly strained and distorted Ru cores and partially oxidized Ir shells in Ru@IrOx nanocrystals. 

A strong charge redistribution occurred across the Ru metal-Ir oxide heterojunction, resulting 

in an increased valence of iridium shell and a decreased valence of ruthenium core, which bring 

a synergistic electronic and structural interaction for enhanced activity and stability. 

Significantly, the newly developed Ru@IrOx exceeds the most known active RuO2 catalyst in 

the activity and simultaneously surpasses the most known stable IrO2 in the stability. 

24



 

 

3.2. Charge Redistribution-Enhanced Nanocrystalline Ru@IrOx Electrocatalysts for 

Oxygen Evolution in Acidic Media 

This section is included as a published article by Jieqiong Shan, Chunxian Guo, Yihan Zhu, 

Shuangming Chen, Li Song, Mietek Jaroniec, Yao Zheng and Shi-Zhang Qiao, Charge 

Redistribution-Enhanced Nanocrystalline Ru@IrOx Electrocatalysts for Oxygen Evolution in 

Acidic Media, Chem 2019, 5, 445–459. 
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Charge-Redistribution-Enhanced
Nanocrystalline Ru@IrOx Electrocatalysts for
Oxygen Evolution in Acidic Media

A core-shell Ru@IrOx heterostructured nanocrystal was designed and constructed

to be OER electrocatalyst in acidic media. Enhanced by strong charge

redistribution across the core-shell heterojunction, this catalyst not only breaks the

activity and stability limits of RuO2 and IrO2 simultaneously but also outperforms

most of the known acidic OER electrocatalysts. This project offers a new idea to

simultaneously enhance electrocatalytic activity and stability by inducing charge

redistribution within heterostructured electrocatalysts.
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facilitates its catalytic

performance
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Charge-Redistribution-Enhanced
Nanocrystalline Ru@IrOx Electrocatalysts
for Oxygen Evolution in Acidic Media
Jieqiong Shan,1,5 Chunxian Guo,1,5 Yihan Zhu,2,5 Shuangming Chen,3 Li Song,3 Mietek Jaroniec,4

Yao Zheng,1,* and Shi-Zhang Qiao1,6,*

SUMMARY

Achieving high activity and long-term stability is a major challenge in the design

of catalysts. In particular, the oxygen evolution reaction (OER) in acidic media,

which plays a key role in proton exchange membrane electrolyzers for fast

hydrogen fuel generation, seriously suffers from rapid degradation of catalysts

as a result of the harsh acidic and oxidative conditions. Here, we report a

rational design strategy for the fabrication of a heterostructured OER electroca-

talyst (Ru@IrOx) that has unique physicochemical properties and in which a

strong charge redistribution exists between a highly strained ruthenium core

and a partially oxidized iridium shell across the metal-metal oxide heterojunc-

tion. The increased valence of the iridium shell and the decreased valence of

the ruthenium core activate a synergistic electronic and structural interaction,

which results in the enhanced activity and stability of the catalyst compared

with themajority of the state-of-the-art ruthenium- and iridium-basedmaterials.

INTRODUCTION

Exploration of catalysts with enhanced activity and long-term operation durability is

the ultimate goal in the design of materials.1–5 It is a great challenge to simulta-

neously achieve these two properties because often they are inversely correlated:

usually an enhancement in the activity of a catalyst sacrifices its stability, and vice

versa.6,7 For example, platinum (Pt) catalysts after reducing their particle sizes

exhibit an improved catalytic activity toward hydrolysis of ammonia borane, which

simultaneously decreases their stability due to the agglomeration of the resulting

particles.8 On the other hand, the adoption of stabilizers, e.g., polymers, can

improve the stability of palladium (Pd) catalytic particles in the Suzuki reaction,

although at the same time this strategy reduces their catalytic activity.9

The same dilemma also exists in the case of the electrocatalytic oxygen evolution re-

action (OER), which is one of the most critical electron-donating reactions for renew-

able energy conversion processes such as water electrolysis.10,11 Compared with the

two-electron hydrogen evolution reaction proceeding at the cathode, the kinetics of

four-electron anodic OER is more sluggish, and dominates the applied voltage in the

overall water electrolysis devices.12,13 Over conventional alkaline electrolyzers, the

advanced proton exchange membrane electrolyzers possess strong merits attribut-

able to their faster and higher current density for hydrogen generation.10,14 Never-

theless, acidic electrolytes always create a strong oxidation environment, which sets

high standards for robust electrocatalysts.15,16 In particular, the aforementioned

opposite trends of a catalyst’s activity and stability are more significant for OER in

The Bigger Picture

The investigation of materials with

both activity and stability is a

primary goal of electrocatalyst

design. As a significant resolution

to produce clean hydrogen

energy, proton-exchange-

membrane water electrolyzers

possess strong merits over

traditional alkaline electrolyzers,

and these include high voltage

efficiency, low ohmic losses, and

compact system design.

Nevertheless, the anodic oxygen

evolution reaction suffers from

slow reaction kinetics and harsh

operation conditions, which sets

high standards for

electrocatalysts. Here, on the

basis of the state-of-the-art

ruthenium (Ru) and iridium (Ir)

oxide nanocrystals, we report a

core-shell Ru@IrOx nanocrystal

with charge redistribution across

the interface. Benefiting from the

favorable valence states and

stable nanostructure, Ru@IrOx

exhibits simultaneously enhanced

activity and stability. This work

opens a new horizon for

developing efficient

electrocatalysts by rational

promotion of charge

redistribution within

heterostructures.
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acidic electrolytes.7,17 As has been shown previously, the more active noble metal

oxides with high surface energy tend to be less stable during electrocatalytic oxygen

evolution processes.7,18,19

For decades, only ruthenium (Ru) and iridium (Ir) and their derivatives have been

intensively investigated as OER electrocatalysts in acidic media because of their

inherent electronic properties and relatively high stability.20–25 Ru oxides (e.g.,

RuO2) exhibit high catalytic activity but normally suffer from poor stability due to

the formation of soluble high oxidation state Ru oxides (e.g., RuO4) during the

OER process.26,27 In contrast, Ir oxides (e.g., IrO2) show a relatively high stability

but always exhibit lower catalytic activity than Ru-based materials.7,20 Correspond-

ingly, one of the possible strategies for the activity-stability optimization is based on

the exploration of bimetallic Ru and Ir materials.12,23,25,28–30 For example, RuO2-IrO2

mixed oxides initially exhibit an improved activity in comparison with that of Ir mono-

metallic oxide, but their activity drops significantly as a result of the loss of Ru sites

during the reaction.16,31 On the other hand, RuIr bimetallic oxides (RuxIr1�xO2) show

better stability than RuO2, but their activity cannot exceed that of RuO2.
23,25,32

At present, simultaneous enhancement of both activity and stability of RuIr OER

electrocatalysts under acidic conditions is still unavailable, the OER performance

generally being limited by the monometallic oxides.10 This could be due to the

fact that so far the studies are focused on the composition-dependent performance

of OER catalysts, whereas the optimization of bimetallic oxide nanostructures and

modification of their electronic properties are rarely investigated.21,22 It is note-

worthy that in the well-developed field of oxygen reduction reaction, a considerable

effort has been devoted to the exploration of the structural effects on the catalytic

behavior of Pt-based bimetallic nanocatalysts.33–35 Many strategies have been

developed to design Pt nanostructures with increased activity and stability such as

alloying Pt with secondary metals;36 forming a Pt skin or skeleton on the surface of

nanocatalysts;37 and constructing core-shell nanostructures with Pt-rich shells.1

Such nanostructure engineering of Pt-based catalysts can modify electronic struc-

tures of Pt and thus increase its catalytic properties,34 which may also shed the light

on the design of RuIr bimetallic oxides for OER electrocatalysis. Thus, the remaining

major challenge is to find a way to promote Ru and Ir components to work cooper-

atively toward surpassing their individual limits.

Herein, we propose a strategy to enhance simultaneously the activity and stability of

RuIr bimetallic oxide electrocatalysts by taking advantage of the synergistic effect

achieved by tuning their electronic properties and nanostructure. Namely, the

charge redistribution across the metal-metal oxide heterojunction is generated via

a rational design of a core-shell RuIr nanostructure (Ru@IrOx) with a highly strained

and disordered Ru core and a partially oxidized Ir shell. Because of the favorable

valence state of active sites, the as-prepared Ru@IrOx nanostructure can offer an

overpotential of only 282 mV to deliver an anodic current density of 10 mA cm�2

together with an activity retention of 90% over a 24-hr test in acidic environments.

RESULTS AND DISCUSSION

Synthesis and Structure Characterization of Nanocrystals

The Ru@IrOx core-shell nanocrystals were synthesized via a sequential polyol method,38

whereby Ru nanocrystals were first obtained by reduction of ruthenium(III) acetylaceto-

nate (Ru(acac)3,xH2O) in ethylene glycol (EG) with poly-(vinylpyrrolidone) (PVP) as a sta-

bilizer under refluxing conditions. Next, the coating of IrOx shells on Ru cores was
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achieved by adding iridium(III) chloride hydrate (IrCl3,xH2O) into the Ru colloidal nano-

crystals and heating the system under refluxing conditions. To study the structural effect

of Ru@IrOx core-shell nanocrystals, we also synthesized RuIr oxide alloy as a control

sample by a co-reduction process (see Experimental Procedures for details). The resul-

tant Ru@IrOx and RuIr oxide alloy (RuIrOx) nanocrystals both display narrow size distri-

bution with ultra-small diameters. The Ru@IrOx sample is monodispersed, whereas the

RuIrOx sample has a certain degree of aggregation (Figure S1).

As shown in the X-ray diffraction (XRD) patterns (Figure 1A), the broad reflections

indicate the ultrafine crystalline sizes of Ru and Ir oxide nanocrystals.18,39 Both

Ru@IrOx core-shell and RuIrOx nanocrystals exhibit diffraction peaks dominated

by Ir (JCPDS #06-0598), together with an extra shoulder reflection at around 44�

that arises from Ru (JCPDS #06-0663). In addition, the high-angle annular dark-field

scanning transmission electron microscopy (HAADF-STEM) image (Figures 1B and

S2) together with the histogram of particle diameters in Figure S3 verified that the

Ru@IrOx nanocrystals exhibit an ultra-small particle size of 4.35G 0.34 nmwith a nar-

row distribution. The corresponding energy-dispersive spectroscopy (EDX)

elemental maps and linear profiles clearly reveal that the Ru and Ir species are segre-

gated from each other and form a RuIr core-shell heterostructure (Figures 1C–1F). By

inspecting the EDX spectra collected at the core and shell regions (Figure S4), a

sharp increase in the K-edge signal of oxygen was observed in the later region,

implying that the Ir shell was partially oxidized in the Ru@IrOx heterostructure.

In the HAADF-STEM image of a randomly chosen Ru@IrOx nanocrystal (Figure 2A),

an Ir-containing shell with brighter contrast and a Ru core with darker contrast can be

clearly identified. This is totally different from the uniform contrast of a RuIrOx as

shown in Figure S5. On the basis of the similar experimental and simulated

atomic-resolution HAADF-STEM image and corresponding fast Fourier transforms

(FFTs), the Ru@IrOx nanocrystal closely resembles an f.c.c. structured Ru147@Ir414
multiply twinned icosahedral model heterostructure projected along the [112] direc-

tion (Figures 2B and 2C).40 Notably, a considerable difference between the Ru cores

in the Ru@IrOx sample and in the Ru147@Ir414 model structure is observed, whereby

the former exhibits a highly strained and distorted lattice. This can be further verified

by the disappearance of ð220Þ reflections marked by green dashed circles in the FFT

of the whole icosahedral nanocrystal (Figures 2A and 2B, insets), which originates

from the reduced ordering of the [112] projected crystalline Ru core and is indicative

of a strong interaction between the Ru core and the Ir-containing shell (Figure 2D).

In addition, it is also very interesting to observe from an enlarged view of the HAADF-

STEM image that the [110] oriented subgrains near the shell regionof theRu@IrOx icosa-

hedral nanocrystal are highly strained (Figure 2E). The corresponding lattice contrast is

distorted anisotropically and exhibits an interplanar spacing as large as 2.53 Å. Given

that the oxygen contrast can hardly be observed by HAADF-STEM and the tetragonal

IrO2 structure exhibits very similar structural projection along [100] with that of Ir along

[110] except for a larger interplanar spacing (2.58 versus 2.22 Å, as shown in Figures

2E and2F), it ismost likely that the Ir-containing shells are not purelymetallic but partially

oxidized, which matches well with the previous observations by EDX. The Ir-containing

shell can thus be properly denoted as IrOx and accounts for the observed large strain in

the Ru core through core-shell interaction.

Surface Chemical States Analysis

It has been widely reported that an optimal electronic structure (e.g., modified-valence

sites) of nanostructured electrocatalysts are essential for improved OER electrocatalytic
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performance.41–43 First, a series of ex situ X-ray photoelectron spectra (XPS) and syn-

chrotron-based X-ray absorption near-edge spectroscopy (XANES) measurements

were performed on the as-prepared nanocrystals to study the structural effect on their

valence states. As shown in Figure 3A, the Ru 3d XPS spectra of Ru@IrOx can be fitted

with two sets of doublets; the lower-energy couples at 280.5 and 284.7 eV can be

Figure 1. Structure Characterization of Ru@IrOx Nanocrystals

(A) XRD patterns of Ru@IrOx and RuIrOx nanoparticles.

(B–E) HAADF-STEM image (B) and the corresponding EDX elemental maps (C–E) of Ru@IrOx

nanocrystals, in which red refers to Ru and blue refers to Ir, and the overlap image (E) of the Ru and Ir

elements indicates the well-defined core-shell structure. Scale bar: 10 nm.

(F) EDX line profile across an individual Ru@IrOx nanocrystal with a diameter of around 4.5 nm.

See also Figure S1.
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Figure 2. HAADF-STEM Analysis of Ru@IrOx Nanocrystals

(A) HAADF-STEM image of a randomly chosen Ru@IrOx core-shell icosahedral nanocrystal along

the [112] axis. Scale bar: 1 nm.

(B and C) Simulated HRSTEM image (B) and structural projection (C) of a Ru147@Ir414 icosahedral

model structure along its [112] axis (model adopted and modified from Wang et al.40).

(D) Inverse FFT image (Sobel filtered and Gaussian blurred) of the masked reflections in FFT of

simulated HRSTEM image in (B).

(E) An enlarged view of the rectangular region in (A) where d1 = 2.53 Å and d2 = 2.20 Å. Scale bar:

0.5 nm.

(F) Projected structural models of tetragonal IrO2 and f.c.c. Ir along their [100] and [110] axes,

respectively.

Insets in (A), (B), and (E) refer to the corresponding FFT results. See also Figures S2–S5.
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assigned to metallic Ru and Ru oxides,44 respectively. The existence of a thin Ru oxide

shell covering themetallic Ru core can greatly facilitate the coating of IrOx shell and pre-

vent the formation of single metal nanocrystals mixture.38 Likewise, the RuIrOx nano-

crystals also show metallic Ru and Ru oxide signals, with both doublets centered at

higher binding energies than those observed for Ru@IrOx. The positive shift of the bind-

ing energies and the different proportions of Ru species demonstrate that Ru core in

Ru@IrOx exhibits a lower valence state than its counterpart in RuIrOx. Interestingly, an

opposite trend is visible on the Ir 4f profiles (Figure 3B). The profile of Ru@IrOx can

Figure 3. XPS and XAS Characterization of Ru@IrOx and RuIrOx

(A and B) Ru 3d (A) and Ir 4f XPS (B) spectra of Ru@IrOx and RuIrOx.

(C and D) Ru K-edge (C) and Ir L3-edge (D) synchrotron-based XANES data of Ru@IrOx and RuIrOx

electrocatalysts and the references.

(E and F) Fourier-transformed EXAFS spectra at the Ru K-edge (E) and Ir L3-edge (F) collected for

Ru@IrOx and RuIrOx electrocatalysts and the references.

See also Figures S6–S8 and Tables S1 and S2.
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be fitted with three pairs of peaks centered at 61.6 and 64.7 eV, 62.6 and 65.7 eV, and

63.8 and 67.0 eV, which can be attributed to Ir0, Ir3+, and Ir4+, respectively.45,46 Corre-

spondingly, the RuIrOx shows three sets of doublets with lower binding energies, which

indicates that Ru@IrOx has higher Ir valence state than RuIrOx. Hence, compared with

RuIrOx nanocrystals, Ru@IrOx nanocrystals show an obvious lower valence state of Ru

core, which results in the relatively higher valence state of IrOx shell. This converse shift

of Ru and Ir valence states within the Ru@IrOx core-shell nanocrystals could be attrib-

uted to charge redistribution across the metal core-oxide shell heterojunction

caused by the difference in the work functions between the Ru metal (4.7 eV) and

IrO2 (4.2 eV).47–52

The electron transition behaviors of these two nanocrystals were further character-

ized by the white line of XANES, the intensity analysis of which offers a clear view

of valence states.53,54 As is shown in the enlarged white-line region of Ru K-edge

(Figure 3C, inset), the white-line adsorption energy decreases in the order RuO2 >

RuIrOx > Ru@IrOx > Ru foil, indicating the same order for Ru valence state. In addi-

tion, the Ir valence state can be more easily observed by characterizing white-line

intensity of Ir L3-edge spectra, which is magnified in Figure 3D (inset) and demon-

strates an order of IrO2 > Ru@IrOx > RuIrOx > Ir foil. In addition, we quantitatively

measured the Ru and Ir valence state by the adsorption energy (E0) of the catalysts,

which are analyzed and summarized in Figure S6 and Table S1. Besides, the Fourier

transforms of the extended X-ray absorption fine structure (EXAFS) spectra (Figures

3E and 3F) and the corresponding k3-weighted EXAFS spectra (Figures S7 and S8) at

the Ru K-edge and Ir L3-edge were conducted to reveal the structure of the catalysts,

including coordination numbers and interatomic distances. The k range of Ru

K-edge EXAFS fitting is 2.7–12.7 Å�1, whereas that of Ir L3-edge EXAFS fitting is

2.7–13 Å�1. It can be observed in Table S2 that the Ru@IrOx exhibits a decreased

Ru-Ru interatomic distance in comparison with that of Ru foil due to the strain effect

of Ru core, supporting the high-resolution STEM (HRSTEM) observations. On the Ir

L3-edge (Figure 3F), the Ru@IrOx displays peaks arising from the electronic backscat-

ters from Ir to neighboring O (Ir–O bonds) and Ir (Ir–Ir bonds) atoms, respectively,

which is in good agreement with EDX analysis and previous reports.46

OER Electrocatalytic Activity

To set up the correlation between the unusual surface valence state and electrocatalytic

activity, we evaluated the performance of Ru@IrOx in comparison with RuIrOx as well as

the state-of-the-art commercial RuO2 nanoparticles (RuO2 NPs) and IrO2 nanoparticles

(IrO2 NPs) electrocatalysts in 0.05 M H2SO4 electrolytes. Apparently, the linear sweep

voltammetry (LSV) curves normalized with regard to the geometrical area of electrode

disk of all electrocatalysts manifest an activity order of Ru@IrOx > RuIrOx > RuO2 NPs

> IrO2 NPs (Figure 4A). As can be seen from the profile, the Ru@IrOx core-shell nano-

crystals exhibit an outstanding activity with a small overpotential (h) of 282 mV at 10

mA cm�2
geo, significantly exceeding the performance of the other samples. Besides,

the smallest Tafel slope for Ru@IrOx (69.1 mV dec�1) indicates the fastest kinetics in

comparison with all control samples (Figure 4B).

The specific activity of nanostructured samples was normalized according to the sur-

face roughness factor (Rf), which was estimated from the electrochemical double-

layer capacitance (Cdl)
55 (Figures S9 and S10). As summarized in Table S3, in line

with Cdl, the surface area and Rf exhibit the same trends among the samples. The

increased roughness of Ru@IrOx and RuIrOx electrocatalysts could originate from

the well-constructed nanostructures compared with commercial samples. Further-

more, the RuIrOx shows larger surface area than Ru@IrOx because of its smaller
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particle size with increased exposure of active sites. Afterward, the LSV profiles indi-

cate the following trend in the specific activity: Ru@IrOx > RuO2 NPs > RuIrOx >

IrO2 NPs (Figures 4C and 4D). In terms of the catalyst’s mass-normalized activity (Fig-

ure 4D), the Ru@IrOx shows the highest current density of 644.8 A g�1 (under an

overpotential of 330 mV), which is approximately 3.7, 5.9, and 14.8 times higher

than that of RuIrOx, RuO2 NPs, and IrO2 NPs, respectively. It should be noted that

the RuIrOx shows specific activity superior to IrO2 NPs yet poorer than RuO2 NPs,

which agrees well with data previously reported for RuIr solid solutions;23,28 how-

ever, the superior mass activity of RuIrOx to RuO2NPs and IrO2 NPs can be attributed

to its large surface area derived from ultra-small nanoparticle size.

The enhancement in the OER activity (in terms of all geometrical area normalized ac-

tivity, mass activity, and specific activity) of Ru@IrOx in comparison with RuIrOx can

be attributed to the favorable surface valence state achieved by charge redistribu-

tion at the core-shell interface, which may lead to the optimized adsorption of oxy-

gen intermediates.43,56 In addition, the Ru@IrOx sample shows obvious superiority

to the long-regarded state-of-the-art commercial OER electrocatalysts RuO2 NPs

and IrO2 NPs, which can be ascribed to the adjusted electronic structure of Ru

cores.57 More importantly, Ru@IrOx is also one of the most active electrocatalysts

among recently reported Ru- and Ir-basedOER electrocatalysts in acidic electrolytes

(Figure 5A and Table S4).

Figure 4. OER Electrocatalytic Activity Analysis in 0.05 M H2SO4 Solutions

(A and B) LSV curves (A) normalized by using geometrical surface area and corresponding Tafel

plots (B) of various electrocatalysts in N2-saturated 0.05 M H2SO4 solutions.

(C) LSV curves normalized by using electrochemical active surface areas determined by Cdl of

various electrocatalysts.

(D) Comparison of the mass activity and specific activity at an overpotential of 330 mV for various

electrocatalysts. ‘‘Ox’’ refers to the surface areas of the oxide electrocatalysts studied.

See also Figures S9 and S10 and Table S3.
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OER Electrocatalytic Stability

The stability issue is particularly critical for acidic OER electrocatalysts due to the

highly corrosive electrolytes and oxidative operating conditions. The stability of

various electrocatalysts was further evaluated by three different approaches. First,

a term of Dh = hfinal – hinitial, the difference between initial overpotential and

overpotential after the 2-hr chronopotentiometric hold at the current density of

10 mA cm�2
geo, was introduced.16,19,55 As plotted in Figure 5A, the horizontal

dashed line across y = 0 represents an ideal stability performance with no change

in the activity after the chronopotentometric experiment. Obviously, the Ru@IrOx

lies quite close to the x axis origin and even slightly below the dashed line, which

demonstrates its outstanding catalytic activity and activity retention in comparison

with the control samples and the other reported OER electrocatalysts.

Second, a current-time chronoamperometric experiment was performed under a po-

tential of 1.55 V versus reversible hydrogen electrode (RHE) (Figure 5B). The Ru@IrOx

electrocatalyst shows continuous activity improvement during the first 4 hr of the

test, after which the j/jinitial value declines slowly to nearly 0.9 at the end of the

24-hr test. The initial enhancement in the activity could be attributed to the increase

of the catalyst surface area caused by slight dissolution of surface sites. In contrast,

Figure 5. OER Electrocatalytic Stability Analysis in 0.05 M H2SO4 Solutions

(A) Stability-activity plot for various OER electrocatalysts. The x axis is the overpotential required to

achieve a current density of 10 mA cm�2 at t = 0, and the y axis is the difference between

overpotential required to reach 10 mA cm�2 after 2-hr chronopotentiometric hold and the initial

one. The dashed line across y = 0 signifies the ideal stable electrocatalyst with no change in the

activity. ‘‘Ref S1,’’ etc., refer to the cited references in the Supplemental Information.

(B) Current-time chronoamperometric response of Ru@IrOx and RuIrOx electrocatalysts at 1.55 V.

(C and D) ICP-MS analysis data for Ru@IrOx (C) and RuIrOx (D) after different reaction times; the red

and blue bars represent the Ru and Ir ion concentrations in the electrolyte, respectively.

See also Tables S4 and S5.
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the RuIrOx lost nearly 80% of its activity within less than 1 hr; after 10-hr test, only

�12% of activity remained. The dramatic contrast between Ru@IrOx and RuIrOx in

the OER stability can be ascribed to a few factors: (1) the relatively high-valence state

of Ir in Ru@IrOxmakes it less prone to be further oxidized into soluble species,58 thus

impeding the loss of active sites; (2) an increased exposure of active sites was

achieved after some loosely bonded surface Ir sites were dissolved; (3) the highly

active but sensitive Ru core can be effectively protected by the IrOx shell and in re-

turn helps to maintain the stability of the IrOx shell.
59

Third, inductively coupled plasma mass spectrometry (ICP-MS) analysis was further

conducted to detect the amounts of dissolved Ru and Ir ions in electrolytes at

different times during the stability test (Table S5). For the Ru@IrOx sample, the

extremely low Ru ion concentration in the electrolyte manifests the effective protec-

tion of IrOx shell by the Ru core (Figure 5C). The Ir ion concentration is a little higher

than that of Ru ion, which could be caused by the dissolution of some loosely

bonded surface Ir sites. Nevertheless, it is still at a very low level (less than 2.0

ppb), and changes slightly with the prolongation of time. By contrast, the electro-

lyte’s Ru ion concentration on RuIrOx is approximately 30-fold higher than that

observed in the case of Ru@IrOx, and the amount of dissolved Ir ions is also much

higher (Figure 5D). In the homogeneous RuIrOx, the exposed Ru sites can be easily

dissolved and result in exposure of more Ir sites, which will greatly accelerate the

dissolution of Ir sites and even lead to structure degradation.

Origin of the Enhanced OER Stability

The changes in the surface chemical states of Ru and Ir species during the OER

processes were further studied by XPS (Figures 6A and 6B). For polarization pro-

cesses at the OER operating potentials, both Ru and Ir in the Ru@IrOx sample

show higher chemical states compared with those of the as-prepared sample, indi-

cating that Ru and Ir species are oxidized during OER. A similar phenomenon also

applies to RuIr oxide alloy samples (Figure S11). Interestingly, after increasing the

potential from 1.0 V to 1.7 V, the chemical states do not change dramatically for Ru

and Ir species in Ru@IrOx; however, the changes observed for RuIrOx are much

more significant. More specifically, the Ru>4+/Ru<4+ and Ir4+/Ir3+ ratio plots are

shown in Figures 6C and 6D. Clearly the chemical states of Ru in Ru@IrOx are al-

ways lower than those in RuIrOx and the fluctuation of the Ru@IrOx line is less pro-

nounced. On the other hand, compared with RuIrOx, Ru@IrOx offers a larger initial

value of Ir4+/Ir3+ ratio but its change under different applied anodic potentials is

much smaller. Such a trend is also observed during in situ electrochemical cyclic

voltammetry (CV) measurements (Figure S12). As the upper potential limit in-

creases from 0.5 to 1.3 V, no obvious redox peaks are observed on the CV profiles

of the Ru@IrOx. Comparatively, an obvious Ir oxidation peak shows up on the

RuIrOx curves when the potential limits increase to over 0.9 V, suggesting that

the RuIrOx was oxidized to a higher degree than Ru@IrOx under the same poten-

tial. The nanostructure integrity of Ru@IrOx electrocatalysts was also confirmed by

morphology characterization. As shown in Figure 6E, the core-shell structure of

Ru@IrOx nanocrystal basically remained after a 24-hr stability test. Furthermore,

the corresponding maps (Figures 6F–6H) display the uniform distribution of Ru

and Ir elements, with a larger area of Ir shell overlapping a smaller area of Ru

core. Therefore, both the stable chemical states and core-shell nanostructure

play significant roles in facilitating the catalytic stability of Ru@IrOx electrocata-

lysts: the former factors help to prevent the formation of dissolvable high-valence

intermediate species during the OER process and the latter provides effective pro-

tection over active Ru sites from loss in electrolyte.
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In conclusion, this work presents a rational design to achieve both high activity

and good stability of OER electrocatalysts in acidic environments by modifying

electronic properties and nanostructures. On one hand, the superior electrocata-

lytic performance of the Ru@IrOx core-shell nanocrystals compared with homoge-

neous RuIr oxide alloy can be attributed to the favorable surface valence states

in the former due to the charge redistribution at the metal core-oxide shell

heterojunction. On the other hand, the core-shell nanostructure with much

better structural stability as well as more effective protection for inner sites results

in significantly reduced metal cation dissolution rates and excellent activity

retention. Considering the capability of exceeding the properties of mono-

metallic oxide electrocatalysts, our investigation opens a new horizon for devel-

oping efficient electrocatalysts by rational promotion of charge redistribution

within heterostructures to achieve enhancement of both activity and stability

simultaneously.

Figure 6. Surface Chemical States and Structure Analysis on Ru@IrOx Electrocatalysts after OER Processes

(A and B) The XPS Ru 3d (A) and Ir 4f (B) spectra of as-prepared Ru@IrOx electrocatalyst and the samples after polarizing at 1.0, 1.5, and 1.7 V for 30 min.

(C and D) Ru>4+/Ru<4+ ratio curve (C) and Ir4+/Ir3+ ratio curve (D) obtained for Ru@IrOx and RuIrOx electrocatalysts before OER (the as-prepared

samples, which are denoted as ‘‘ap’’) and after polarizing at different potentials.

(E–H) HAADF-STEM image (E) and the corresponding EDX elemental maps (F–H) of Ru@IrOx electrocatalysts after 24-hr stability test. Ru is given in red

and Ir is given in blue. Scale bars: 1 nm (E) and 5 nm (F).

See also Figures S11 and S12.
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EXPERIMENTAL PROCEDURES

Synthesis of Nanocrystals

The synthesis of Ru@IrOx core-shell nanocrystals was achieved by a sequential polyol

method as reported previously.38 In a typical procedure, 80.0 mg of Ru(acac)3 and

55.0 mg of PVP were mixed in 40 mL of EG to get a transparent solution. A rapid

heating process was then applied to the system. After refluxing the glycol solution

under vigorous stirring at 198�C for 3 hr, Ru colloids (cores) were formed. In the sec-

ond step, 59.7 mg of IrCl3,xH2O was added into the as-obtained colloidal Ru sus-

pension under vigorous stirring. Next, the system was heated rapidly to 130�C
and then slowly to 198�C with a speed of 1�C–2�C/min. After 1.5 hr of refluxing,

the reaction was quenched by ice. The resultant suspension was diluted with acetone

and centrifuged. Next, washing with ethanol, sonication, and centrifugation was

repeated five times. The formed Ru@IrOx core-shell nanocrystals were obtained

after drying the precipitate at 60�C overnight in a vacuum oven.

RuIr oxide alloy nanocrystals were synthesized by a co-reduction process in EG. In

short, 41.4 mg of ruthenium(III) chloride hydrate (RuCl3,xH2O), 59.7 mg of

IrCl3,xH2O, and 55.0 mg of PVP were mixed in 40 mL of EG to get a transparent

solution, which was then heated rapidly to 198�C under vigorous stirring and kept

under reflux for 3 hr. After centrifugation, washing, and drying processes as above,

the RuIr oxide alloy nanocrystals were collected.

Characterization

Low-resolution transmission electron microscopy was conducted on an FEI Tecnai-

G2 instrument at an acceleration voltage of 120 kV. HAADF-STEM images were re-

corded by an FEI Titan G2 80-300 microscope at 300 kV equipped with a probe

corrector. HRSTEM simulations were carried out by using the qSTEM program with

the following simulation conditions: 300 kV; Cs = 10 mm; Df = �5.4 nm; a = 17

mrad; inner/outer detector angle = 70/200 mrad; a pixel array of 300 3 300 with

0.01 nm point sampling. EDX imaging was conducted with an FEI Titan Themis 80-

200 microscope equipped with a SuperX detector. The synchrotron-based XAFS

measurements were performed at beamline 14W1 in the Shanghai Synchrotron Radi-

ation Facility. XPS characterization was carried out on a PHI Quantera X-ray photo-

electron spectrometer with an Al cathode as the X-ray source. XRD data were

collected on a Rigaku MiniFlex 600 X-Ray Diffractometer. ICP-MS analysis was con-

ducted by an Agilent 7500cx instrument with attached laser ablation systems.

Electrochemical Measurements

Electrocatalyst inks were prepared by dispersing the freshly synthesized catalyst

powders (2 mg) in a solution containing distilled water (Milli-Q, 965 mL) and 5

wt % Nafion solution (35 mL), followed by ultrasonication for 2 hr. Catalyst ink

(5 mL) was then deposited onto a polished gold (Au) electrode (diameter 5 mm,

area 0.196 cm2; Pine Research Instrumentation). All electrochemical experiments

were carried out in a three-electrode glass cell with an Au wire as the counter elec-

trode and Ag/AgCl as the reference electrode (Pine Research Instrumentation). The

electrolyte, 0.05MH2SO4 solution, was prepared by diluting 98%H2SO4 withMilli-Q

water. The reference electrode was calibrated in H2-saturated 0.05 M H2SO4 solu-

tion before the experiments. All potentials were converted to the RHE and corrected

with iR compensation.

OER measurements were conducted in a N2-saturated 0.05 M H2SO4 electrolyte

with a CHI potentiostat (CHI 760D) at a rotating disk electrode at a rotating speed

of 1,600 rpm. First, CV analysis was performed with a scan rate of 50 mV s�1, starting
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from a lower potential limit of�0.05 V; the upper potential limits were adopted to be

0.5, 0.7, 0.9, 1.2, and 1.3 V. The polarization curves were then recorded before and

after the chronopotentiometric experiment in the range of 1.2 and 1.7 V with a

sweeping rate of 5 mV s�1.

The Cdl of the electrocatalysts was measured by CV in a non-faradic potential win-

dow, which was taken here as 0.873–0.973 V. The current densities measured from

CVs at a series of different scan rates (2, 4, 6, 8, and 10 mV s�1) were recorded at

0.923 V and then plotted with scan rates, the slope of the appropriate linear relation

equaling the Cdl. Rf was calculated by dividing the obtained Cdl by the specific

capacitance of metal oxide with smooth planar surface, which is generally taken as

0.06 mF cm�2. Surface areas of electrocatalysts were then measured by multiplying

the electrode geometrical area by Rf and then normalizing with the mass loading of

electrocatalysts.

For the stability study, the electrocatalysts were polarized at different potentials

(e.g., 1.0, 1.5, 1.7 V) for 30 min. The electrocatalyst paste was then scraped off

the electrodes and washed with ethanol several times to remove the Nafion spe-

cies, and after centrifugation and drying, the obtained powder was stuck onto sil-

icon wafer to run the XPS tests. In addition, ICP-MS measurements were carried

out to detect the amounts of dissolved Ru and Ir ions in electrolytes after 1, 2,

and 10 hr of the chronoamperometric experiments at a certain overpotential

polarization.
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26. Kötz, R., Stucki, S., Scherson, D., and Kolb, D.M.
(1984). In-situ identification of RuO4 as the
corrosion product during oxygen evolution on
ruthenium in acid media. J. Electroanal. Chem.
172, 211–219.

27. Wohlfahrt-Mehrens, M., and Heitbaum, J.
(1987). Oxygen evolution on Ru and RuO2

electrodes studied using isotope labelling and
on-line mass spectrometry. J. Electroanal.
Chem. 237, 251–260.

28. Mamaca, N., Mayousse, E., Arrii-Clacens, S.,
Napporn, T.W., Servat, K., Guillet, N., and
Kokoh, K.B. (2012). Electrochemical activity of
ruthenium and iridium based catalysts for
oxygen evolution reaction. Appl. Catal. B
Environ. 111-112, 376–380.

29. Owe, L.-E., Tsypkin, M., Wallwork, K.S.,
Haverkamp, R.G., and Sunde, S. (2012). Iridium-
ruthenium single phase mixed oxides for
oxygen evolution: composition dependence of
electrocatalytic activity. Electrochim. Acta 70,
158–164.

30. Wang, L., Saveleva, V.A., Zafeiratos, S.,
Savinova, E.R., Lettenmeier, P., Gazdzicki, P.,
Gago, A.S., and Friedrich, K.A. (2017). Highly
active anode electrocatalysts derived from
electrochemical leaching of Ru from metallic
Ir0.7 Ru0.3 for proton exchange membrane
electrolyzers. Nano Energy 34, 385–391.

31. Kasian, O., Geiger, S., Stock, P., Polymeros, G.,
Breitbach, B., Savan, A., Ludwig, A., Cherevko,
S., andMayrhofer, K.J.J. (2016). On the origin of
the improved ruthenium stability in RuO2-IrO2

mixed oxides. J. Electrochem. Soc. 163, F3099–
F3104.

32. Danilovic, N., Subbaraman, R., Chang, K.C.,
Chang, S.H., Kang, Y., Snyder, J., Paulikas, A.P.,
Strmcnik, D., Kim, Y.T., Myers, D., et al. (2014).
Using surface segregation to design stable Ru-
Ir oxides for the oxygen evolution reaction in
acidic environments. Angew. Chem. Int. Ed. 53,
14016–14021.

33. Luo, M., and Guo, S. (2017). Strain-controlled
electrocatalysis on multimetallic
nanomaterials. Nat. Rev. Mater. 2, https://doi.
org/10.1038/natrevmats.2017.59.

34. Liu, X., Wang, D., and Li, Y. (2012). Synthesis
and catalytic properties of bimetallic
nanomaterials with various architectures. Nano
Today 7, 448–466.

35. Bing, Y., Liu, H., Zhang, L., Ghosh, D., and
Zhang, J. (2010). Nanostructured Pt-alloy
electrocatalysts for PEM fuel cell oxygen
reduction reaction. Chem. Soc. Rev. 39, 2184–
2202.

36. Antolini, E. (2007). Platinum-based ternary
catalysts for low temperature fuel cells. Appl.
Catal. B Environ. 74, 324–336.

37. Stamenkovic, V., Mun, B., Mayrhofer, K., Ross,
P., and Markovic, N. (2006). Effect of surface
composition on electronic structure, stability,

458 Chem 5, 445–459, February 14, 2019

42

http://refhub.elsevier.com/S2451-9294(18)30527-8/sref1
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref1
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref1
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref1
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref1
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref2
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref2
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref2
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref2
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref2
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref2
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref2
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref3
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref3
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref3
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref3
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref3
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref3
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref4
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref4
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref4
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref4
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref4
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref4
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref5
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref5
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref5
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref5
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref5
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref6
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref6
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref6
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref6
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref6
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref6
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref6
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref7
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref7
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref7
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref7
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref7
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref7
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref7
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref8
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref8
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref8
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref8
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref8
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref9
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref9
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref9
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref9
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref9
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref10
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref10
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref10
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref10
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref10
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref11
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref11
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref11
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref11
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref12
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref12
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref12
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref12
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref12
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref12
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref13
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref13
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref13
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref13
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref14
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref14
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref14
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref14
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref14
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref15
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref15
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref15
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref15
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref15
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref15
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref16
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref16
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref16
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref16
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref16
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref16
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref16
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref17
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref17
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref17
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref17
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref17
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref17
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref17
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref17
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref17
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref17
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref18
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref18
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref18
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref18
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref18
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref19
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref19
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref19
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref19
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref19
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref19
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref20
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref20
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref20
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref20
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref20
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref20
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref20
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref21
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref21
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref21
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref21
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref21
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref21
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref21
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref21
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref21
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref21
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref22
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref22
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref22
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref22
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref22
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref22
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref22
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref22
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref23
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref23
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref23
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref23
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref23
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref23
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref23
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref23
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref24
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref24
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref24
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref24
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref24
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref24
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref25
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref25
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref25
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref25
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref25
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref26
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref26
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref26
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref26
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref26
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref26
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref27
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref27
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref27
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref27
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref27
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref28
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref28
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref28
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref28
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref28
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref28
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref29
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref29
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref29
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref29
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref29
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref29
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref30
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref30
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref30
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref30
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref30
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref30
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref30
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref30
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref30
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref31
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref31
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref31
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref31
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref31
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref31
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref31
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref32
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref32
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref32
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref32
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref32
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref32
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref32
https://doi.org/10.1038/natrevmats.2017.59
https://doi.org/10.1038/natrevmats.2017.59
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref34
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref34
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref34
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref34
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref35
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref35
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref35
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref35
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref35
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref36
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref36
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref36
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref37
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref37
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref37


and electrocatalytic properties of Pt-transition
metal alloys: Pt-skin versus Pt-skeleton
surfaces. J. Am. Chem. Soc. 128, 8813–8819.

38. Alayoglu, S., Nilekar, A.U., Mavrikakis, M., and
Eichhorn, B. (2008). Ru-Pt core-shell
nanoparticles for preferential oxidation of
carbon monoxide in hydrogen. Nat. Mater. 7,
333–338.

39. Nong, H.N., Gan, L., Willinger, E., Teschner, D.,
and Strasser, P. (2014). IrOx core-shell
nanocatalysts for cost- and energy-efficient
electrochemical water splitting. Chem. Sci. 5,
2955–2963.

40. Wang, X., Zhu, Y., Vasileff, A., Jiao, Y., Chen, S.,
Song, L., Zheng, B., Zheng, Y., and Qiao, S.Z.
(2018). Strain effect in bimetallic
electrocatalysts in the hydrogen evolution
reaction. ACS Energy Lett. 3, 1198–1204.

41. Matsumoto, Y., and Sato, E. (1986).
Electrocatalytic properties of transition metal
oxides for oxygen evolution. Mater. Chem.
Phys. 14, 397–426.

42. Strasser, P. (2016). Free electrons to molecular
bonds and back: closing the energetic oxygen
reduction (ORR)-oxygen evolution (OER) cycle
using core-shell nanoelectrocatalysts. Acc.
Chem. Res. 49, 2658–2668.

43. Zheng, X., Zhang, B., De Luna, P., Liang, Y.,
Comin, R., Voznyy, O., Han, L., Garcia de
Arquer, F.P., Liu, M., Dinh, C.T., et al. (2018).
Theory-driven design of high-valence metal
sites for water oxidation confirmed using in situ
soft X-ray absorption. Nat. Chem. 10, 149–154.

44. Kim, K.S., and Winograd, N. (1974). X-ray
photoelectron spectroscopic studies of
ruthenium-oxigen surfaces. J. Catal. 35, 66–72.

45. Kim, S.J., Park, H.-Y., Ahn, S.H., Lee, B.-s., Kim,
H.-J., Cho, E., Henkensmeier, D., Nam, S.W.,
Kim, S.H., Yoo, S.J., et al. (2014). Highly active
and CO2 tolerant Ir nanocatalysts for H2/CO2

separation in electrochemical hydrogen

pumps. Appl. Catal. B Environ. 158-159,
348–354.

46. Oh, H.S., Nong, H.N., Reier, T., Bergmann, A.,
Gliech, M., Ferreira de Araujo, J., Willinger, E.,
Schlogl, R., Teschner, D., and Strasser, P.
(2016). Electrochemical catalyst-support effects
and their stabilizing role for IrOx nanoparticle
catalysts during the oxygen evolution reaction.
J. Am. Chem. Soc. 138, 12552–12563.

47. Tang, W., and Henkelman, G. (2009). Charge
redistribution in core-shell nanoparticles to
promote oxygen reduction. J. Chem. Phys. 130,
194504.

48. Chalamala, B.R.,Wei, Y., Reuss, R.H., Aggarwal,
S., Gnade, B.E., Ramesh, R., Bernhard, J.M.,
Sosa, E.D., and Golden, D.E. (1999). Effect of
growth conditions on surface morphology and
photoelectric work function characteristics of
iridium oxide thin films. Appl. Phys. Lett. 74,
1394–1396.

49. Sigalas, M., Papaconstantopoulos, D.A., and
Bacalis, N.C. (1992). Total energy and band
structure of the 3d, 4d, and 5d metals. Phys.
Rev. B 45, 5777–5783.

50. Kim, S.-M., Jo, Y.-G., Lee, M.-H., Saito, N.,
Kim, J.-W., and Lee, S.-Y. (2017). The
plasma-assisted formation of Ag@Co3O4

core-shell hybrid nanocrystals for oxygen
reduction reaction. Electrochim. Acta 233,
123–133.

51. Ye, C., Zhang, L., Guo, C., Li, D., Vasileff, A.,
Wang, H., and Qiao, S.Z. (2017). A 3D hybrid
of chemically coupled nickel sulfide and
hollow carbon spheres for high performance
lithium-sulfur batteries. Adv. Funct. Mater.
27, 1702524.

52. Ye, C., Jiao, Y., Jin, H., Slattery, A.D., Davey, K.,
Wang, H., and Qiao, S.Z. (2018). 2D Mon-VN
heterostructure as a model sulfur host to
regulate polysulfides for highly efficient

lithium-sulfur batteries. Angew. Chem. Int. Ed.
https://doi.org/10.1002/anie.201810579.

53. Stolojan, V., Walsh, C., Yuan, J., Brown, L., and
Kiely, C. (1999). Calibration of the relationship
between white-line intensity and valence states
for the first transition series. In Institute of
Physics Conference Series, 161 Section
5Institute of Physics Conference Series (IOP
Publishing), pp. 235–238.

54. Guo, C., Zheng, Y., Ran, J., Xie, F., Jaroniec, M.,
and Qiao, S.Z. (2017). Engineering high-energy
interfacial structures for high-performance
oxygen-involving electrocatalysis. Angew.
Chem. Int. Ed. 56, 8539–8543.

55. McCrory, C.C., Jung, S., Peters, J.C., and
Jaramillo, T.F. (2013). Benchmarking
heterogeneous electrocatalysts for the oxygen
evolution reaction. J. Am. Chem. Soc. 135,
16977–16987.

56. Zhang, B., Zheng, X., Voznyy, O., Comin, R.,
Bajdich, M., Melchor, M., Han, L., Xu, J., Liu, M.,
Zheng, L., et al. (2016). Homogeneously
dispersed multimetal oxygen-evolving
catalysts. Science 352, 333–337.

57. Zheng, Y., Jiao, Y., Jaroniec, M., and Qiao, S.Z.
(2015). Advancing the electrochemistry of the
hydrogen-evolution reaction through
combining experiment and theory. Angew.
Chem. Int. Ed. 54, 52–65.

58. Kasian, O., Grote, J.P., Geiger, S., Cherevko, S.,
and Mayrhofer, K.J.J. (2018). The common
intermediates of oxygen evolution and
dissolution reactions during water electrolysis
on iridium. Angew. Chem. Int. Ed. 57, 2488–
2491.

59. Zhu, H., Gu, L., Yu, D., Sun, Y., Wan, M., Zhang,
M., Wang, L., Wang, L., Wu, W., Yao, J., et al.
(2017). The marriage and integration of
nanostructures with different dimensions for
synergistic electrocatalysis. Energy Environ.
Sci. 10, 321–330.

Chem 5, 445–459, February 14, 2019 459

43

http://refhub.elsevier.com/S2451-9294(18)30527-8/sref37
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref37
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref37
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref38
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref38
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref38
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref38
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref38
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref39
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref39
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref39
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref39
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref39
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref39
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref40
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref40
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref40
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref40
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref40
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref41
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref41
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref41
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref41
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref42
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref42
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref42
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref42
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref42
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref43
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref43
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref43
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref43
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref43
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref43
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref44
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref44
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref44
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref45
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref45
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref45
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref45
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref45
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref45
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref45
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref45
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref45
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref46
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref46
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref46
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref46
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref46
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref46
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref46
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref46
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref47
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref47
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref47
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref47
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref48
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref48
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref48
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref48
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref48
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref48
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref48
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref49
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref49
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref49
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref49
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref50
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref50
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref50
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref50
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref50
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref50
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref50
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref51
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref51
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref51
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref51
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref51
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref51
https://doi.org/10.1002/anie.201810579
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref53
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref53
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref53
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref53
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref53
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref53
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref53
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref54
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref54
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref54
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref54
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref54
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref55
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref55
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref55
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref55
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref55
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref56
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref56
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref56
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref56
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref56
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref57
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref57
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref57
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref57
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref57
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref58
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref58
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref58
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref58
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref58
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref58
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref59
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref59
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref59
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref59
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref59
http://refhub.elsevier.com/S2451-9294(18)30527-8/sref59


Chem, Volume 5

Supplemental Information

Charge-Redistribution-Enhanced

Nanocrystalline Ru@IrOx Electrocatalysts

for Oxygen Evolution in Acidic Media

Jieqiong Shan, Chunxian Guo, Yihan Zhu, Shuangming Chen, Li Song, Mietek
Jaroniec, Yao Zheng, and Shi-Zhang Qiao

44



 

 

Figure S1 Low-resolution TEM images of (A) Ru@IrOx and (B) RuIrOx nanoparticles. Scale bar: 50 nm. Related to Figure 1. 
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Figure S2 HAADF-STEM images of different single Ru@IrOx nanoparticles. Scale bar: 1 nm. Related to Figure 2. 
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Figure S3. (A) TEM images of Ru@IrOx and corresponding (B) histogram of particle sizes. Scale bar: 20 nm. Related to 
Figure 2. 

 

 

 

Figure S4 EDX spectra of core and shell regions of a Ru@IrOx nanocrystal. Related to Figure 2. 
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Figure S5 HAADF-STEM images of RuIrOx nanoparticles. Scale bar: 1 nm. Related to Figure 2. 

 

 

Figure S6. Relationship between Ru K-edge (A) and Ir L3-edge (B) adsorption energy (E0) and valence states for Ru@IrOx, 

RuIrOx electrocatalysts and the references. Related to Figure 3. 
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Figure S7. Fourier transform magnitude of the Ru K-edge experimental data (denoted as exp) and fit of Ru@IrOx (A), RuIrOx 

(B) and Ir L3-edge experimental data (denoted as exp) and fit of Ru@IrOx (C), RuIrOx (D). Related to Figure 3. 
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Figure S8. k3-weighted EXAFS spectra at the Ru K-edge collected for Ru@IrOx (A) and RuIrOx samples (B) and at the Ir L3-

edge collected for Ru@IrOx (C) and RuIrOx samples (D). Related to Figure 3. 
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Figure S9 CVs measured for (A) Ru@IrOx and (C) RuIrOx nanoparticles in 0.05 M H2SO4. (B), (D) Corresponding plots of the 

current density at 0.923 V vs. the scan rate. Related to Figure 4. 
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Figure S10 CVs measured for (A) RuO2 and (C) IrO2 NPs in 0.05 M H2SO4. (B), (D) Corresponding plots of the current density 

at 0.923 V vs. the scan rate. Related to Figure 4. 
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Figure S11 (A) Ru 3d XPS spectra of the as-prepared RuIrOx electrocatalyst and the samples after polarizing at 1.0, 1.5, 1.7 

V for 30 min. (B) Ir 4f XPS spectra of the as-prepared RuIrOx electrocatalyst and the samples after polarizing at 1.0, 1.5, 1.7 

V for 30 min. Related to Figure 6. 
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Figure S12 CV curves measured for (A) Ru@IrOx and (B) RuIrOx electrocatalysts with starting potential of -0.05 V, the upper 

potential limits increase from 0.5 V to 0.7, 0.9, 1.2 and 1.3 V. Related to Figure 6. 

 

 

Table S1. Summary of Ru K-edge and Ir L3-edge adsorption energy (E0) and valence states for Ru@IrOx, RuIrOx 

electrocatalysts and the references. Related to Figure 3. 

 
Ru Edge 

Energy (eV) 

Ru Valence 

State 

Ir Edge Energy 

(eV) 

Ir Valence 

State 

Ru@IrOx 22110.72 +0.02 11223.81 +3.53 

RuIrOx 22121.31 +3.25 11223.63 +3.14 

RuO2 22123.76 +4 N/A N/A 

Ru foil 22110.65 0 N/A N/A 

IrO2 N/A N/A 11224.04 +4 

Ir foil N/A N/A 11222.14 0 
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Table S2. EXAFS fit parameters for Ru@IrOx, RuIrOx and the references. Related to Figure 3. 

  N 
Interatomic 

distance (Å) 
σ2(10-3 Å2) 

Ru@IrOx 

Ru-Ru 6.5 2.67 6.0 

Ru-Ir 1.0 2.65 3.2 

Ir-O 3.6 2.01 6.1 

Ir-Ru 0.2 2.65 3.2 

Ir-Ir 4.2 2.67 11.0 

RuIrOx 

Ru-O 2.0 1.99 7.1 

Ru-Ru 2.7 2.68 6.5 

Ru-Ir 4.5 2.68 7.5 

Ir-O 2.1 1.97 5.8 

Ir-Ru 3.1 2.68 7.5 

Ir-Ir 5.7 2.68 9.2 

Ru foil Ru-Ru 12* 2.68 4.4 

RuO2 

Ru-O 4* 1.90 2.9 

Ru-O 2* 2.02 2.9 

Ir foil Ir-Ir 12* 2.71 3.0 

IrO2 Ir-O 6* 2.00 6.0 

N, coordination number; R, interatomic distance; σ2, Debye-Waller factor; Error bounds (accuracies) were estimated as N, 

±10%; R, ±1%; σ2, ±10%. * is fixed coordination number according to the standard crystal structure. For comparison, the 

expected interatomic distances of reference systems based on their standard crystal structures are presented here: Ir foil: 

Ir-Ir, 2.76 Å; IrO2: Ir-O, 1.96 Å, 2.00 Å; Ru foil: Ru-Ru, 2.71 Å; RuO2: Ru-O, 1.94 Å, 1.99 Å.  
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Table S3 Comparison of the surface parameters, mass activity and specific activity for electrocatalysts investigated in 0.05 
M H2SO4. Related to Figure 4. 

Samples 
Cdl  

(mF cm-2) 
Rf

a 
Surface areab 

(m2 g-1) 

Mass activityc (A 

g
-1

ox) 

Specific activityc   

(mA cm
-2

ox) 

Ru@IrOx 0.853 14.22 27.87 644.8 2.315 

RuIrOx 1.326 22.10 43.32 174.6 0.400 

RuO2 NPs 0.505 8.42 16.50 108.5 0.542 

IrO2 NPs 0.253 4.22 8.27 43.5 0.252 

a: the Rf was calculated by dividing Cdl by the capacitance of ideal planar metal oxides with smooth surface, which was taken 
as 0.06 mF cm-2; b: the surface area was calculated by multiplying the electrode geometrical area by Rf and then normalized 
by taking into account the loading mass of electrocatalysts; c: the mass and specific activity were obtained from the current 
density values at an overpotential of 330 mV. 
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Table S4 Comparison of the recently reported Ru/Ir-based electrocatalysts in acidic media. Related to Figure 5. 

Catalyst Structure Electrolyte 
Current 
density 

η/mV Stability Reference 

Ru@IrOx 
Core-shell 

nanoparticle 
0.05 M 
H2SO4 

10 mA cm-2; 
5 mA cm-2 

282; 
258 

η2h 
10mAcm-2

 = 282 
mV 

This work 

IrOx/SrIrO3 Perovskite 
0.5 M 
H2SO4 

10 mA cm-2 

ηinitial 
10mAcm-2

 = 
340; 

η10 min 
10mAcm-2

 = 
320 

η2h 
10mAcm-2

 = 270 
~ 290 mV 

Science, 2016, 
353, 10111 

Ba2YIrO6 
Ir-based double 

perovskites 
0.1 M 
HClO4 

10 mA cm-2 ~330 
η1h 

10mAcm-2
 ≈360 

mV 
Nat. Comm., 

2016, 7, 123632 

Ir-Ni oxide 
Mixed oxide thin 

film 
0.05 M 
H2SO4 

5 mA cm-2 ~290  
J. Am. Chem. 

Soc., 2015, 137, 
130313 

Ir Commercial 
1 M 

H2SO4 
10 mA cm-2 340 ± 10 

η2h 
10mAcm-2

 = 360 
± 20 

J. Am. Chem. 
Soc., 2015, 137, 

43474 Ru Commercial 
1 M 

H2SO4 
10 mA cm-2 280 ± 30 

η2h 
10mAcm-2

 = 340 
± 50 

Y2Ru2O7-δ Pyrochlore 
0.1 M 
HClO4 

5 mA cm-2 ~320 
η10k cycles 

5mAcm-2
 ≈320 

mV 

J. Am. Chem. 
Soc., 2017, 139, 

120765 

IrCoNi PHNC 
Porous hollow 
nanocrystals 

0.1 M 
HClO4 

10 mA cm-2 303 

ηt=o 
5mAcm-2

 ≈ 265 

mV；ηt=200min 
5mAcm-2

 

≈ 350 mV 

Adv. Mater., 
2017, 29, 
17037986 

Annealed 
Ru0.5Ir0.5 oxide 

Nano-
segregated 

bimetallic alloy 

0.1 M 
HClO4 

5 mA cm-2 320  
Angew. Chem., 

2014, 126, 142407 

IrNiOx/ATO 
Oxide-supported 

Ir-based core-
shell particles 

0.05 M 
H2SO4 

10 mA cm-2 ~330 

ηt=o 
1mAcm-2

 ≈ 300 

mV；ηt=20 h 
1mAcm-2

 

≈ 340 mV 

Angew. Chem. 
Int. Ed., 2015, 54, 

29758 

IrOx-Ir 
Oxidized Ir 

catalysts with 
metallic core 

0.5 M 
H2SO4 

10 mA cm-2 ~290  
Angew. Chem. 

Int. Ed., 2016, 55, 
7429 

Co-IrCu ONC 
Hollow 

multimetallic 
nanostructure 

0.1 M 
HClO4 

10 mA cm-2 293 
η2k cycles 

10mAcm-2
 ≈295 

mV 

Adv. Funct. 
Mater., 2017, 27, 

160468810 
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Table S5 Concentrations of Ru and Ir ions in electrolyte. Related to Figure 5. 

Samples 
Ru ion concentration (ppb) Ir ion concentration (ppb) 

1 h 2 h 10 h 1 h 2 h 10 h 

Ru@IrOx 0.05 0.07 0.16 1.88 1.94 1.99 
RuIrOx 1.27 1.80 5.36 7.33 7.40 7.70 
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Chapter 4 Transition-Metal-Doped RuIr Bifunctional Nanocrystals for Overall Water 

Splitting in Acidic Environments 

4.1. Introduction and Significance 

For clean hydrogen fuel generation, overall water splitting in acidic environments is the key to 

PEM-based water electrolyzers. At present however, OER and HER bifunctional 

electrocatalysts - with high activity and long-term stability in acidic solution - are lacking. 

Moreover, rational catalyst design principles for bifunctionality are not clearly elucidated. This 

chapter reports transition metal-doped RuIr alloy nanocrystals (M-RuIr, M=Co, Ni, Fe) with 

controllably modified electronic properties for OER/HER bifunctionality in harsh acidic media. 

A dual effect of dopants is proposed: dopant leaching results in increased concentration of 

surface OI- to boost OER kinetics; simultaneously the charge transfer induced by dopants gives 

rise to modified surface valence states, which optimizes hydrogen adsorption and significantly 

enhances HER. Among the catalysts, the Co-RuIr exhibits small overpotentials of 235 mV for 

OER and 14 mV for HER (@ 10 mA cm-2 current density) in 0.1 M HClO4 media. This 

performance is amongst the best ones for water splitting catalysts in acidic environments. More 

importantly, using the M-RuIr model we establish electrocatalytic activity trends which are 

dependent on concentration of reactive oxygen species for OER, and valence states of surface 

sites for HER. This novel composition-activity relationship provides rational design principles 

for bifunctional catalysts. 
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4.2. Transition-Metal-Doped RuIr Bifunctional Nanocrystals for Overall Water Splitting 

in Acidic Environments 

This section is included as a journal paper by Jieqiong Shan, Tao Ling, Kenneth Davey, Yao 

Zheng and Shi-Zhang Qiao, Transition-Metal-Doped RuIr Bifunctional Nanocrystals for 

Overall Water Splitting in Acidic Environments, Adv. Mater. 2019, 31, 1900510.  
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progress has been reported for acidic 
environments. This remains a challenge. 
Although many transition metal derivatives 
can be highly efficient for OER and HER 
in alkaline environments, a serious draw-
back is their degradation in harsh acidic 
environments.[8,9] It is known that typical 
HER catalysts with good performance in 
acidic solutions, including Pt and MoS2, 
undergo oxidation and exhibit poor activity 
in OER.[3,10] Overall therefore, it was reck-
oned that design for acidic water splitting 
electrocatalysts should be based on binary 
ruthenium and iridium alloy (RuIr) elec-
trocatalysts because of favorable OER 
performance and potential for HER.[11,12] 
However, electrocatalysts with comparable 
bifunctional catalytic activity with state-of-
the-art RuO2 (for OER) and Pt (for HER) 
in acidic environments have not been 
reported. A consequence is the present 
lack of understanding of the composition-
activity relationship for RuIr alloy.[13–15]

There are, in general terms, two strategies to boost activity 
of catalysts. These are to: 1) significantly increase the number 
of active sites or 2) improve the intrinsic activity of each 
single site.[16–18] Importantly, the alloying or doping of elec-
trocatalysts with transition metals has been shown to be an 
effective means to tune electrochemical properties at the 
atomic level.[19–21] Specifically, the incorporation of transi-
tion metals can: 1) modify the local electronic environment 
(e.g., d-band center)[22]; 2) increase the concentration of highly 
active surface species (e.g., surface hydroxyl groups)[23]; and 3) 
optimize geometrical factors of active sites (e.g., interatomic 
distances, coordination numbers).[24] These impacts are 
facilitated by ligand and strain effects of foreign metals and 
result in regulated chemisorption behavior of intermediate 
species.[25,26] So far substantial research has been undertaken 
using theoretical models to predict catalytic activity of metal 
alloyed/doped catalysts based on adsorption energy of inter-
mediates.[27,28] However these predictions can readily lead to 
inaccurate results when significant differences between real-
catalysts and theoretical-models exist. Taking into account, 
therefore, the physiochemical factors of real-catalysts provides 
a better strategy to determine catalytic activity trends.[16,29] For 
example, coordination numbers of Pt sites have been reported 
to be a predictive descriptor and provide a connection between 
geometry, adsorption energy and ORR activity.[30] With this 
as a strategy it is practical to establish a composition-activity 
relationship for overall water splitting.

The establishment of electrocatalysts with bifunctionality for efficient 
oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) in 
acidic environments is necessary for the development of proton exchange 
membrane (PEM) water electrolyzers for the production of clean hydrogen 
fuel. RuIr alloy is considered to be a promising electrocatalyst because of 
its favorable OER performance and potential for HER. Here, the design of a 
bifunctional electrocatalyst with greatly boosted water-splitting performance 
from doping RuIr alloy nanocrystals with transition metals that modify elec-
tronic structure and binding strength of reaction intermediates is reported. 
Significantly, Co-RuIr results in small overpotentials of 235 mV for OER 
and 14 mV for HER (@ 10 mA cm−2 current density) in 0.1 m HClO4 media. 
Therefore a cell voltage of just 1.52 V is needed for overall water splitting to 
produce hydrogen and oxygen. More importantly, for a series of M-RuIr  
(M = Co, Ni, Fe), the catalytic activity dependence at fundamental level 
on the chemical/valence states is used to establish a novel composition-
activity relationship. This permits new design principles for bifunctional 
electrocatalysts.

Water Splitting

Hydrogen is widely regarded as a practical alternative energy to 
environmentally polluting fossil fuels.[1,2] An attractive and simple 
means to produce hydrogen from abundant renewable sources is 
via water electrolysis. This involves two related electrochemical 
reactions in an electrolyzer, namely, an anodic oxygen evolu-
tion reaction (OER) and a cathodic hydrogen evolution reaction 
(HER).[1,3] In contrast to alkaline electrolyzers, proton exchange 
membrane (PEM) water electrolyzers offer significant benefits. 
These include greater voltage efficiency and gas purity, together 
with a more compact design.[4] To implement overall water elec-
trolysis in an integrated PEM electrolyzer, it is desirable to couple 
OER and HER electrocatalysts in an acidic environment.[5–7] 
Despite significant progress in developing bifunctional water 
splitting electrocatalysts for alkaline electrolytes, no similar 

Adv. Mater. 2019, 31, 1900510
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Here, we report transition metal-doped RuIr alloy electro-
catalysts (M-RuIr, M = Co, Ni, Fe) designed to boost bifunction-
ality through modification of electronic structure and resulting 
physiochemical properties. We show that with optimal chem-
ical/valence states, Co-RuIr nanocrystals exhibit excellent OER 
and HER catalytic activity with long-term stability, which are 
amongst the best reported for overall water splitting in acidic 
environments. Moreover, we establish electrocatalytic activity 
trends on reactive oxygen species concentration for OER, and 
surface sites valence state for HER. We demonstrate a linear 
activity dependence on reaction intermediates binding strength 
and highlight that chemical/valence states of catalysts provide a 
good indication of activity at the fundamental level.

To synthesize Co-RuIr and RuIr nanocrystals, a co-reduction 
polyol method was adopted to reduce metal salts by refluxing 
ethylene glycol (EG) with poly-(vinylpyrrolidone) (PVP) as a sta-
bilizer (see the Experimental Section for details). To study the 
effect of different transition metal dopants, Ni-RuIr and Fe-RuIr 
nanocrystals were prepared using a similar procedure. The as-
obtained Co-RuIr nanocrystals were characterized by high-angle 
annular dark-field scanning transmission-electron microscopy 
(HAADF-STEM). The images indicated an ultra-small diameter 
of Co-RuIr (2.1 ± 0.1 nm) with a narrow distribution (Figure 1a, 
Figures S1 and S2, Supporting Information). The lattice dis-
tances of Co-RuIr were measured at 0.22 nm and 0.19 nm 
(Figure 1b), corresponding, respectively, to the {111} and {200} 
planes of RuIr alloy nanocrystals. This was confirmed by X-ray 
diffraction (XRD) patterns (JCPDS # 65–5546), Figure S3 

(Supporting Information). RuIr nanocrystals showed similar 
particle size and crystalline structure (Figure S4, Supporting 
Information). This finding highlights that the Co dopants do 
not change the intrinsic morphology of RuIr nanocrystals.

Energy-dispersive spectroscopy (EDX) elemental maps 
(Figure 1c) revealed that Ru and Ir atoms exhibited signals 
of comparable density and were distributed in the same area, 
whereas Co atoms were randomly distributed with low concen-
tration. This observation confirmed formation of a Co-doped 
homogeneous RuIr alloy. This is attributed to simultaneous 
reduction of Ru, Ir, and Co precursors. Synchrotron-based 
X-ray photoelectron spectra (XPS) survey and Co L3,2 edge X-ray 
absorption near-edge spectra (XANES) further confirmed the 
existence of the Co dopants in Co-RuIr nanocrystals with low 
concentration (Figures S5 and S6, Supporting Information). 
Additionally, the synthesis procedure was applicable to prepare 
various transition metal doped nanocrystals, e.g., Ni-RuIr and 
Fe-RuIr, which can serve as control samples (Figures S3, S5, 
and S6, Supporting Information).

Synchrotron-based XANES and high-resolution XPS were 
carried out to investigate the surface chemical and valence 
states of the catalysts. Importantly, these parameters are widely 
reported to play a key role in determining electrocatalytic prop-
erties.[31,32] For OER, optimal activity depends on appropriate 
binding energies of oxygen intermediates.[3] Different oxygen 
species on the surface of an oxide catalyst exhibit different 
binding behavior. For example, lattice oxygen species show 
much stronger intermediates binding than surface OH groups. 

Adv. Mater. 2019, 31, 1900510

Figure 1. a) HAADF-STEM image of Co-RuIr nanocrystal. b) An enlarged view of the rectangular region in (a). c) STEM-EDX mappings of Co-RuIr 
nanocrystals. d) O K-edge XANES and e) O 1s XPS spectra of Co-RuIr and RuIr electrocatalysts after OER tests. f) Ru 3d and g) Ir 4f XPS spectra for 
Co-RuIr and RuIr electrocatalysts after HER tests.
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Therefore because intermediates are expected to be bound too 
strongly on lattice oxygen species, they do not have a direct 
role in OER.[23] From reported studies[28] both RuO2 and IrO2 
were expected to bind oxygen intermediates too strongly, and 
thereby impeded an ideal balanced binding energy. Because 
of (inevitable) Co leaching in Co-RuIr during OER testing in 
acidic solutions, some lattice oxygen atoms lose binding part-
ners and consequently become low-coordinated oxygen spe-
cies.[23] From the O K-edge XANES spectra of post-OER Co-RuIr 
and RuIr catalysts, Figure 1d, the shoulder peak around 529 eV 
of the Co-RuIr curve demonstrates existence of OI− species. 
These OI− species are reported as electrophilic and susceptible 
to nucleophilic attack from water, therefore promote catalytic 
activity in OER.[33,34] In the O1s XPS spectra, Figure 1e, the 
peaks at around 530.7 and 531.5 eV are identified as, respec-
tively, lattice oxygen and hydroxyl groups.[35] The Co-RuIr dis-
plays a greater proportion of hydroxyl group compared with 
that for RuIr – confirming the XANES evidence.

At the same time, fundamental studies about HER electro-
catalysts in acidic environments suggested that the Ru bound 
hydrogen too strongly, while Ir exhibited slightly weak binding 
strength, both of which were unfavorable for hydrogen evo-
lution and led to the relatively poor HER performances.[3] 
As can be seen in the Ru 3d spectra, Figure 1f, Co-RuIr 
exhibits a meaningful positive-shift of Ru 3d5/2 and Ru 3d3/2 

peaks (280.6 and 284.7 eV) in comparison with those for RuIr 
(280.1 and 284.2 eV). This underscores the higher Ru valence 
state of Co-RuIr. This increase in valence state makes Ru sites 
less prone to bind hydrogen intermediates with positive charge. 
The general result is an optimized hydrogen binding behavior. 
The Ir 4f spectrum of Co-RuIr exhibits a slight negative shift 
when compared with that for RuIr, i.e., lower-valence Ir sites. 
This indicates the slightly enhanced hydrogen binding ability 
of Ir sites, Figure 1g. These altered valence states are attributed 
to charge transfer amongst components induced by differences 
in work function (Ru: 4.71, Ir: 5.27, Co: 5.0). These findings 
overall, therefore readily demonstrate that Co doping modifies 
the valence states of Ru and Ir sites and leads to optimization of 
hydrogen intermediate binding energy in HER.

To correlate the composition-induced modified surface 
chemical/valence states of the catalyst with OER/HER perfor-
mance, electrochemical testing was conducted on Co-RuIr and 
RuIr, together with commercial samples. OER performance 
was tested in O2-saturated 0.1 m HClO4 solution. As can be 
seen in the linear sweep voltammetry (LSV) curves, Figure 2a, 
Co-RuIr exhibited significantly greater activity when com-
pared with RuIr and state-of-the-art (commercial) RuO2 and 
IrO2. To deliver a current density of 10 mA cm−2, the Co-RuIr 
required a small overpotential of 235 mV with the lowest Tafel 
slope of 66.9 mV dec−1, whilst RuIr required 344 mV and 
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Figure 2. a) LSV curves for Co-RuIr, RuIr, RuO2, and IrO2 electrocatalysts for OER in O2-saturated 0.1 m HClO4 solutions. b) LSV curves of Co-RuIr, 
RuIr and Pt-C electrocatalysts for HER in H2-saturated 0.1 m HClO4 solution. c) Constant current chronopotentiometric stability measurements at 
anodic (left y-axis) or cathodic (right y-axis) current density of 10 mA cm−2 for Co-RuIr and RuIr. d) ICP-MS analysis data for Co-RuIr after various 
reaction times under OER (pattern filled) and HER (color filled) stability testing. Blue, yellow, and red bars represent, respectively, Ru, Ir, and Co ion 
concentrations in electrolyte.
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111.5 mV dec−1. This indicates the fast kinetics of Co-RuIr cata-
lysts (Figure S7, Supporting Information). HER performance 
was tested in H2-saturated 0.1 m HClO4 solution. RuIr exhib-
ited low catalytic activity with a large overpotential of 110 mV to 
deliver a current density of 10 mA cm−2 (Figure 2b). Following 
Co doping of RuIr alloy, the HER of the Co-RuIr exhibited a 
significant improvement with an overpotential of just 14 mV 
with a low Tafel slope of 31.1 mV dec−1 (@ 10 mA cm−2). 
Significantly, this demonstrated that the electrocatalytic perfor-
mance of Co-RuIr is directly comparable with that of the state-
of-the-art Pt/C.

The stability of the Co-RuIr electrocatalyst was evaluated 
using constant chronopotentiometric measurement (Figure 2c). 
Throughout a 25 h testing period the electrode potential of 
the Co-RuIr electrocatalysts remained constant for both OER 
and HER. In contrast, the RuIr electrode exhibited a continu-
ously increasing electrode potential to ultimate activity deg-
radation in the OER test. Importantly, the morphology of the 
Co-RuIr nanocrystals following the long-term OER stability 
test was unchanged from that of the fresh, as-prepared catalyst 
(Figure S8, Supporting Information). As is shown in the induc-
tively coupled plasma mass spectrometry (ICP-MS), Figure 2d, 
the dissolved concentration of Ru, Ir and Co ions is low, and 

changed little for both OER and HER over the stability tests. 
The initial dissolution of metal ions is attributed to unstable 
surface sites. This little change however suggests exceptional 
stability of the Co-RuIr catalyst for both OER and HER.

An overall water splitting experiment was carried with 
Co-RuIr as both cathodic and anodic electrocatalysts 
(electrolysis cell noted as Co-RuIr/Co-RuIr) in N2-saturated 
0.1 m HClO4 solution. The results in Figure 3a show the 
Co-RuIr/Co-RuIr gave excellent activity with a low cell voltage of 
1.52 V (@ 10 mA cm−2). By contrast, the present best commer-
cial electrocatalyst (Pt-C/RuO2) required a significantly higher 
cell voltage of 1.70 V to deliver this same current density. Fur-
thermore, the Co-RuIr/Co-RuIr remained stable over 25 h of 
continuous overall water electrolysis (Figure 3b). Moreover, as 
is summarized in Figure 3c and Table S1 (Supporting Informa-
tion), Co-RuIr outperformed a representative range of reported 
water splitting catalysts. Significantly, this performance there-
fore positions Co-RuIr amongst the most active overall water 
splitting catalysts in acidic environments.

This favorable bifunctional catalytic performance of Co-RuIr 
can be explained by a dual effect of Co dopants. This effect 
is shown schematically as Figure 3d. Under OER, inevitable 
Co leaching results in increased concentration of OI− species 
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Figure 3. a) Overall water splitting performance of Co-RuIr/Co-RuIr and Pt-C/RuO2 in N2-saturated 0.1 m HClO4 solution with a two-electrode configura-
tion. b) Constant current chronopotentiometric stability tests for Co-RuIr/Co-RuIr and Pt-C/RuO2 for overall water splitting at current density of 10 mA 
cm−2. c) Bifunctional water splitting performance for various OER electrocatalysts. The x-axis is overpotential required to achieve a current density of 
10 mA cm−2 (unless otherwise specified in Table S1, Supporting Information) for OER, while the y-axis is the overpotential required to achieve a cur-
rent density of 10 mA cm−2 (unless otherwise specified in Table S1, Supporting Information) for HER. The ‘[S1]’ refer to cited references in Supporting 
Information. d) Schematic of OER and HER mechanism on Co-RuIr electrocatalyst in acidic media.
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which significantly promote OER catalytic activity. With HER 
the charge transfer induced by Co dopants gives rise to modi-
fied surface valence states that optimize hydrogen adsorption 
and consequently boost catalytic activity.

To establish a composition-activity relationship, Ni-RuIr and 
Fe-RuIr electrocatalysts were also measured using the same 
methods (Figures S9 and S10, Supporting Information). The 
LSV profiles in OER (Figure 4a and Figure S11, Supporting 
Information) showed that catalytic activity decreased as ordered 
Co-RuIr > Ni-RuIr > RuIr > Fe-RuIr. Significantly, an approxi-
mate linear correlation was observed between OER activity 
(recorded by the overpotentials at 10 mA cm−2) and the inten-
sity of OI− species (Figure S12, Supporting Information).

To extend this composition-activity relationship to a funda-
mental level, we also performed cyclic voltammetry (CV) experi-
ments on M-RuIr in N2-saturated 0.1 m HClO4 solution with 
scan rates of 50 mV s−1. Figure 4b and Figure S13 (Supporting 
Information) depict the OH− desorption peak positions and 
show a decreasing trend such that Co-RuIr > Ni-RuIr > RuIr > 
Fe-RuIr. This finding indicates that by doping with different 
transition metals, the intermediate adsorption/desorption is 
actually regulated. Doping with Co and Ni weakens the oxygen 
intermediates adsorption/desorption, and thereby boosts OER 
performance. Figure 4c shows that linear relationships result 

for both OH− desorption peak (left y-axis) positions and OER 
activity (right y-axis) with intensity of OI− species (x-axis). The 
double-linear relationship suggests that the concentration of 
oxygen species reflects the general oxygen adsorption strength 
of M-RuIr. The former therefore provides a reasonable indica-
tion for the trend in OER electrocatalytic activity.

The electrocatalysts were studied under similar proce-
dures to assess catalytic behavior and performance of M-RuIr 
toward HER (Figure 4d and Figure S14, Supporting Informa-
tion). HER activity of the catalysts was found to be ordered 
as Co-RuIr > Ni-RuIr > Fe-RuIr ≈ RuIr. Additionally, a linear 
correlation between Ru binding energies and HER activity 
(recorded by overpotentials at 10 mA cm−2) was achieved 
(Figure S15 and S16, Supporting Information). To determine 
the hydrogen intermediate adsorption strength, underpoten-
tial deposition (UPD) hydrogen adsorption (HUPD) voltam-
metry was measured (Figure 4e and Figure S17, Supporting 
Information).[3] The lowest HUPD potential was for Co-RuIr. 
This suggested a weakened hydrogen adsorption that is clearly 
beneficial for HER activity—a finding confirmed in the XPS 
results. A linear dependence was similarly observed for both 
HUPD positions (left y-axis) and HER activity (right y-axis) with 
Ru valence states (x-axis) (Figure 4f). This is evidence that 
the cause of boosted HER activity of M-RuIr is the modified 
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Figure 4. a) LSV curves of M-RuIr (M = Co, Ni, Fe) and RuIr electrocatalysts for OER in O2-saturated 0.1 m HClO4 solution. b) CV curve for Co-RuIr 
at a scan rate of 50 mV s−1 with arrow indicating OH desorption potential. c) Relationships between OI− species concentration and OH desorption 
(OHdes) potential (left y-axis, hollow points), and that for OER activity (represented by overpotential at current density of 10 mA cm−2, right y-axis, solid 
points) on M-RuIr and RuIr electrocatalysts. d) LSV curves of M-RuIr (M = Co, Ni, Fe) and RuIr electrocatalysts for HER in H2-saturated 0.1 m HClO4 
solution. e) CV curve of Co-RuIr at a scan rate of 50 mV s−1 with the arrow indicating HUPD potential. f) Relationships between Ru binding energy and 
HUPD potential (left y-axis, hollow points), and that for HER activity (represented by overpotential at current density of 10 mA cm−2, right y-axis, solid 
points) on M-RuIr and RuIr electrocatalysts.
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hydrogen binding energy that was realized by modifying the 
Ru valence states. It is concluded overall therefore that for this 
system the OI− intensity and Ru binding energy, respectively 
correlate well with predicted OER and HER activity.

In summary, through introducing transition metal doping 
in RuIr alloy nanocrystals, we have demonstrated the design of 
a series of bifunctional electrocatalysts toward OER and HER 
in acidic environments. Overall best catalytic performance, 
together with excellent long-term stability, was most evident 
for Co-RuIr. Significantly, this positions it amongst the most 
active and stable overall water splitting catalyst reported in 
acidic environments. The boost in OER and HER activity of 
Co-RuIr is attributed to a dual effect that modifies concentra-
tion of O-based species and Ru sites valence states. This dual 
modification applies also to other transition metal dopants. At 
a fundamental level the catalytic activity dependence on chem-
ical/valence states was demonstrated for a series of M-RuIr 
(M = Co, Ni, Fe). This was used to establish a novel composi-
tion-activity relationship that will permit new design principles 
for bifunctional electrocatalysts.

Experimental Section
Synthesis of Nanocrystals: The synthesis of Co-RuIr nanocrystals 

was achieved by a coreduction polyol method reported previously.[36] 
In a typical procedure, 41.4 mg of Ruthenium (III) chloride hydrate 
(RuCl3·xH2O), 59.7 mg of Iridium (III) chloride hydrate (IrCl3·xH2O), 
11.9 mg Cobalt (II) chloride hexahydrate (CoCl2·6H2O) and 55.0 mg 
of PVP were mixed in 40 mL of EG to a transparent solution. This was 
heated rapidly to 198 °C under vigorous stirring and refluxed for 3 h. 
The reaction was quenched by ice cooling and the resultant suspension 
was washed three times with ethanol. The Co-RuIr nanocrystals were 
obtained after drying the precipitate at 60 °C overnight in a vacuum-
oven. The RuIr, Ni-RuIr, and Fe-RuIr nanocrystals were synthesized by 
similar procedure but without addition of cobalt salt, or, with addition of 
11.9 mg Nickel (II) chloride hexahydrate (NiCl2·6H2O) and 10.0 mg Iron 
(II) chloride tetrahydrate (FeCl2·4H2O).

Characterization: HAADF-STEM images were recorded using an 
FEI Titan G2 80–300 microscope at 300 kV equipped with a probe 
corrector. EDX imaging was conducted with an FEI Titan Themis 
80–200 microscope equipped with a SuperX detector. The synchrotron-
based XPS and XANES characterization were performed on the soft X-ray 
spectroscopy beamline in the Australian Synchrotron Radiation Facility, 
Melbourne. For the ex situ XPS tests, the electrocatalysts were polarized 
at anodic, or cathodic potentials, for 30 min, then the electrocatalyst 
paste was scraped off the electrodes and washed several times with 
ethanol to remove the Nafion species. After centrifugation and drying, 
the obtained powder was tested as electrocatalysts after OER and HER. 
Additionally, ICP-MS measurements were carried out to detect the 
amounts of dissolved Ru, Ir, and Co ions in electrolytes after 1 and 10 h 
of chronoamperometric experiment under anodic or cathodic current 
density of 10 mA cm−2. XRD data were collected on a Rigaku MiniFlex 
600 X-Ray Diffractometer. ICP-MS analysis was conducted using an 
Agilent 7500cx instrument with attached laser ablation systems.

Electrochemical Measurements: Electrocatalyst ink was prepared 
by dispersing freshly synthesized catalyst powder (2 mg) in a 
solution containing distilled water (Milli-Q, 965 µL) and 5 wt% 
Nafion solution (35 µL) followed by ultrasonication for 2 h. 5 µL 
of catalyst ink was then deposited onto a polished Au-electrode 
(diameter = 5 mm, area = 0.196 cm2, Pine Research Instrumentation). 
All electrochemical experiments were carried out in a three-electrode 
glass cell with an Au-wire as the counter electrode and an Ag/AgCl as 
the reference electrode (Pine Research Instrumentation). The 0.1 m 
HClO4 electrolyte solution was prepared by diluting 70% HClO4 with 

Milli-Q water. The reference electrode was calibrated in H2-saturated 
0.1 m HClO4 solution. All potentials were converted to the reversible 
hydrogen electrode (RHE) and corrected with iR-compensation. OER 
measurements were conducted in O2-saturated 0.1 m HClO4 electrolyte 
with a CHI potentiostat (CHI 760D) at a rotating speed of 1600 rpm. 
CV analysis was performed with a scan rate of 50 mV s−1 and the 
polarization curves was recorded with a sweeping rate of 5 mV s−1. HER 
measurements were conducted in H2-saturated 0.1 m HClO4 electrolyte 
using a similar procedure. For overall water splitting, Co-RuIr was 
used as both the anode and cathode electrocatalyst in a two-electrode 
configuration with commercial Pt-C/RuO2 as control.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure S1. HAADF-STEM image of Co-RuIr nanocrystals. 
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Figure S2. Particle size histogram for Co-RuIr nanocrystals (analyzed from Figure 1a). 

 

 

Figure S3. XRD patterns for RuIr, Co-RuIr, Ni-RuIr and Fe-RuIr nanocrystals, all of which 

resemble the diffraction peaks of Ru0.4Ir0.6 (JCPDS #65-5546). 
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Figure S4. HAADF-STEM image of RuIr nanocrystals. 
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Figure S5. XPS survey spectra for Co-RuIr, Ni-RuIr, Fe-RuIr and RuIr nanocrystals. 
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Figure S6. L3,2-edge XANES for Co, Ni and Fe in Co-RuIr, Ni-RuIr and Fe-RuIr nanocrystals. 

 

 

 

Figure S7. Tafel plots for Co-RuIr, RuIr and commercial catalysts under (a) OER and (b) HER 

processes. 
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Figure S8. HAADF-STEM images of Co-RuIr nanocrystals after OER tests. 

 

 

 

Figure S9. O K-edge XANES spectra for Co-RuIr, Ni-RuIr, Fe-RuIr and RuIr catalysts after 

OER. Inset shows enlarged spectra with photon energy from 528.4 to 531.1eV. 
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Figure S10. O 1s XPS spectra for (a) Ni-RuIr and (b) Fe-RuIr electrocatalysts after OER tests. 

 

 

 

 

Figure S11. (a) Tafel plots of M-RuIr (M=Co, Ni, Fe) catalysts in OER; (b) Overpotentials for 

M-RuIr (M=Co, Ni, Fe), RuIr and RuO2 catalysts to reach a current density of 10 mA cm
-2

 in 

OER. 
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Figure S12. Relationship between O
I-
 species intensity and OER activity (represented by 

overpotential at current density of 10 mA cm
-2

) for M-RuIr and RuIr catalysts. 
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Figure S13. OH
-
 desorption behavior of (a) Ni-RuIr, (b) Fe-RuIr and (c) RuIr catalysts with scan 

rates of 50 mV s
-1

. 

 

Figure S14. (a) Tafel plots of M-RuIr (M=Co, Ni, Fe) catalysts in HER; (b) Overpotentials for 

M-RuIr (M=Co, Ni, Fe), RuIr and Pt-C catalysts to reach the current density of 10 mA cm
-2

 in 

HER. 
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Figure S15. (a) Ru 3d and (b) Ir 4f XPS spectra for Ni-RuIr and Fe-RuIr electrocatalysts after 

HER tests. 

 

Figure S16. Relationship between Ru binding energy and HER activity (represented by 

overpotential at current density of 10 mA cm
-2

) for M-RuIr and RuIr catalysts. 

 

Figure S17. HUPD behavior of (a) Ni-RuIr, (b) Fe-RuIr and (c) RuIr catalysts with scan rate of 50 

mV s
-1

. 
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Table S1. Comparison of performance of bifunctional electrocatalysts for overall water splitting 

in acidic environments 

Samples Electrolytes 

HER 

さa
 

(mV) 

HER 

work 

life 

OER 

さb  

(mV) 

OER 

work 

life 

Overall water 

splitting cell 

voltage
c
  

(V) 

Overall 

water 

splitting 

work life 

Ref 

Co-

RuIr 

0.1 M 

HClO4 
13.8 25 hr 235 25 hr 1.52 25 hr 

This 

work 

Rh2P 
0.5 M 

H2SO4 

さ5 = 

5.4 
2000 s 510 1000 s N.A. N.A. 

[1]
 

IrW 
0.1 M 

HClO4 
12 N.A. 

さ8.1= 

300 
N.A. 

E10 0.5M H
2
SO

4
, on 

CFP = 1.48 
8 hr 

[2]
 

N-WC 
0.5 M 

H2SO4 
113 20 hr 

さ60 = 

470 
60 min Eonset = 1.4 N.A. 

[3]
 

IrCoNi 
0.1 M 

HClO4 
33 N.A. 303 200 min 

E10 0.5M H
2
SO

4
 = 

1.65 
1000 cycles 

[4]
 

N, P-C 
0.5 M 

H2SO4 
N.A. N.A. 470 10 hr N.A. N.A. 

[5]
 

IrNi 
0.1 M 

HClO4 

さ20 = 

19 
60 min 

さ9.1= 

270 
120 min 1.58 600 min 

[6]
 

Ir/GF 
0.5 M 

H2SO4 
7 10 hr 290 10 hr  1.55 10 hr 

[7]
 

IrNiFe 
0.5 M 

HClO4 
24 20 000 s 284 20 000 s 1.64 20 000 s 

[8]
 

Co-

MoS2 

0.5 M 

H2SO4 
60 40 000 s 540 40 000 s 1.9 N.A. 

[9]
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Ir NW 
0.1 M 

HClO4 
11.3 25 000 s 283 25 000 s 1.62 40 000 s 

[10]
 

Ir NP 
0.5 M 

HClO4 
17 20 000 s 290 20 000 s 1.59 20 000 s 

[11]
 

a: Unless otherwise specified, さ refers to overpotentials required to reach current density of 10 

mA cm
-2

 in HER; b: Unless otherwise specified, さ refers to overpotentials required to reach 

current density of 10 mA cm
-2

 in OER; c: Unless otherwise specified, E refers to cell voltages 

required to reach current density of 10 mA cm
-2

 in overall water splitting. 
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Chapter 5 Short-Range Ordered Iridium Single Atoms Integrated into Cobalt Oxide 

Spinel Structure for Highly Efficient Electrocatalytic Water Oxidation 

5.1. Introduction and Significance 

Noble metals, with unique electronic structures and irreplaceable catalytic activities for a wide 

range of applications, are restricted by the limited choices of packing variants and geometric 

structures spanning single atoms, clusters, nanoparticles and bulk crystals. Here, we propose a 

simple and general strategy to overcome this limitation by allocating noble metal atoms within 

the lattice of transition metal oxides. Various kinds of noble metal atoms (e.g. Ir, Pt, Pd, Au, 

Ru) have been atomically accommodated into the cationic sites of oxides (e.g. Co3O4, Mn5O8, 

NiO) with an identical spatial correlation with the host lattice. The correlated substitution 

creates noble metal analogues with artificial topologies and bridges the gap between single 

atoms with no spatial correlation and close-packed structures with inherently restricted 

interatomic distances.  

Taking Ir-substituted Co3O4 (Ir0.06Co2.94O4) as an example, the parent transition metal oxide can 

be catalytically activated and stabilized upon correlated substitution of Ir atoms, towards 

challenging OER electrocatalysis in acidic environments. This chapter shows that the as-

synthesized Ir0.06Co2.94O4 exhibits a noble-metal-like catalytic performance towards acidic 

OER. The activity is not only unprecedented for transition metal oxides but among the best 

noble-metal-based catalysts (e.g. outperforms that of commercial IrO2 catalyst by over two 

orders of magnitude).  

84



 

 

By successfully extending the strategy to diverse transition metal oxide systems, our work 

holds a great promise for the diversification of noble metal analogues and for the 

activation/stabilization of transition metal oxides for extensive applications.  

5.2. Short-Range Ordered Iridium Single Atoms Integrated into Cobalt Oxide Spinel 

Structure for Highly Efficient Electrocatalytic Water Oxidation 

This section is included as a journal paper by Jieqiong Shan, Chao Ye, Shuangming Chen, 

Tulai Sun, Yan Jiao, Lingmei Liu, Chongzhi Zhu, Li Song, Yu Han, Mietek Jaroniec, Yihan 

Zhu, Yao Zheng and Shi-Zhang Qiao, Short-Range Ordered Iridium Single Atoms Integrated 

into Cobalt Oxide Spinel Structure for Highly Efficient Electrocatalytic Water Oxidation. J. 

Am. Chem. Soc., 143, DOI: 10.1021/jacs.1c01525. 
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Short-Range Ordered Iridium Single Atoms Integrated into Cobalt
Oxide Spinel Structure for Highly Efficient Electrocatalytic Water
Oxidation
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ABSTRACT: Noble metals manifest themselves with unique
electronic structures and irreplaceable activity toward a wide range
of catalytic applications but are unfortunately restricted by limited
choice of geometric structures spanning single atoms, clusters,
nanoparticles, and bulk crystals. Herein, we propose how to
overcome this limitation by integrating noble metal atoms into the
lattice of transition metal oxides to create a new type of hybrid
structure. This study shows that iridium single atoms can be
accommodated into the cationic sites of cobalt spinel oxide with
short-range order and an identical spatial correlation as the host
lattice. The resultant Ir0.06Co2.94O4 catalyst exhibits much higher
electrocatalytic activity than the parent oxide by 2 orders of
magnitude toward the challenging oxygen evolution reaction under acidic conditions. Because of the strong interaction between
iridium and cobalt oxide support, the Ir0.06Co2.94O4 catalyst shows significantly improved corrosion resistance under acidic
conditions and oxidative potentials. This work eliminates the “close-packing” limitation of noble metals and offers promising
opportunity to create analogues with desired topologies for various catalytic applications.

■ INTRODUCTION

Noble metals, elements with extremely low abundance in the
earth and unique catalytic properties toward many processes,1,2

are located at a lower corner of the periodic table. The
“nobleness” and “reactivity” of these elements are essentially
determined by their electronic structure, namely, an appro-
priate level of orbital hybridization essential for molecular
adsorption and the degree of antiorbital filling.3 As a
consequence, the center of gravity (εd) for d-bands of the
metal catalysts has been widely used to qualitatively evaluate
the adsorption energy, activation energy, and desorption
energy of reactive intermediate(s) in many reactions.4,5

Clearly, the εd value is straightforwardly determined by
arrangement of atoms in noble metals, namely, by their
geometric structure including size and packing.6 For example,
bulk Au is generally inert while the nanometer-sized Au
becomes catalytically active.7 This effect is even more
pronounced for the Au cluster with a “magic number” of 55,
which exhibits an extraordinary activity for selective oxidation.8

Similarly, a cubic close-packed Ru nanostructure outperforms a
hexagonal one in the electrocatalytic hydrogen evolution
reaction because of its proper value of εd and, consequently,
favorable adsorption energies of the key reaction intermedi-
ates.9 However, almost all currently available physical forms of
noble metals in clusters, nanoparticles and bulk crystals are

inherently restricted by their interatomic distances due to the
strong chemical bonding.10,11 Accordingly, the modulation of
their atomic spatial correlation and coordination chemistry, i.e.,
arrangement of the nearest and second-nearest neighbors in a
controllable manner, is significantly restricted. Single atoms do
not show such restriction that inherently exists in nanoparticles
and bulk crystals, but they suffer from random and uncontrol-
lable spatial distribution as well as the lack of collective effects
among active sites. Therefore, a full engineering of atomic
spatial correlation including both interatomic distance and
coordination geometry for noble metals would largely diversify
their topologies beneficial for a wider range of applications.
Diversification of noble metal structures is essential for the

design of renewable energy systems able to convert electricity
into chemical energy.12 Taking the acidic oxygen evolution
reaction (OER) as an example, which is the key component of
proton exchange membrane electrolyzers, noble Ir, Ru, and
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their derivatives are still the best candidates because of their
appropriate electronic structures and high resistance against
the oxidative potentials.13,14 Benefiting from the flexible
composition and tunable filling of d-orbitals, the earth-
abundant transition metal oxides (TMOs) like rutile, perov-
skite, and spinel structures are well suited to replace noble
metal OER electrocatalysts under alkaline conditions.15−17 In
acidic electrolytes, some pioneering works have reported the
surface reconstruction and formation of iridium oxides on
perovskite-based hybrid catalysts due to the partial leaching of
metal species.18,19 However, the major challenge of enhancing
the activity and long-term stability of TMO catalyst systems
still exists.20,21 A promising strategy toward the rational design
of ideal acidic OER electrocatalysts is the correlated
substitution at transition metal sites by noble metal atoms
with desired coordination geometry, which simultaneously
maximizes their utilization and enables a full tunability of the
atomic spatial correlation. Nevertheless, because of the large
lattice discrepancy between noble metals and the TMO host, it
is a great challenge to directly substitute noble metal atoms
into the TMO frameworks instead of being physically
deposited onto the surfaces.22,23

Herein, we report the successful allocation of Ir into cationic
sublattice of TMO structures (e.g., spinel cobalt oxide) via an
ion exchange−pyrolysis procedure mediated by metal−organic
frameworks. An identical spatial correlation between noble
metal substitution sites and TMO host lattice is unambigu-
ously observed, and these noble metal single atoms show a
short-range order. The resultant Ir-substituted Ir0.06Co2.94O4
electrocatalyst exhibits distinct properties from the conven-
tional surface supported single-atom catalysts or bulk metals. It
shows an extremely high mass activity together with a
significantly improved corrosion resistance for acidic OER
and even outperforms most noble metal catalysts.24 The

essential catalytic effects of correlated Ir substitutions are
twofold: a downshifted d-band center of Co sites together with
a band gap Ir-5d state is responsible for the boosted activity,
while a deepened valence band maximum accounts for the
enhanced oxidation resistance, resulting in better durability of
the catalyst.

■ RESULTS AND DISCUSSION

Local Geometric Structure. The properly controlled ion
exchange−pyrolysis of the Co-based zeolitic imidazolate
framework (ZIF-67) with incorporated Ir ions into the
structure ensures an identical spatial correlation between the
dopant and the cationic sublattice of the host.25,26 The doping
amount of Ir in a Co3O4 host, determined by an inductively
coupled plasma mass spectrometry (ICP-MS), was 4.93 wt %
(equaling to 0.916 atom %), and thus the chemical formula of
the resultant hybrid is Ir0.06Co2.94O4. The high-angle annular
dark-field high-resolution scanning transmission electron
microscopy (HAADF-HRSTEM) image of Ir0.06Co2.94O4
shows a typical single-atom catalyst by revealing the atomically
distributed Ir atoms with brighter contrast clearly identified
from the crystal lattice of Co3O4 (Figure 1a). The Raman
spectrum of Ir0.06Co2.94O4 evidences the Ir substitution-
induced lattice expansion by the red-shift of Raman bands in
comparison with those of pure Co3O4 and IrO2 (Figure 1b).
Notably, the A1g band of Ir0.06Co2.94O4 exhibits the most
pronounced red-shift, while the wavenumber of its F2g(1) band
only decreases slightly. Given the A1g band shows a strong
dependence upon the exchange of octahedral cations and the
F2g(1) band depends on tetrahedral cations,27 it is indicated
that the Ir dopants are located at the position of Co(III) sites
in octahedral units (Cooct) rather than the tetrahedral Co(II)
sites (Cotet). This can be attributed to the preference of cations

Figure 1. Local geometric structure determination of fresh Ir0.06Co2.94O4 catalyst. (a) HAADF-HRSTEM image of Ir0.06Co2.94O4 collected on
randomly chosen domain. (b) Raman spectra of Ir0.06Co2.94O4 and Co3O4. The A1g and F2g(1) Raman bands of Co3O4 at ∼680 and ∼190 cm−1 can
be assigned to Co−O stretching vibrations in octahedral units (CoO6) and tetrahedral units (CoO4), respectively. (c) Co K-edge XANES spectra
of Ir0.06Co2.94O4 and Co3O4. (d) Ir L3-edge XANES spectra of Ir0.06Co2.94O4, IrO2 and Ir foil. (e) FT-EXAFS spectra at the Co K-edge and Ir L3-
edge of Ir0.06Co2.94O4 and reference samples. (f) Ir L3-edge WT-EXAFS of Ir0.06Co2.94O4 and reference samples.
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with larger radii for locating at the octahedral sites and the
tendency of smaller cations to occupy the tetrahedral sites.28

Compared to that of pure Co3O4, the Co K-edge X-ray
absorption near-edge structure (XANES) of Ir0.06Co2.94O4
shows an increased valence state of Co cations induced by Ir
substitution (Figure 1c). Ir L3-edge XANES shows that
Ir0.06Co2.94O4 exhibits a high Ir valence state of approximately
4+ (Figure 1d), distinct from those in nanoparticles or
supported single atoms.29 The Co K-edge Fourier transform
(FT)-extended X-ray absorption fine structure (EXAFS)
reveals three distinct interatomic distances characteristic of
Co−O, octahedral Cooct−Cooct, and tetrahedral Cotet−Cotet
pairs in the Ir0.06Co2.94O4 phase (Figure 1e, upper panel). The
Ir L3-edge FT-EXAFS of Ir0.06Co2.94O4 shows two interatomic
distances assigned to Ir−O and Ir−Cooct, which agree well with
the Ir−O scattering of IrO2 and the Ir−Ir scattering of Ir foil,
respectively (Figure 1e, lower panel). No Ir−N coordination is
observed. The wavelet transform (WT)-EXAFS analysis of the
Ir0.06Co2.94O4 spectrum reveals two characteristic regions: a
first-shell domain for Ir−O scattering with a local maximum at
R = 1.7 Å and k = 6.2 Å−1 and a second-shell domain at R = 2.6
Å scattering with dual local maxima centered at k = 7.6 and 9.9
Å−1, implying the coexistence of both Ir−Co and Ir−Ir second-
shell scattering (Figure 1f). The fitting results of the Ir L3-edge
FT-EXAFS spectrum of Ir0.06Co2.94O4 provide the first-shell
Ir−O coordination number (CN) of 5.7, which is very close to
the theoretical value of Cooct−O (CN = 6.0) in Co3O4 (Figure
S1 and Table S1). In addition, the CN value of the second
shell obtained by summation of the values for Ir−Ir and Ir−
Cooct species reaches 6.7, which is also close to that of Cooct−

Cooct (CN = 6.0) but very different from that of Cotet−Cotet
(CN = 12.0) in Co3O4. It is also found that the interatomic
distance of Ir−Cooct in Ir0.06Co2.94O4 (2.91 Å) is very close to
that of Cooct−Cooct (2.90 Å) in Co3O4 but different from that
of Cotet−Cotet (3.50 Å). These results clearly support the
conclusions of Raman spectra that the majority of Ir ions in
Ir0.06Co2.94O4 occupy the position of Cooct sites and coordinate
with the lattice oxygen of Co3O4.

Structure Elucidation. A careful inspection of the X-ray
diffraction (XRD) patterns permits an unambiguous identi-
fication of multiple weak and broad diffuse scattering peaks on
the pattern of Ir0.06Co2.94O4, which are totally absent on the
spectrum of Co3O4 that adopts an Fd3m symmetry (Figure
2a). Three representative peaks at 2θ of ∼16°, ∼22°, and ∼24°
can be assigned to the (110), (200), and (210) reflections of a
cubic structure. They originate from the simultaneous breakage
of F centering and diamond glide plane symmetry of the
Co3O4 lattice because of the Ir substitution. Similar
phenomena are observed in a defective MOF system.30 In
addition, a careful examination of the XRD patterns excludes
the possibility that these reflections may originate from other
impurity phases (Figure S2). Importantly, the appearance of
these diffuse scattering peaks is a strong indication that the Ir
substitution is the short range correlated to coherent lengths
characterized by respective peak widths. Accordingly, we
simulated an XRD pattern based on the model of
Ir0.06Co2.94O4, where Ir ions occupy the octahedral sites in
the spinel structure with a short-range order (Figure 2b and
Table S2). This coincides with the observed Ir−Ir pair by WT-
EXAFS analysis.

Figure 2. Structural elucidations of Ir0.06Co2.94O4. (a) Experimental and simulated XRD patterns of fresh Ir0.06Co2.94O4 and Co3O4. An anisotropic
coherent length (i.e., 8 nm along the ⟨011⟩ direction for correlated Ir substitution at Cooct sites) is used for Ir substituted Co3O4, while an isotropic
one is used for pure Co3O4. (b) Structural model of Ir-substituted cobalt spinel oxide in a polyhedral representation. (c) Upper: HAADF-HRSTEM
image of a typical Ir0.06Co2.94O4 nanocrystal after OER test projected along the ⟨233⟩ direction with Ir sites searched and labeled by yellow circles;
Lower: cluster distribution graph for correlated Ir sites (see the Methods section). (d) Calculated projection-specific pPDF profiles for
Ir0.06Co2.94O4 after OER test based on a statistical analysis of 4650 Ir sites labeled in multiple HAADF-HRSTEM images (upper: ⟨111⟩ projection;
lower: ⟨233⟩ projection). The navy and red bars refer to calculated pPDF histograms for the projected Cooct cationic lattice of the Co3O4
framework along ⟨111⟩ and ⟨233⟩ directions, respectively. A minimum Ir−Ir distance cutoff of 1.5 Å for pPDF calculation is used, and the first
calculated correlation bar of ⟨233⟩ projection is squeezed to 1/3 of the original height. (e) Mass fraction histogram of the identified projected
clusters with different numbers of correlated Ir dopant sites.
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A careful inspection of Z-contrast HAADF-HRSTEM image
of the Ir0.06Co2.94O4 hybrid after OER test suggests that the Ir
sites feature much brighter contrast compared with the Co3O4
framework (Figure 2c, upper). It is indicated that the majority
of Ir atoms are fully accommodated at the projected lattice
sites in the spinel phase while only a very small fraction is
distributed randomly on the surface. We analyzed a large
number of Ir sites along different projections, where the
coordinates of individual Ir sites and projected distance for the
correlated Ir sites can be accurately predicted and measured.
By labeling individual 4650 Ir sites in multiple-projection
images (Figures S3 and S4), the partial projected pair
distribution function (pPDF) of these sites can be directly
calculated. As shown in the projection-specific pPDF profiles
for ⟨111⟩ and ⟨233⟩ axes (Figure 2d), multiple sharp
correlation peaks unambiguously confirm that majority Ir
sites show a short-range correlation. A comparison with the
calculated pPDF histograms of the projected Cooct cationic
sublattice of Co3O4 along these projections confirms that these
Ir sites adopt an identical spatial correlation with the Co3O4
host lattice. Any deviation of Ir−Ir pair probability distribution
from that of the host cationic sublattice, especially at short Ir−
Ir separations, may arise from the additional energy
modulation on the correlated Ir substitution. Notwithstanding
this, the presence of several correlation peaks below 4 Å for
projected Ir−Ir pairs also indicates a high probability of local
clustering of Ir sites within the spinel framework. Although the
accurate 3D positioning of individual Ir sites is difficult from
the projected STEM images, identifying “projected Ir clusters”
over ultrathin regions with a few nanometers thickness offers a
sensible evaluation of the 3D clustering probability of Ir sites,
combined with the minimized channeling effect by using a low-
symmetry projection or slightly off-axis condition. The location
and size of such “projected clusters” defined by short-range
correlated Ir sites can be well determined based on the
projected nearest-neighbor distances between Cooct sites. After

proper labeling and classification of these Ir sites with short-
range order over the ultrathin edge regions of interconnected
and nanometer-sized Ir0.06Co2.94O4 hybrid particles, a demon-
strative distribution graph of projected Ir clusters along the
low-symmetry ⟨233⟩ projection can be produced as shown in
Figure 2c (lower). It indicates that the distribution of
nanodomains with correlated Ir substitution is inhomoge-
neous, and these nanodomains tend to aggregate within the
Co3O4 spinel framework. Furthermore, the relative population
of projected clusters with a certain size can be statistically
analyzed and evaluated in terms of the mass fraction (Figure
2e). Generally, it is found that the majority of Ir sites adopt
short-range order rather than exist as isolated sites within the
cationic lattice of Co3O4, and moreover the mass fraction of
clusters decreases as cluster size increases.

Atomic Structure Identification. From the magnified
atomic-resolution STEM images of the catalyst after OER test,
it is also possible to directly identify individual Ir sites with
brighter contrast in the spinel structure based on ⟨011⟩, ⟨111⟩,
and ⟨233⟩ projections (Figure 3). The explicit identification of
the Ir substitution sites can be achieved according to a
comprehensive simulation of the structural projections for both
Ir sites and diverse substitution configurations (Figures S5−
S7). Specifically, the seemingly distinct Ir sites can actually be
assigned to the structural projections from diverse symmetry-
equivalent ⟨011⟩ directions of the cubic spinel lattice with an
identical doping configuration, which is clearly visualized by
three representative structural projections of a geometry with
correlated Ir substitution at Cooct sites along the ⟨011⟩
direction and the corresponding simulated Z2 maps (Figure
3d). On the basis of the above observations, it is confirmed
that Ir preferentially substitutes the cationic Cooct sites in the
Co3O4 structure. Similar comparison can be made for
HRSTEM images taken along the other two directions (i.e.,
⟨111⟩ and ⟨233⟩ projections in Figure 3e,f). A schematic
illustration of the short-range correlated substitution of Ir sites

Figure 3. Atomic-resolution HAADF-HRSTEM images of Ir0.06Co2.94O4 after OER test from diverse projections. (a−c) Experimental HRSTEM
images with Ir sites labeled by red circles, (d−f) (upper) structural projections and (lower) simulated projected Z2-maps (a point spread function
width of 1 Å is used) along different symmetry-related ⟨011⟩, ⟨111⟩, and ⟨233⟩ directions of an identical doping configuration. These structural
projections can be well discriminated in the HRSTEM image, which are labeled by the dashed rectangles with different colors. Ir sites are
represented as large orange spheres. Topology illustration of (g) the octahedral cationic sites as a crs net (dia-e (blue): an edge net of dia topology
(purple)) and (h) interpenetrating crs net (blue) and dia net (yellow) representing the octahedral and tetrahedral cationic sites, respectively, in the
cobalt spinel oxide structure. The green polyhedron schematically illustrates the correlated substitution of Ir sites at the octahedral cationic sites.
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in the Cooct sublattice is shown in Figure 3g,h, which adopts a
crs topology with a 3D network composed of corner-shared
tetrahedra in a staggered fashion. This arrangement eliminates
the close-packing limitation in most metallic Ir phases that
usually adopt an fcu or hcp topology through the oxygen-
bridged noble metal arrangements.
Catalytic OER Performance. Electrocatalytic OER

performance of the synthesized and commercial catalysts was
evaluated in O2-saturated 0.1 M HClO4 electrolytes (Figure
4a). The onset potential of OER on Ir0.06Co2.94O4 catalyst was
determined to be around 1.45 V vs reversible hydrogen
electrode (RHE) by the rotating ring−disk electrode (RRDE)
measurement (Figure S8). At an overpotential of 300 mV
(1.53 V vs RHE), Ir0.06Co2.94O4 catalyst exhibits the best
performance of an outstanding OER current density of 5.99
mA cmox

−2 and a mass activity of 2511 A gIr
−1 (Figure 4a,b,

Figure S9 and Table S3). The mass activity of Ir0.06Co2.94O4
outperforms that of the commercial IrO2 catalyst by over 2
orders of magnitude and exceeds those of most noble-metal-
based catalysts reported so far (Table S4 and Figure S10). It is
also found that the activity of Ir-substituted Ir0.06Co2.94O4
catalyst greatly outperforms the conventional catalyst of
surface adsorbed Ir single atom sites on Co3O4 support
without any spatial correlation (denoted as Ir SA@Co3O4,
Figures S11 and S12).
We also prepared a series of Ir-substituted Co3O4

(IrxCo3−xO4) catalysts with different Ir ratios by adding
different amounts of Ir precursor. ICP-MS results indicate the
Ir ratios are x = 0.003, 0.01, 0.04, 0.06, and 0.16 (Table S5). It
is found that the Ir0.06Co2.94O4 sample shows the best
performance while the other samples exhibit poorer activity

(Figure 4c,d, Figures S13 and S14, Table S6). The poor
performance of the samples with small Ir percentages may be
due to the limited spatial ordering, while the sample with
largest Ir percentage may suffer from reduced use of Ir sites.
Importantly, it is also indicated that most of IrxCo3−xO4
catalysts show enhanced activity in comparison with that of
Ir SA@Co3O4 catalyst (Figure 4a,d), suggesting that Ir sites
alone are not the active sites for OER. Additionally, the greatly
enhanced catalytic activity on Ir0.06Co2.94O4 catalyst in
comparison with that of pure Co3O4 demonstrates that Co
sites alone are not the active sites for OER either. Therefore,
we propose that in the Ir0.06Co2.94O4 catalyst the real active
sites are nanodomains consisting of Ir octahedral sites with a
short-range correlation and an enclosure of the Co sites, which
contribute cooperatively to the enhanced OER activity. In
addition, a Tafel slope of 45 mV dec−1 was obtained for the
Ir0.06Co2.94O4 catalyst, which is different from the slopes for Ir
SA@Co3O4 and pure Co3O4, suggesting an electrochemical
oxide path mechanism for this catalyst31 (Figure S15).

Corrosion Resistance in OER. The long-term stability of
Ir0.06Co2.94O4 catalyst under highly corrosive and oxidative
conditions was investigated by a constant current chronopo-
tentiometry at a current density of 10 mA cm−2 (Figure 4e).
An ultralong continuous OER electrocatalysis for over 200 h
can be offered by Ir0.06Co2.94O4. In contrast, because of the
weak interaction between Ir sites and a Co spinel oxide
support, the Ir SA@Co3O4 catalyst exhibits much worse
stability in comparison to that of Ir0.06Co2.94O4 (Figure S16).
As seen in the Figure 4e inset, Co3O4 displays major redox
peaks at ∼1.53 V vs RHE corresponding to the Co(III)/
Co(IV) transition.32 The oxidation of Co(III) can lead to the

Figure 4. OER performance evaluation of various electrocatalysts. (a) Polarization curves normalized to the surface area of disk electrodes made
from Ir0.06Co2.94O4, Ir SA@Co3O4, Co3O4, and commercial IrO2 catalysts in O2-satuated 0.1 M HClO4. (b) Comparison of the mass activity of
various catalysts as a function of overpotential. (c) LSV curves of IrxCo3−xO4 catalysts normalized to the mass of Ir. (d) Comparison of the mass
activity of IrxCo3−xO4 and Ir SA@Co3O4 catalysts at 1.53 V vs RHE. (e) Constant current chronopotentiometric stability measurements at an
anodic current density of 10 mA cm−2 for Ir0.06Co2.94O4. Inset is CV curves of Ir0.06Co2.94O4 and Co3O4. (f) The dissolved Co (left-y axis) and Ir
(right-y axis) ion concentrations measured for Ir0.06Co2.94O4 (hollow points) and Co3O4 (solid points) in electrolyte by ICP-MS.
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formation of high-valence sites such as CoOx(OH)y,
33 which

dissolve during OER process and result in an irreversible loss
of active sites (Figure S17). By contrast, the Ir0.06Co2.94O4 plot
indicates no apparent redox peak before the onset potential of
OER, suggesting such a transition was suspended due to Ir
substitution. This is further supported by the ICP-MS
measurements of the dissolved Co and/or Ir ion in electrolytes
during the OER process exceeding 200 h (Figure 4f). For the
Ir0.06Co2.94O4 catalyst, the dissolved Co and Ir ion concen-
trations slightly increased during the first few hours of aging
period and are stabilized at a low level of 12.8 and 0.8 ppb
afterward. Such a low concentration for Co ion is even lower
than that obtained for pure Co3O4 catalyst after a 2 h OER
process. It is worth mentioning that the slight dissolution of
surface Co sites in the Ir0.06Co2.94O4 catalyst during the first
few hours of OER is to a certain extent consistent with the
previous reports that transition metal species underwent
surface leaching in acidic OER conditions.18,19 After the initial
period of aging, the newly derived catalyst exhibited an
improved corrosion resistance in comparison with that of pure
Co3O4, which is further supported by the fact that the ratio of
Co and Ir species in Ir0.06Co2.94O4 after the OER stability test is
almost identical with that of the fresh catalyst (Table S7).
A series of in situ and ex situ characterizations were

conducted to elucidate the corrosion resistance of the
Ir0.06Co2.94O4 catalyst regarding Co and Ir species, respectively.
As shown in in situ Raman experiments conducted during OER
process (Figure 5a,b and Figure S18), the Ir0.06Co2.94O4
catalyst shows no obvious surface phase evolution throughout

the whole process of OER, while the pure Co3O4 catalyst
undergoes evident loss of its original surface structure.
Furthermore, we investigated the chemical nature of Co spinel
oxide framework during OER process by recording Co K-edge
XANES and FT-EXAFS spectra for Ir0.06Co2.94O4 under
different oxidative potentials. As is shown in Figure 5c,d, no
obvious increase in the Co oxidation state is observed.
Additionally, the corresponding FT-EXAFS spectra probe the
average coordination environment of Co sites, which remain
nearly unaltered and confirm the negligible structural trans-
formation, agreeing well with in situ Raman results. The above
observations indicate that Co species in the Ir0.06Co2.94O4
catalyst adopt nearly identical structure before and after the
OER experiments.
With regard to the possible in situ generation of surface Ir

oxide phase as suggested by some other studies,34,35 we present
the selected area electron diffraction (SAED) patterns for post-
OER Ir0.06Co2.94O4 catalyst, which only demonstrate the
characteristic reflections of Co3O4, while those for Ir oxide
phase are absent (Figure S19). This agrees with the results
concluded from ICP-MS (Figure 4f). The atomic-resolution
HRSTEM imaging and electron energy loss spectroscopy
(EELS) analysis was also conducted to probe the possible
evolution in the electronic structure of the post-OER
Ir0.06Co2.94O4 catalyst. It is shown that the shapes and positions
of the Co-L2/L3 energy loss peaks are identical among different
regions throughout the post-OER Ir0.06Co2.94O4 nanoparticle
(Figure S20), implying the consistent Co valence state and
thus ruling out the surface evolution of the catalyst during

Figure 5. Corrosion resistance evaluation of Ir0.06Co2.94O4. (a, b) In situ Raman spectroscopy measurements for OER occurring on Ir0.06Co2.94O4
and pure Co3O4 catalysts at various potentials vs Ag/AgCl. All the characteristic bands (A1g at ∼690 cm−1, F2g(1−3) at ∼197, 484, and 523 cm−1,
and Eg at ∼620 cm−1 originate from Co spinel oxide) of the Ir0.06Co2.94O4 catalyst are well maintained during OER experiments . The band at ∼930
cm−1 comes from (ClO4

−) in 0.1 M HClO4 electrolyte. (c) Co K-edge XANES spectra and (d) FT-EXAFS spectra of Ir0.06Co2.94O4 catalyst under
open circuit potential (OCP) and various potentials (1.4, 1.6, and 1.8 V vs RHE) of the OER process. (e) Atomic resolution HRTEM images of the
post-OER Ir0.06Co2.94O4 catalyst along with their enlarged edge regions (e2 and e3 correspond to the green boxes in e1). (f) Mass fraction histogram
of identified projected clusters in the Ir0.06Co2.94O4 catalyst before OER with different numbers of correlated Ir dopant sites. The inset shows the
distribution map for those correlated Ir sites on a typical HRSTEM image taken along the ⟨233⟩ zone axis.
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OER. In addition, for post-OER Ir0.06Co2.94O4 catalyst, the
majority of Ir sites are confirmed to occupy the Cooct sites
rather than the Cotet sites in the spinel structure by correlating
the labeled Ir sites with indexed Cooct and Cotet sites in the
⟨110⟩ projected spinel structures (Figure S21). To investigate
the possible structure change of the catalyst during OER
process, we also performed HAADF-HRSTEM character-
ization of fresh Ir0.06Co2.94O4 catalyst. Representative images of
both fresh and post-OER catalysts confirm the correlated
doping of Ir sites in the spinel framework rather than the
presence of IrOx nanoparticles (Figure 5e and Figure S22).
Notwithstanding this, the spatial correlation of incorporated Ir
sites in the spinel structure should be compared between
catalysts before and after OER test. The pPDF profiles of both
fresh and after-OER catalysts (total 7919 Ir atoms analysis)
exhibit sharp correlation peaks for identified Ir atomic pairs,
which confirms that the short-range correlation of Ir sites is
also well-preserved after OER process (Figure 2d and Figure
S23). Additionally, the statistical analysis of these Ir atomic
columns permits the determination of spatial correlations of
these Ir sites (Figures 2e and 5f, Figure S24). Therefore, by
taking together the results from ICP-MS, in situ spectroscopy,
and HAADF-HRSTEM imaging, it is demonstrated that
despite the dissolution of minor amount of defective or weakly
bonded surface species at the early stage, the majority of active
sitesthe nanodomains with correlated Ir substitutions and
enclosed Co sitesare well-preserved after the OER process.
Electronic Structure Analysis. We performed the density

functional theory (DFT) calculations to understand the noble-
metal-like electrocatalytic properties of Ir0.06Co2.94O4 by
constructing Ir−Co11O16 and Co12O16 models to represent

Ir0.06Co2.94O4 and Co3O4 catalysts, respectively (Figure S25).
The valence band maximum edge (VBM, coincides with the
highest energy level occupied by electron states) of the Cooct
3d-band explains the electrochemical stability of Ir−Co11O16
during the OER process.36 As shown in the density of state
(DOS) plots (Figure 6a,b), a downshifted VBM of Cooct 3d-
band in Ir−Co11O16 refers to a lower tendency of the Cooct
sites to lose valence electrons, namely, to be (electro)-
chemically oxidized.37,38 This agrees well with the CV
observations that show the absence of Co(III)/Co(IV)
transition in Ir0.06Co2.94O4 during OER. In addition, the
DOS and electron localization function (ELF) plots (Figure
S26) indicate that compared to Co12O16, the data for Ir−
Co11O16 show the presence of a localized Ir 5d−O 2p state
near the Fermi level (Ef) within the band gap. This d-state
suggests that the Ir substitutions contribute to the boosted
OER catalytic activity because of the increased charge transfer
rate between the reaction intermediates and the catalyst
surface.39

Importantly, to investigate the difference of electronic
structure between correlated Ir sites and isolated Ir sites, an
Ir4−Co44O64 supercell model with Ir sites grouped into clusters
with different size was built (Figure 6c). It is found that the
relative energies of the corresponding configurations increase
with increased Ir cluster size (Figure S27), which indicates a
decreased population of larger clusters and agrees well with
above statistical analysis based on HADDF-HRSTEM analysis
(Figures 2e and 5f). We further investigated the electronic
structure of the most stable configurations by calculating the d-
band center of Ir−Cooct nanodomains, which is also well
correlated to the observed electrocatalytic activity. It is

Figure 6. Electronic structure analysis. (a) Partial DOS of pure Co12O16 (upper) and Ir−Co11O16 (lower). (b) Schematic illustration of
modification of DOS by Ir substitution, which exhibits the lowered VBM and the formation of localized Ir 5d−O 2p states (orange state) near the
Ef. (c) Schematic illustrations of Ir4−Co44O64 models showing Ir (indicated by yellow spheres) clusters with various sizes (gray rods represent the
Cooct−O bonds). The cluster size was determined by the interatomic distances among the Ir sites, which is indicated in figure (unit: Å). (d) The d-
band center of the Ir−Cooct domain consisting of Ir substitutions and the nearest-neighboring Cooct sites for configurations with different Ir cluster
size. (e) Relationship between the OER activity for Ir0.06Co2.94O4 and Ir SA@Co3O4 catalysts and d-band center of Ir−Cooct domain for
configurations with correlated and isolated Ir sites.
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demonstrated that in comparison to the configuration with
isolated Ir sites those with correlated Ir sites exhibit a
downshifted d-band center consisting of Ir substitutions and
the nearest-neighboring Cooct sites (Figure 6d). These
downshifted d-band center values can regulate the oxygen
intermediates adsorption energy on the Ir0.06Co2.94O4 catalyst
and contribute to the greatly enhanced OER activity.20 This
agrees well with the experimental finding that Ir0.06Co2.94O4
catalyst with correlated Ir sites has a much higher intrinsic
activity in comparison to that of Ir SA@Co3O4 catalyst with
isolated Ir sites (Figure 6e). This observation also supports our
conclusion that the active site in Ir0.06Co2.94O4 catalyst is the
correlated Ir substitution and an enclosure of Co sites.

■ CONCLUSIONS
To summarize, we report a simple strategy to allocate noble
metal atoms with identical atomic spatial correlations in TMO
host structures, which greatly diversifies the noble metal
analogues and offers promising geometric and electronic
properties toward target electrocatalytic reactions. The
extremely high mass activity and significantly improved
corrosion resistance make Ir0.06Co2.94O4 one of the best acidic
OER electrocatalysts reported so far. The synergistic effects
between Ir species and Co3O4 host framework arise from
correlated Ir sites dictated by the topology of the Cooct cationic
sublattice and contribute to the attractive catalytic perform-
ance. Such a hybrid geometry secures a unique electronic
structure distinct from either close-packed Ir nanoparticles or
Ir single atoms adsorbed on the substrate. The origin of the
improved catalytic activity and corrosion resistance of
Ir0.06Co2.94O4 in acidic medium is attributed to the modified
electronic structure including the downshifted d-band center of
Co together with a band gap Ir-5d band as well as a deepened
valence band maximum. This work demonstrates how to
eliminate the inherent geometric limitations of noble metals to
create a large variety of analogues based on low-cost TMOs,
which hold a great potential for a wide range of applications
involving noble metals.

■ METHODS
Material Synthesis. ZIF-67 nanocrystals were synthesized by a

surfactant-mediated method reported previously.40 In a typical
procedure, 580 mg of cobalt(II) nitrate hexahydrate (Co(NO3)2·
6H2O) was dissolved in 20 mL of deionized (DI) water containing 30
mg of hexadecyltrimethylammonium bromide (CTAB). Then, this
solution was injected into 140 mL of aqueous solution with 9.08 g of
2-methylimidazole and stirred at room temperature for 60 min. The
purple precipitate was collected by centrifugation and washed with
ethanol five times. For the preparation of Ir0.06Co2.94O4 catalyst, an ion
exchange process was performed before pyrolysis. Typically, 100 mg
of ZIF-67 nanocrystals was dispersed in 50 mL of DI water; then 9.5
mg (2 mmol L−1) of sodium hexachloroiridate(III) hydrate
(Na3IrCl6·xH2O) were dissolved in 10 mL of DI water and added
into the ZIF-67 solution slowly under stirring conditions. The
reaction was quenched by centrifuging the suspension after 3 h; the
precipitate was collected and washed twice with DI water and three
times with ethanol. The Ir0.06Co2.94O4 nanocrystals were obtained
after drying the precipitate at 60 °C overnight in a vacuum oven and
pyrolyzed at 300 °C in air for 4 h.
The synthesis of IrxCo3−xO4 was performed by the same ion

exchange-pyrolysis procedure as that for Ir0.06Co2.94O4 but with
different concentrations of Na3IrCl6·xH2O (0.04, 0.2, 1, and 20 mmol
L−1). The corresponding products of IrxCo3−xO4 with x = 0.003, 0.01,
0.04, and 0.16 were determined by ICP-MS. The synthesis of Ir SA@
Co3O4 was performed by immersing presynthesized Co3O4 nano-

particles in the solution of Ir salt. Later, sodium borohydride was
added to reduce Ir salt as well as immobilize Ir atoms to obtain the
final product. The mass ratio of Ir in Ir SA@Co3O4 determined by
ICP-MS was to be about 0.7 wt %.

Materials Characterization. XRD data were collected on a
Rigaku MiniFlex 600 X-ray diffractometer. Raman spectra were
collected by using a HORIBA Scientific Raman spectroscopy
instrument (laser excitation at 532 nm). ICP-MS analysis was
conducted to detect the doping amounts of noble metals in catalysts
by using an Agilent 7500cx instrument with attached laser ablation
system. The synchrotron-based XPS characterization was performed
on the soft X-ray spectroscopy beamline in the Australian
Synchrotron Radiation Facility, Melbourne. The EXAFS measure-
ments were performed at the beamline 14W1 in the Shanghai
Synchrotron Radiation Facility. The raw absorption data were first
background subtracted by fitting the pre-edge by using a least-squares
method, and then all spectra were normalized to one at energies far
from the edge.

HRSTEM Imaging and Analysis. HAADF-STEM images were
recorded by using a FEI Titan G2 80-300 microscope at 300 kV
equipped with a probe corrector. Projected Z2-map simulations were
performed by by using the qSTEM program.41 After flat-field
correction and background subtraction, the position searching,
refining, and labeling of projected Ir sites with brighter contrast in
the HRSTEM image were performed by using CalAtom software42

with a multiple-ellipse-fitting (MEF) method.43 The coordinates of
refined positions for those projected Ir sites were manually checked to
exclude mislabeled sites and then extracted for future analysis.

The pPDF (gIr−Ir(r)) defined by using the probability of Ir−Ir pairs
separated by a projected distance r according to the equation
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where ρ(r) and ρ refer to local (i.e., at a distance of r) and mean
atomic densities. The former can be calculated by summing up the
counted atoms (Ni) separated by a distance between r and r + dr (dr
refers an interval of 0.25 Å used here) from a reference atom, which is
normalized by the number of reference atoms (Nref) and the projected
area of 2πr dr.

The extracted coordinates of Ir sites are grouped into clusters once
the measured distance between any two of these Ir sites are within the
maximum projected nearest-neighbor distance between Cooct sites
along a specific projection. The cluster distribution graph for
correlated Ir sites is generated pixel by pixel. Each pixel is assigned
into a specific cluster by evaluating the shortest distance from any Ir
site as a member of this cluster.

Electrochemical Measurements. Electrocatalyst ink was pre-
pared by dispersing a freshly synthesized catalyst powder (2 mg) in a
solution containing distilled water (Milli-Q, 965 μL) and 5 wt %
Nafion solution (35 μL) followed by ultrasonication for 2 h. Ten
microliters of catalyst ink was then deposited onto a polished Au-
electrode (diameter = 5 mm, area = 0.196 cm2, Pine Research
Instrument). All electrochemical experiments were performed in a
three-electrode glass cell with an Au wire as the counter electrode and
an Ag/AgCl as the reference electrode (Pine Research Instrumenta-
tion). The 0.1 M HClO4 electrolyte solution was prepared by diluting
70% HClO4 with Milli-Q water. The reference electrode was
calibrated in H2-saturated 0.1 M HClO4 solution. All potentials
were converted to the RHE and corrected for iR compensation. The
OER measurements were conducted in O2-saturated 0.1 M HClO4
electrolyte with a CHI potentiostat (CHI 760D) at a rotating speed of
1600 rpm. The LSV curves of the catalysts were obtained with a scan
rate of 5 mV s−1.

DFT Calculations. DFT calculations were performed by using the
Vienna ab initio Simulation Package (VASP).44,45 The exchange-
correlation interaction was described by generalized gradient
approximation (GGA) with the Perdew−Burke−Ernzerhof (PBE)
functional.46 The projector augmented wave (PAW) pseudopotential
scheme was used, and the force and energy convergence tolerance
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values with respect to plane-wave cutoff and K-point density were set
to be 0.01 eV Å−1 and 10−5 eV, respectively.47 Free energies and
formation energies of all the compounds were obtained by using the
GGA-DFT plus Hubbard-U framework (GGA+U). Ferromagnetic
spin-polarized calculations were employed for all magnetic materials.
The GGA+U calculations were performed by using the model
proposed based on the TEM images with the Ueff (Ueff = Coulomb U
− exchange J) values of 4.4, 6.7, and 0.7 eV for Co2+, Co3+, and Ir,
respectively.48,49 A Gaussian smearing of 0.1 eV was applied during
the geometry optimization, while for the DOS computations, a
tetrahedron method with Blöchl correction and a dense 8 × 8 × 8
Monkhorst−Pack K-points was employed.
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Determination of the mass activity and cost of catalysts 

For simplification, we calculated the mass activity of Ir0.06Co2.94O4 based on the mass ratio of Ir 

because of the significantly higher price of Ir ($52.6 per gram) in comparison with that of Co ($33.0 

per kilogram). Considering the aging process of Ir0.06Co2.94O4 catalyst under OER conditions, the 

mass activity of Ir0.06Co2.94O4 was achieved on the after-aging catalyst with Ir mass determined by 

ICP-MS. The cost of Ir0.06Co2.94O4 is approximately $2.6 per gram (based on 4.93 wt% Ir), which is 

lower than that of the state-of-the-art OER catalyst IrO2 (~$44.8 per gram) and RuO2 (~$6.6 per gram, 

calculated using ruthenium price of $8.7 per gram). 

Determination of surface area of catalysts 

The double layer capacitance Cdl of the electrocatalysts was evaluated based on the CV data in a non-

Faradaic potential window from 0.823 to 0.923 V. The current densities obtained from the CV curves 

at 0.873 V were measured at different scan rates (2, 4, 6, 8, 10, 20, 40, 60, 80 and 100 mV s-1) and 

plotted as a function of the scan rate; the slope of the appropriate linear portion is equal to Cdl. The 

surface roughness factor (Rf) was calculated by dividing the obtained Cdl by the specific capacitance 

of a given metal oxide with smooth planar surface1, which is generally assumed as 0.06 mF cm-2. The 

surface area of a given electrocatalyst was obtained by multiplication of the electrode geometrical 

area by Rf and then normalized to the mass of the loaded electrocatalyst. 

TOF calculation 

The turnover frequency (TOF) values for IrxCo3-xO4 were calculated by a similar method to that 

reported previously2: 

         TOF = 
������ �� ������ ���������

������ �� ������ �����
 

where the number of oxygen molecules (NO) was obtained from the current density normalized to the 

surface area of the catalyst, jcatalyst, and the surface area of catalyst, Acatalyst, using the following 

equation: 

         NO = jcatalyst (
�� 

���) ⨯ Acatalyst (cm2) ⨯ (
��/� 

���� ��
) ⨯ (

� ��� �� 

�� ��� �
) ⨯ (

� ��� �� 

� ��� �� ) ⨯ (
�.��⨯ ���� ��

� ��� ��
) 

Taking Ir0.06Co2.94O4 as an example and considering activation of Co sites by Ir dopant (one Ir site 

and surrounding Co sites can be considered as one integral active site), the number of active sites (NA) 

for a given Ir0.06Co2.94O4 is estimated by the number of Ir atoms according to the following equation: 

 NA = loading mass of catalyst (μg) ⨯ Ir mass percentage ⨯ (
���� ��

��� �
) ⨯ (

�.��⨯ ������ �����

� ��� ��
) 

For the purpose of comparison, the TOF values for Co3O4 and IrO2 were also calculated, where the 

number of active sites was determined by calculating the number of all Co and Ir atoms in the 

respective OER electrocatalyst. 
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Determination of d-band centre 

The d-band centre (�d) was determined as the weighted DOS centre of d-band as: 

        �d = 
∑����� 

∑���
 

where ri is the DOS at energy �i. 
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Fig. S1. (a-c) k3-weighted k-space Ir L3-edge experimental and fitting spectra of Ir0.06Co2.94O4 and 

references. (d-e) Corresponding k3-weighted r-space Ir L3-edge experimental and fitting spectra of 

Ir0.06Co2.94O4 and references. 
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Fig. S2. XRD patterns of Ir0.06Co2.94O4 and the characteristic peaks of possible phases and impurities. 
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Fig. S3. STEM images of Ir0.06Co2.94O4. (a1) - (c1) with marked Ir doped species, while (a2) - (c2) 

are the corresponding raw images.  
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Fig. S4. HRSTEM images of Ir0.06Co2.94O4. (a1) - (d1) with marked Ir doped species, while (a2) - (d2) 

are the corresponding raw images. 
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Fig. S5. Structural projections along all symmetry-equivalent <011>, <111> and <233> directions 

with a full column of octahedral sites substituted by Ir atoms. The blue, yellow and red spheres refer 

to cobalt, iridium and oxygen atoms, respectively.  
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Fig. S6. Structural projections along all symmetry-equivalent <011>, <111> and <233> directions 

with a half column of octahedral sites substituted by Ir atoms. Colors are the same as in Fig. S5. 
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Fig. S7. Structural projections along all symmetry-equivalent <011>, <111> and <233> directions 

with a single octahedral site substituted by Ir atom. Colors are the same as in Fig. S5. 
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Fig. S8. Rotating ring disk electrode (RRDE) polarization curve recorded at the scan rate of 5 mV s-

1 for Ir0.06Co2.94O4 with an electrode rotation speed of 1600 rpm. The ring potential was kept constant 

at 0.4 V vs. RHE, when the oxygen generated at the disk electrode was reduced to OH-.  
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Fig. S9. CVs measured for (a) Co3O4, (b) Ir0.06Co2.94O4 and (c) commercial IrO2 in 0.1 M HClO4 at 

different scan rates of 2, 4, 6, 8, 10, 20, 40, 60, 80 and 100 mV s-1. (d) The corresponding plots of the 

current density at 0.873 V vs. the scan rate.  
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Fig. S10. Performance comparison for Ir0.06Co2.94O4 with the state-of-the-art (a) Ir and IrO2 catalysts 

and (b) RuO2 catalysts based on references 3, 4, 5 and 6 

0.82 0.84 0.86 0.88 0.90 0.92

-15

-10

-5

0

5

10

15

2 mV s
-1

100 mV s
-1

C
u

rr
e

n
t 

d
e

n
si

ty
 (


A
 c

m
-2
)

Potential (V vs. RHE)

Co
3
O

4

0.82 0.84 0.86 0.88 0.90 0.92

-25

-20

-15

-10

-5

0

5

10

15

2 mV s
-1

100 mV s
-1

C
u

rr
e

n
t 

d
e

n
si

ty
 (


A
 c

m
-2
)

Potential (V vs. RHE)

Ir0.06Co2.94O4

0.82 0.84 0.86 0.88 0.90 0.92
-50

-40

-30

-20

-10

0

10

20

30

40

50

2 mV s
-1

100 mV s
-1

C
u

rr
e

n
t 

d
e

n
si

ty
 (


A
 c

m
-2
)

Potential (V vs. RHE)

com. IrO
2 

0 20 40 60 80 100

0

10

20

30

40

50
 Co

3
O

4
               0.113 mF cm-2

 Ir
0.06

Co
2.94

O
4
     0.126 mF cm-2

 com. IrO
2
         0.386 mF cm-2

C
u

rr
e

n
t 

d
e
n

si
ty

 (


A
 c

m
-2
)

Potential (V vs. RHE)

a b

c d

111



13 
 

 

Fig. S11. (a) HRSTEM image of Ir SA@Co3O4, which clearly demonstrates Ir single atoms with 

yellow circles. (b) XRD patterns of Ir SA@Co3O4 in comparison with those of Ir0.06Co2.94O4 and pure 

Co3O4. Different from Ir0.06Co2.94O4, the Ir SA@Co3O4 catalyst exhibits an identical XRD pattern of 

Co spinel oxide without any additional reflections. 

 

 

 

 

 

 

Fig. S12. Mass activity and TOF plotted as a function of the potential for various catalysts. 
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Fig. S13. LSV curves normalized to (a) the geometric area of the disk electrode and (b) the surface 

area of IrxCo3-xO4 catalysts. (c, d) The Ir percentage dependence of the apparent activity (based on 

the data in panel a) and intrinsic activity (based on the data in panel b) for different catalysts. Their 

apparent and intrinsic activities exhibit similar trends as Ir0.06Co2.94O4 showing the best performance 

while the activity of other samples decreases with decreasing Ir ratio. We propose that the relatively 

poor performance of catalysts with lower ratios of Ir substitutions is due to the absence of ordering 

among Ir sites, while the catalyst with higher Ir substation ratio can suffer from reduced use of Ir sites. 
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Fig. S14. CV curves and the corresponding plots of the current density at 0.873 V vs. the scan rate 

for various electrocatalysts.  

 

 

 

 

 

 

Fig. S15. Tafel plots of (a) Ir0.06Co2.94O4, (b) Ir SA@Co3O4 and (c) pure Co3O4 catalysts. 
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Fig. S16. Constant current chronopotentiometric stability measurement at an anodic current density 

of 10 mA cm-2 for Ir SA@Co3O4 in 0.1 M HClO4. 

 

 

 

 

 

Fig. S17. Constant current chronopotentiometric stability measurements at anodic current density of 

10 mA cm-2 for Co3O4 in 0.1 M HClO4.  
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Fig. S18. In-situ Raman spectroscopy measurements for OER occurring on Ir0.06Co2.94O4 and Co3O4 

catalysts. The spectra were recorded at different time under a constant potential of 1.4 V vs. Ag/AgCl. 

All the characteristic bands (A1g at ~690 cm-1, F2g(1-3) at ~197, 484, 523 cm-1 and Eg at ~620 cm-1 

originating from Co spinel oxide) of the Ir0.06Co2.94O4 catalyst are well maintained during continuous 

OER experiments under a constant potential of 1.4 V. By contrast, for the Co3O4 catalyst, the Raman 

bands belonging to the Co3O4 phase decrease significantly and almost no characteristic Raman bands 

belonging to cobalt spinel oxide can be observed after two-hour continuous OER process. The band 

at ~930 cm-1 comes from (ClO4
-) in 0.1 M HClO4 electrolyte.  
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Fig. S19. (a-c) Randomly chosen spots in the Ir0.06Co2.94O4 catalyst after the OER testing for selected 

area electron diffraction (SAED) analysis. (a1-3, b1-3, c1-3) SAED patterns recorded for the marked 1, 

2 and 3 regions in (a-c), respectively. 
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Fig. S20. (a) Atomic resolution HAADF image of a randomly chosen region in the post-OER 

Ir0.06Co2.94O4 catalyst for EELS. (b) EELS spectra corresponding to the collection points marked by 

numbers in (a). 

 

 

 

 

 

Fig. S21. (a) HRTEM image of the Ir0.06Co2.94O4 sample after the OER from zone <110> with an 

unambiguous distribution of distinct sites, which are octahedral and tetrahedral. (b) The theoretical 

positions of different sites and Ir-substituting atom columns from experimental observation (a) are 

separated by marking them with blue (octahedral), red (tetrahedral) dots and yellow circles (Ir-

substitution).  
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Fig. S22. HRSTEM images of (a, b) fresh and (c, d) post-OER Ir0.06Co2.94O4 catalysts. 
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Fig. S23. The pPDF profiles for <111> and <233> projections for Ir0.06Co2.94O4 before OER test 

(achieved by labelling individual 3269 Ir sites in multiple-projection images). The navy and red bars 

refer to calculated pPDF histograms for the projected Cooct cationic lattice of the Co3O4 framework 

along <111> and <233> directions, respectively.  

 

 

Fig. S24. (a) A typical HRSTEM image taken along <233> zone axis of the Ir0.06Co2.94O4 catalyst 

before OER test, with Ir sites labelled by yellow circles. (b) Fitted, optimized and extracted 

coordinates for these Ir dopant sites. 
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Fig. S25. Structure models of (a) pure Co12O16 and (b) Ir-Co11O16. 

 

 

 

 

 

 

Fig. S26. ELF analysis of (a) Co12O16 and (b) Ir-Co11O16. (c) ELF plots of Co12O16 (upper) and Ir-

Co11O16 (lower) along the (0 1 0) plane with an isosurface value of 0.2 e Å-3. 
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Fig. S27. Calculated relative energies of the Ir4-Co44O64 models with different Ir cluster sizes. The 

configuration with the lowest free energy is defined as 0 eV and the relative energies of the other 

configurations were determined accordingly.  
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Table S1. Fitting parameters of Fourier transform Ir L3-edge XAFS data for Ir0.06Co2.94O4, IrO2 and 

Ir foil. 

 Sample  CN Bond length σ2(10-3 Å2) 

Ir0.06Co2.94O4 

Ir-O 5.7 2.01 5.0 

Ir-Co 4.4 2.91 4.6 

Ir-Ir 2.3 2.75 5.5 

IrO2 Ir-O 6* 2.01 5.4 

Ir foil Ir-Ir 12* 2.71 3.1 

CN, coordination number; σ2, Debye-Waller factor; Error limits (accuracies) were estimated as 

follows: CN, ±10%; bond length, ±1%; σ2, ±10%. * refers to the fixed coordination number according 

to the standard crystal structure. 

 

 

Table S2. Simulation conditions of the XRD patterns. 

Parameters Value 

Model 

 

Substitution sites Cooct 

Dopants Ir 

Diffractometer Bragg-Brentano 

Wavelength 
1.54056 (I1)/1.54439 (I2) Å, 

I2/I1 = 0.5 

Profile Pseudo-Voigt 

2θ range 5 ~ 90º 

Coherent lengths 8 nm along <110> 
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Table S3. Comparison of the surface parameters, mass activity, intrinsic activity and TOF values for 

Ir0.06Co2.94O4, Co3O4 and commercial IrO2 electrocatalysts investigated in 0.1 M HClO4. 

Samples 
Cdl  

(mF cm-2) 
Rf 

Surface 
areaa 

(m2 g-1) 

Mass 
activityb (A 

g-1 noble 
metal) 

Intrinsic 
activityb 
(mA cm-2 
catalyst) 

TOFb (s-1) 

Ir0.06Co2.94O4 0.126 2.10 2.1 2511 5.99 1.25 

Co3O4 0.113 1.88 1.8 - 0.059 0.00022 

IrO2 0.386 6.43 6.3 9 0.12 0.0042 

a: the surface area was calculated by multiplying the electrode geometrical area by Rf and then 

normalized by taking into account the loading mass of electrocatalysts; b: the mass activity, specific 

activity and TOF values were obtained from the current density values at an overpotential of 300 mV. 

The mass activity of Ir0.06Co2.94O4 was achieved on the after-aging catalyst with Ir mass determined 

by ICP-MS. 
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Table S4. Comparison of the reported noble metal-based electrocatalysts in acidic media. 

Catalyst Electrolyte 
Overpotential 

(mV) 
Mass activity (A g-1) Loading amount Ref 

Ir0.06Co2.94O4 
0.1 M 
HClO4 

292@10 mA cm-2 
2511 A gIr

−1@ 1.53 
V 

5 μgIr·cm-2 
This 
work 

r-RuO2 
0.1 M 
HClO4 

450@10;250@10 
μA cmox

−2 
11 A gox

−1 @ 1.48V 0.05 mgox cm-2 3 

r-IrO2 
0.1 M 
HClO4 

435@10;250@4 
μA cmox

−2 
3 A gox

−1 @ 1.48V 0.05 mgox cm-2 3 

RuO2 
0.1 M 
HClO4 

 
~200 A gRu

−1 @ 
1.47V 

 4 

(P)-RuO2 
0.05 M 
H2SO4 

 
~1200 A gRu

−1 @ 
1.47V 

 5 

(T)-RuO2 
0.5 M 
H2SO4 

 
~580 A gRu

−1 @ 
1.47V 

 5 

IrNi nanowires 
0.1 M 
HClO4 

 1650 A gIr
-1 @ 1.53V 27.7 μgIr cm-2 6 

Cu doped RuO2 
0.5 M 
H2SO4 

188 @ 10 mA cm-2  
~0.275 mg cm-2 (0.251 

mgRu cm-2) 
7 

IrW 
nanodendrites 

0.1 M 
HClO4 

300 @ 8.1 mA cm-

2 
 10.2 μgIr cm−2 8 

Ru1-Pt3Cu 
0.1 M 
HClO4 

220 @ 10 

779 A gPt+Ru
−1 

6615 A gRu
−1 

@ 1.51 V 

0.0163 mgPt+Ru cm−2 

0.00192 mgRu cm−2 
9 

Ir-STO 
0.1 M 
HClO4 

247 @ 10 
820 A gIr

−1@ 1.525 
V 

0.21 mg cm-2, 

0.0588 mgIr cm-2 
10 

Li-IrOx 
0.5 M 
H2SO4 

290 @ 10 100 A gIr
−1@ 1.52 V 50 μg cm-2 11 

SrCo0.9Ir0.1O3-δ 
0.1 M 
HClO4 

~300@10  
255 μg cm-2 

~23.5 μgIr cm-2 
12 

mesoporous Ir 
nanosheets 

0.5 M 
H2SO4 

240@10 ~260 A gIr
−1@ 1.5 V 136 μgIr cm-2 13 

IrCoNi PHNC 
0.1 M 
HClO4 

303@10  10.0 µgIr cm-2 14 

IrOx/ATO 
0.05 M 
H2SO4 

  10.2 μgIr cm-2 15 

Ba2YIrO6 
0.1 M 
HClO4 

~340@10  
15 μgoxide cmdisk

−2 

4.4 μgIr cm-2 
16 

IrNiOx 

/Meso-ATO 

0.05 M 
H2SO4 

~320@10 ~90 A gIr
−1@ 1.51 V 10.2 μgIr cm−2 17 

Ir WNWs 
0.5 M 
HClO4 

270@10  31 µgIr cm−2 18 

NPC@RuO2 
0.5 M 
H2SO4 

220@10  
0.357 mg cm-2 

0.064 mgRu cm-2 
19 
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IrNi 
0.1 M 
HClO4 

270@9.1  12.5 µgIr cm-2 20 

Ir/GF 
0.5 M 
H2SO4 

290@10 
200 A gIr

-1 @ 390 
mV 

0.82 mgIr cm-2 21 

IrNi0.57Fe0.82 
0.5 M 
HClO4 

284 @10  92 μg cm-2 22 

Pr2Ir2O7 
0.1 M 
HClO4 

290@10 
424.5 A gIr

−1 @ 
300mV 

0.057 mg cm-2, 

0.028 mgIr cm-2 
23 

NaRuO2 
0.1 M 
HClO4 

255@10 
42A gcatalyst

-1 @ 
250mV 

0.2 mg cm−2, 0.13mgRu 
cm-2 

 

24 

Ru@IrOx 
0.05 M 
H2SO4 

282@10 
645 A gcatalyst

−1@ 
330mV 

0.051 mgcatalyst cm-2 25 

Co-RuIr 
0.1 M 
HClO4 

235@10  0.051 mgcatalyst cm-2 26 

6H-SrIrO3 
0.5 M 
H2SO4 

248@10 ~76 A gIr
−1@ 1.525V 

0.90 mg cm-2, 0.528 
mgIr cm-2 

27 

P-IrCu1.4 
0.05 M 
H2SO4 

311@10 
~220 A gIr

−1 @ 
1.55V 

60 μgIr cm-2 28 

Li-IrSe2 
0.5 M 
H2SO4 

220@10 66 A gIr
−1 @ 1.45V 

250 μg cm-2, ~150 μgIr 

cm-2 
29 

UfD-RuO2/CC 
0.5 M 
H2SO4 

179@10  
0.52 mg cm-2, 0.395 

mgRu cm-2 
30 

ATO/IrO2 
0.5 M 
H2SO4 

210@1 63 A gIr
−1 @ 1.53V 50 μgIr cm-2 31 

a-RuTe2 PNRs 
0.5 M 
H2SO4 

245@10  
204 μg cm-2, 40.8 μgRu 

cm-2 
32 

Ir0.6Cr0.4Ox-350 
0.5 M 
H2SO4 

250@10 
55 A gIrO2

−1 @ 1.51V 
(~64 A gIr

−1) 
0.56 mg cm-2 33 

 

 

 

 

Table S5. Dopant ratios obtained for IrxCo3-xO4 by ICP-MS analysis. 

Sample 
Ir0.003Co2.997

O4 
Ir0.01Co2.99

O4 
Ir0.04Co2.96

O4 
Ir0.06Co2.94

O4 
Ir0.16Co2.84

O4 

Mass concentration of Ir in 
IrxCo3-xO4 (%wt) 

0.2 0.8 3.1 4.9 11.7 

Atomic concentration of Ir 
in IrxCo3-xO4 (%at) 

0.04 0.14 0.57 0.92 2.29 

Atomic ratio of Ir and Co 1: 1123.2 1: 294.1 1: 67.9 1: 45.8 1: 17.6 
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Table S6. Comparison of the surface parameters, mass activity, intrinsic activity and TOF values for 

IrxCo3-xO4, (x = 0.003, 0.01, 0.04, 0.16) electrocatalysts investigated in 0.1 M HClO4. 

Samples 
Cdl  

(mF cm-2) 
Rf 

Surface 
areaa 

(m2 g-1) 

Mass 
activityb (A 

g-1 noble 
metal) 

Intrinsic 
activityb 
(mA cm-2 
catalyst) 

TOFb (s-1) 

Ir0.003Co2.997O4 0.200 3.33 3.3 1863 0.13 1.05 

Ir0.01Co2.99O4 0.210 3.50 3.4 980 0.21 0.48 

Ir0.04Co2.96O4 0.179 2.98 2.9 628 0.67 0.32 

Ir0.16Co2.84O4 0.233 3.88 3.8 473 1.51 0.23 

a: the surface area was calculated by multiplying the electrode geometrical area by Rf and then 

normalized by taking into account the loading mass of electrocatalysts; b: the mass activity, specific 

activity and TOF values were obtained from the current density values at an overpotential of 300 mV. 

 

 

 

 

Table S7. Dopant ratios obtained for Ir0.06Co2.94O4 before and after OER process by ICP-MS tests. 

Sample Post-OER Fresh 

Mass concentration of Ir in 
IrxCo3-xO4 (%wt) 

4.8 4.9 

Atomic concentration of Ir in 
IrxCo3-xO4 (%at) 

0.93 0.92 

Atomic ratio of Ir and Co 1: 45.3 1: 45.8 
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Chapter 6 Spatial Structure Tuning of Correlated Single-Atom Platinum Sites for Acidic 

Hydrogen Evolution and Oxidation Electrocatalysis 

6.1. Introduction and Significance 

The design and fabrication of cost-effective catalysts is one of the major challenges in the 

development of heterogeneous catalysis. This is especially true for PEM fuel cells that are 

operated in harsh acidic environments and rely heavily on high-cost noble metal 

electrocatalysts. Up to date, the HER and HOR on platinum catalysts have attracted great 

research efforts yet the wide application is restricted by the scarcity of platinum. Reducing the 

usage and increasing the efficiency of platinum in catalysts is the vital target in this topic. 

Although much progress has been achieved in developing single-atom platinum catalysts 

towards HER/HOR, the effective tuning of their electronic structures towards substantial 

enhanced catalytic performance remains for further investigations. Here, we propose to 

regulate the spatial structure of the atomically dispersed platinum sites in the cobalt spinel 

oxide lattice to achieve significantly improved catalytic activity. The correlated platinum 

substitutions create unique spatial topologies and achieve modified hydrogen adsorption 

towards HER/HOR. The optimized Pt0.06Co2.94O4 catalyst exhibits a remarkable specific 

activity with an exchange current density of 3.78 mA cm
-2 

Pt , more than one order of magnitude 

higher than that of state-of-the-art commercial Pt/C catalyst (0.38 mA cm
-2 

Pt ). This work 

provides a great promise for the design of noble metal analogues with tunable geometries 

towards extensive applications.  
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6.2. Spatial Structure Tuning of Correlated Single-Atom Platinum Sites for Acidic 

Hydrogen Evolution and Oxidation Electrocatalysis 

This section is included as a manuscript to be submitted by Jieqiong Shan, Chao Ye, Yihan 

Zhu, Yao Zheng and Shi-Zhang Qiao, Spatial Structure Tuning of Correlated Single-Atom 

Platinum Sites for Acidic Hydrogen Evolution and Oxidation Electrocatalysis. 
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Abstract As two fundamental reactions in electrochemical energy conversion systems, hydrogen 

evolution (HER) and oxidation reactions (HOR) in acidic environments generally rely on the large usage 

of Pt, which suffers from low abundance in earth and high cost. There are generally two types of 

interactions (metal-metal interaction and metal-support interaction) in noble metal catalysts but are 

difficult to be regulated simultaneously. To improve the atomic efficiency and intrinsic catalytic 

performance of Pt-based HER/HOR catalysts, a promising strategy is to regulate the Pt–Pt interaction on 

Pt single-atom catalyst. Here we report the design of atomically isolated Pt sites with adjustable spatial 

structure in the lattice of cobalt spinel oxide. With optimized spatial structure and favourable hydrogen 

adsorption strength of correlated Pt substitutions, the Pt0.06Co2.94O4 catalyst exhibited more than one 

order of magnitude enhanced HER/HOR intrinsic catalytic performance in acidic environment in 

comparison with that of commercial 20 wt% Pt/C catalyst. This work provides promising solutions for 

135



the effective spatial regulation of atomically dispersed noble metal sites towards enhanced catalytic 

activity. 

 

Heterogenous catalysis, as a fundamental process in the generation and conversion of clean energy in 

response to the world-wide crisis of environment and energy, has attracted significant research interest 

yet relied heavily on the development of cost-effective catalysts1,2. Noble metals have been explored as 

highly efficient catalysts in many important and practical heterogenous catalytic applications because of 

their unique electronic structure and favourable adsorption energy towards reaction intermediates3. For 

example, platinum (Pt) has been regarded as the state-of-the-art catalysts in various electrocatalytic 

applications including hydrogen evolution reaction (HER) and hydrogen oxidation reaction (HOR) in 

acidic environment, which are key technologies in advanced proton-exchange membrane (PEM) based 

electrolyzers and fuel cells4. However, as the large-scale practical application of Pt-based HER/HOR 

catalysts is greatly inhibited by their elemental scarcity and high cost, the catalysts with high Pt atom 

usage and significantly improved catalytic performance in comparison of the commercial polycrystal Pt 

catalysts are particularly needed5. 

There are generally two types of interactions in metal-based heterogeneous catalysts: the interaction 

between metal atoms and the interaction between metal atom and support material6,7. To realize 

substantially boosted catalytic performance, the regulation of metal–metal interaction and metal–support 

interaction is often adopted to optimize the electronic structure of noble metal catalysts. Specifically, the 

metal–metal interaction exists in various noble metal geometric structures including metal bulk crystals 

or nanoparticles and can be adjusted by strategies such as alloying8,9, size control10, morphology 

modification11, etc. However, the small surface-to-volume ratios of bulk and nanoparticle noble metals 

lead to relatively low metal atomic efficiency and restricted regulation of metal–support interaction12. By 

contrast, the metal–support interaction has been widely investigated in supported single-atom catalysts 

(SACs), which are promising in increasing the atomic efficiency of noble metals in heterogeneous 
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catalysts13,14. For instance, the tailoring of electronic structure of noble metal single atoms can be 

achieved by modifying metal–support interactions and results in improved adsorption of reaction 

intermediates15,16. Nevertheless, it remains a grand challenge to regulate the metal–metal interaction and 

spatial coordination of noble metal atoms in the supported SACs. In addition, the isolated single atoms 

dispersed on the supports can be unstable or aggregate during heterogeneous catalysis. Significantly, the 

emerging metal clusters have exhibited the high atomic efficiency of SACs and simultaneously provided 

opportunity to regulate metal-metal interaction because of the preserved crystal orientation from 

nanoparticles. So far, however, the design of metal clusters with desirable spatial structure and stable 

configuration remains to be investigated. This restricts the substantial improvement of intrinsic 

performance of noble metal catalysts17. Therefore, seeking for regulation of spatial structure among noble 

metal sites plays a key role in the establishment of size-dependent structure–performance relationship 

and subsequently, the optimization of catalytic performance on noble metal catalysts.  

In this work, a facile ion exchange-pyrolysis strategy within metal-organic frameworks (MOFs) is 

presented to achieve site-specific integration of isolated Pt atoms with different spatial structure in the 

lattice of Co spinel oxide (Co3O4). Based on atomic resolution scanning transmission-electron 

microscopy imaging and analysis, the different spatial correlations of Pt substitutions were determined 

on a series of hybrid materials of Pt substituted Co3O4 (PtnCo3-nO4). The optimized Pt0.06Co2.94O4 catalyst 

exhibited more than one order of magnitude enhanced HER/HOR specific catalytic activity in acidic 

environment in comparison with that of commercial 20 wt% Pt/C catalyst. Theoretical investigations 

attribute the exceptional performance to the modified electronic structure and favourable hydrogen 

adsorption energy of PtnCo3-nO4 catalysts induced by spatial correlated Pt substitutions. This study not 

only illustrates a promising strategy of developing cost-efficient noble metal catalysts but greatly extends 

the current understanding of regulating the spatial structure of isolated noble metal atoms to bridge the 

conventional bulk crystals, nanoparticles and SACs.  
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Results and discussion 

Structure prediction. Recently we reported the integration of Ir substitutions with short-range order into 

the cobalt spinel oxide framework18. To explore the correlated substitution in the Co3O4 host by more 

types of noble metals, we performed the density function theory (DFT) calculations to predict the 

thermodynamic stability of the noble metal-substituted Co spinel oxide catalyst. First, we investigated 

the thermodynamic stability of Ir-Co11O16 among different competing phases (e.g., IrO2, Co3O4, Ir-

Co11O16_tet with Ir substituting Cotet sites, etc.) by constructing a ternary phase diagram (Fig. S1, see 

Methods for calculation details). The existence of blue region in the diagram indicates the 

thermodynamically stable Ir-Co11O16 structure with Ir atoms substituting the Cooct sites (Fig. 1a1). 

Similarly, the constructed ternary phase diagrams for a series of noble metals substituted Co spinel oxides 

(M-Co11O16, M = Pt, Ru and Pd) demonstrate that the M ions can substitute the Cooct sites, forming stable 

M-Co11O16 compounds (Fig. 1b1-d1 and Fig. S1). For Au-incorporated Co3O4 system, a compound of 

Au-Co11O16 cannot exist against the competing phases but Au-Co47O64 with lower Au concentration in 

the Cooct site is stable (Fig. 1e1 and Fig. S2).  

As a proof-of-concept, the fabrication of M-substituted cobalt spinel oxide was conducted via an ion 

exchange-pyrolysis strategy with ZIF-67 as a host (Fig. S3) 18,19. The molecular formulae of MxCo3-xO4 

were determined by ICP-MS as Pt0.06Co2.93O4, Ru0.06Co2.94O4 and Pd0.08Co2.92O4. The Z-contrast high-

angle annular dark-field high-resolution scanning transmission electron microscopy (HAADF-HRSTEM) 

investigations on theses samples demonstrate that almost all alien ions are incorporated into the spinel 

oxide lattice (Fig. 1a2-d2). However, in the Au integrated Co3O4 spinel oxides, besides very few Au 

single sites, Au nanoparticles with different sizes are formed (Fig. 1e2).  

Geometric structure identification. The Co K-edge X-ray absorption near-edge structure (XANES) 

spectra and Fourier transformed- (FT-) extended X-ray absorption fine structure (EXAFS) spectra of 

Pt0.06Co2.94O4 show that the Co species are in similar valence state and coordination environment with 
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that of pure Co3O4 (Fig. S4). Pt L3-edge XANES spectra of Pt0.06Co2.94O4 exhibit high Pt valence state 

close to those in PtO2 (Fig. S5), indicating that the Pt species locate in the Co3O4 lattice rather than being 

supported on the surface as Pt nanoparticles or single atoms, which tend to exhibit much smaller Pt 

valence states20,21. The Pt L3-edge FT-EXAFS spectra of Pt0.06Co2.94O4 and the corresponding fitting 

results demonstrate the coexistence of Pt–Co and Pt–Pt scatterings in the second shell at interatomic 

distances of 2.88Å and 2.75Å with a large coordination number (CN) value of 7.0 (4.1+2.9) (Fig. 2a, 

Fig. S6-7 and Table S1). These parameters are close to those of Cooct–Cooct (interatomic distance: 2.90 

Å, CN: 6.0) in Co3O4, supporting our proposed geometric structure that Pt locates in the Cooct sites in the 

Co3O4 lattice. Additionally, the existence of Pt–Pt pairing path indicates that the substituted Pt in the 

spinel structure is in the form of locally clustered Pt sites instead of fully isolated ones. Similar results 

can be obtained for Ru0.06Co2.94O4 and Pd0.08Co2.92O4, demonstrating that Ru and Pd ions are incorporated 

into the spinel oxide lattice and occupy the Cooct sites. In contrast, XANES and EXAFS spectra of Au-

Co3O4 indicate that Au sites exist mainly as Au nanoparticle with the typical Au-Au bond, which agrees 

well with the DFT and HRSTEM observations (Fig. S5 and Fig. 2b). 

Taking Pt0.06Co2.94O4 as a model sample, we further performed detailed analysis on the atomic-resolution 

HRSTEM image along <233> projection, where a few distinctive doping configurations were identified 

and labelled by dashed rectangles with different colors (Fig. 2c). The simulated Z2-maps based on 

geometry with correlated Pt substitution at Cooct sites matches well with the experimental observations 

(Fig. 2d). Therefore, it is clearly visualized that Pt atoms occupy the Cooct sites in the Co3O4 lattice and 

suggests that the Pt substitutions are in a unique spatial correlation. Importantly, the XRD pattern of 

MxCo3-xO4 samples exhibit characteristic peaks of Co spinel oxide in an Fd3m symmetry and a weak 

additional peak at 2θ of ~16°, which corresponds to the (110) reflection of a cubic structure and originates 

from the breakage of diamond glide plane symmetry of the Co3O4 lattice due to noble metal 

substitutions18,22 (Fig. 2e). Therefore, benefiting from the well-designed ion exchange-pyrolysis strategy 
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with MOFs as host, the Pt, Ru and Pd ions can be accommodated in the Cooct sites of Co3O4 lattice to 

form correlated substitutions. To investigate the electrocatalytic performance of MxCo3-xO4 samples, we 

performed HER measurements in Argon saturated 0.1 M HClO4 electrolyte. As is shown in Fig. 2f, the 

Pt0.06Co2.94O4 catalyst demonstrates a promising HER electrocatalytic activity that outperforms those of 

the others.  

Electrocatalytic HER/HOR performance evaluation. To further evaluate the catalytic performance of 

the Pt0.06Co2.94O4 catalyst toward HER and HOR, we conducted electrocatalytic experiments in H2-

saturated 0.1 M HClO4 electrolyte with commercial 20 wt% Pt/C as references. In addition, to investigate 

the effect of spatial correlation of Pt substitutions we also prepared the isolated Pt single atom substituted 

Co3O4 (Pt SA-Co3O4) and a hybrid material with Pt nanoparticles supported on the surface of Co3O4 (Pt 

NP@Co3O4) as references. As illustrated in Fig. 3a, the Pt0.06Co2.94O4 catalyst exhibits a remarkable 

apparent HER/HOR activity with an onset potential closing to 0 V vs. reversible hydrogen electrode 

(RHE) and large anode/cathode current densities at 1600 rpm (Fig. S8). By contrast, Pt NP@Co3O4 and 

Pt SA-Co3O4 exhibit much poorer catalytic performance with substantial onset potentials and limited 

HER/HOR current densities. This observation suggests that the remarkable catalytic activity of 

Pt0.06Co2.94O4 derives from the Pt substitutions with unique spatial correlation in the Co3O4 lattice. 

Further, to evaluate the intrinsic activity of the catalysts, we normalized the polarization curves to their 

electrochemical active surface areas (ECSAs), which was determined by CO stripping voltammograms 

(Fig. S9). Significantly, the Pt0.06Co2.94O4 catalyst exhibits a remarkable intrinsic activity greatly 

exceeding that of the state-of-the-art 20 wt% Pt/C and Pt NP@Co3O4 catalysts with lower onset potential 

and much higher intrinsic current densities. As is shown in Fig. 3b, the polarization curves at different 

rotating speeds were collected for Pt0.06Co2.94O4 and Pt/C catalysts and the Koutecky–Levich plots were 

constructed accordingly (Fig. S10). Linear relationships are demonstrated between inverse of the limiting 

specific current density (@ 0.6 V vs. RHE) and the square root of rotation speed with slopes of 14.612 

and 13.125 cm
2 

Pt mA−1 s−1/2 obtained for Pt0.06Co2.94O4 and Pt/C, respectively. Then we calculated the 
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kinetic current densities (jk) for both catalysts and extracted the exchange current densities (j0) by fitting 

with the Butler-Volmer equation (Fig. 3c)23. Significantly, the Pt0.06Co2.94O4 catalyst delivers a specific 

j0 of 3.78 mA cm
-2 

Pt , more than one order of magnitude higher than that of Pt/C (0.38 mA cm
-2 

Pt ) and Pt 

NP@Co3O4 (0.15 mA cm
-2 

Pt ) catalysts. Additionally, the mass activity of Pt0.06Co2.94O4 catalyst, 

determined by the mass of Pt, greatly outperforms that of Pt NP@Co3O4 and Pt/C catalysts (Fig. S11). 

The mass activity recorded at 0.5 V vs. RHE for the three catalysts was 235, 151 and 141 A g
-1 

Pt , 

respectively. The catalytic activity of Pt0.06Co2.94O4 catalyst represents an unprecedented performance 

among previously reported Pt-based catalysts and offers a promising solution for cost-effective 

HER/HOR catalysts in acidic environments.  

In order to explore the effect of the correlated Pt substitutions in hybrid catalysts on their catalytic 

performance, we synthesized a series of Pt-substituted Co3O4 catalysts with different incorporation ratios 

of Pt (PtnCo3-nO4, n = 0.01, 0.04, 0.06 and 0.14, determined by ICP-MS). Adjusting the ratios of Pt 

substitutions integrated in the Co3O4 lattice is expected to regulate the degree of spatial correlation of Pt 

sites and lead to different catalytic performance. As illustrated in the XRD patterns (Fig. S12a), all the 

PtnCo3-nO4 catalysts show the identical peaks of Co3O4 phase with no Pt or Pt oxide phase formed, which 

confirms that the Pt substitutions are accommodated in the Co3O4 lattice. In addition, the Raman spectra 

of the PtnCo3-nO4 catalysts exhibit typical characteristic bands of Co3O4 with an observable redshift of 

the A1g band, which demonstrates a preferential occupation of Pt at the octahedral Co(III) sites (Cooct) 

instead of the tetrahedral Co(II) sites (Cotet) in Co3O4 lattice (Fig. S12b)24. The HER/HOR catalytic 

activity of the PtnCo3-nO4 catalysts were investigated under the same testing conditions as described 

above. The trend of apparent activity on PtnCo3-nO4 catalysts matches with the ratio of Pt because of the 

different spatial correlation of Pt substitutions in the catalysts and the different loading amounts of Pt on 

the electrodes (Fig. 3d). Upon normalization to ECSAs, the intrinsic activity of the PtnCo3-nO4 catalysts 

improved with the n increases from 0.01 to 0.06 yet slightly decreased when the n further increased to 
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0.14 (Fig. S13, 14a). When the mass of Pt in the catalysts was taken into consideration, a similar mass 

activity trend of Pt0.06Co2.94O4 ˃ Pt0.14Co2.86O4 ˃ Pt0.04Co2.96O4 ˃ Pt0.01Co2.99O4 can be delivered (Fig. 

S14b). In addition, we established the Tafel plots for the PtnCo3-nO4 catalysts and extracted the j0 by 

fitting with the Butler-Volmer equation (Fig. 3e). It is demonstrated that the j0 of the PtnCo3-nO4 catalysts 

increases from 0.75, 1.04 to 3.90 mA cm
-2 

Pt  with the increased Pt ratio in Pt0.01Co2.99O4, Pt0.04Co2.96O4, 

Pt0.06Co2.94O4 and remained at 3.90 mA cm
-2 

Pt  for the Pt0.14Co2.86O4 (Fig. 3f and Table S2). This result 

suggests that the PtnCo3-nO4 catalysts exhibit promoted HER/HOR intrinsic activity in comparison with 

state-of-the-art Pt/C catalyst and the catalytic performance is closely related to the spatial correlation 

among Pt substitutions in the catalysts. 

Spatial structure analyses on Pt substitutions. To elucidate the spatial correlation of Pt substitutions, 

we analyzed a large number of Pt substitutions to label and measure the coordinates of individual Pt sites 

and projected distances for the correlated Pt sites (a representative image is shown Fig. 4a). The location 

and size of such “clusters” defined by short-range correlated Pt sites can be well determined based on 

the projected nearest neighbor distances between Cooct sites. After proper labelling and classification of 

these sites with short-range order, a demonstrative cluster distribution graph along <233> projection can 

be produced as shown in Fig. 4b inset. It indicates that the distribution of nanodomains with correlated 

Pt substitution is inhomogeneous within the Co3O4 spinel framework. Furthermore, the relative 

population of clusters with a certain size can be statistically analyzed and evaluated in the mass fractions 

(Fig. 4b). Generally, it is found that the majority of Pt sites adopt short-range order rather than exist as 

single sites within the cationic lattice of Co3O4 and moreover the mass fraction of clusters decreases as 

cluster size increases.  

Further, we performed detailed HRSTEM imaging and analyses on other catalysts to determine the 

spatial correlation of Pt substitutions. The HRSTEM analysis shows that the majority of Pt atoms in the 

Pt SA-Co3O4 exist as isolated sites (Fig. 4c), while almost all the Pt atoms in the Pt NP@Co3O4 exist as 

142



randomly distributed Pt nanoparticles on the surface of Co3O4 (Fig. S15), which are very different from 

those of Pt substituted Co3O4. For the PtnCo3-nO4 catalysts, with the increase of Pt ratio integrated in the 

Co3O4 lattice, the cluster distribution graph exhibits a larger population of correlated Pt clusters in 

addition to isolated Pt sites (Fig. 4d-f). Specifically, the Pt0.01Co2.99O4 catalyst exhibits dominant isolated 

Pt single atoms together with Pt clusters with size of 2-4 atoms. By contrast, the mass fractions of Pt 

clusters were observed to increase significantly in the sequence of Pt0.04Co2.96O4, Pt0.06Co2.94O4 and 

Pt0.14Co2.86O4.  

Electronic structure identification and exploration of activity origin. To further investigate the 

electronic structure of the correlated Pt substitutions in Co3O4 lattice and to explore the origin of 

remarkable catalytic activity achieved on the PtnCo3-nO4 catalysts, we performed a series of density 

functional theory (DFT) calculations on Co3O4 based models. The (110) facet of Co3O4 was selected 

because it is composed mainly of Cooct cations, which has been proved by experimental studies25. 

Following the observations from the experiment, we substituted Cooct atoms with one Pt atom to represent 

the Pt single atom substitution (Pt1-Co3O4) and with 2-4 Pt atoms to represent the clustered Pt 

substitutions in various sizes (Ptn-Co3O4, n = 2-4). As is illustrated in Fig. 5a (upper) and Fig. S16, we 

compared the free energies of various configurations for models with different Pt cluster sizes. Further, 

we evaluated the strength of hydrogen adsorption on these Pt sites by the free energy change for the 

intermediate adsorption step and denoted as ΔGH*. The |ΔGH*| has been widely considered as a major 

descriptor of HER activity in acidic environments, where a smaller |ΔGH*| indicates an improved 

activity26. We computed and compared the ΔGH* of correlated Pt substituted Co3O4 with the pure Co3O4 

and Pt (1 1 1) as references (Fig. 5a lower, Fig. 5b and Fig. S17). As is demonstrated, the pure Co3O4 

exhibits the greatest ΔGH* of +0.42 eV, indicating a too weak hydrogen adsorption on the surface. By 

contrast, the Pt single atom substituted Co3O4 (Pt1) shows a largely negative ΔGH* of -0.41 eV and 

suggests an over strong hydrogen adsorption. Significantly, as demonstrated by the values of the most 
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stable configurations, the correlated Pt sites exhibit much smaller values of ΔGH* of -0.12, +0.36 and -

0.10 (-0.11) eV for the surface Pt sites in Pt2, Pt3 and Pt4, respectively. The |ΔGH*| values for correlated 

Ptn (n = 2-4) configurations are not only smaller than the pure Co3O4 and Pt single atom configuration 

but are even more optimized in comparison with that of Pt (1 1 1). This result demonstrates the well 

optimized hydrogen adsorption strength on the correlated Pt substituted Co3O4 surface and explains the 

experimental observations that catalysts with more correlated Pt sites exhibit higher intrinsic catalytic 

activity. 

In addition, we carried out density of states (DOS) analyses on these Pt-substituted Co3O4 models. The 

pure Co3O4 exhibits a semiconducting feature with a bandgap in the DOS curve (Fig. S18a). In contrast, 

the Pt1-Co3O4 shows additional Pt-5d states within the bandgap (Fig. 5c), indicating that the Pt 

substitution facilitates the charge transfer of Co spinel oxide27. Significantly, the Ptn-Co3O4 (n = 2-4) 

exhibit much more evident additional Pt-5d states and a nearly disappeared bandgap, which is close to 

that of conductive Pt metal (Fig. S18b). This observation demonstrates the metal-like behavior of 

clustered Pt substitutions in the lattice of Co3O4, which is expected to facilitate Pt-Pt interaction and 

modify hydrogen adsorption strength on the Pt substitutions. 

Conclusions 

In summary, we report a facile strategy to integrate Pt atomic substitutions with adjustable spatial 

structure in the Cooct sites of cobalt spinel oxide lattice. As evidenced by HRSTEM imaging and analysis 

on PtnCo3-nO4 catalysts, with the increase of Pt concentration, a larger ratio of correlated Pt substitutions 

can be observed in comparison with the Pt SA-Co3O4 catalyst with almost 100% Pt single atoms. The 

Pt0.06Co2.94O4 catalyst with optimized Pt spatial correlation exhibits a remarkable specific activity with 

an exchange current density of 3.78 mA cm
-2 

Pt , more than one order of magnitude higher than those of 

state-of-the-art commercial Pt/C catalyst (0.38 mA cm
-2 

Pt ) and the Co3O4 catalyst with surface supported 

Pt nanoparticle (Pt NP@Co3O4, 0.15 mA cm
-2 

Pt ). The DFT investigations attribute this exceptional 
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performance of Pt0.06Co2.94O4 catalyst to the favorable hydrogen adsorption strength induced by 

correlated Pt substitutions. This work provides a great promise for the design of noble metal analogues 

with tunable geometries towards extensive applications.  

 

Methods 

Material synthesis. Co-based zeolitic imidazolate framework (ZIF-67) nanocubes were synthesized by 

a surfactant-mediated method reported previously28. Afterwards an ion exchange process was conducted 

on the obtained ZIF-67 nanocubes with the existence of platinum precursor in aqueous solution. 

Typically, 100 mg of ZIF-67 nanocubes was first dispersed in 50 mL of DI water, then 10 mL of aqueous 

solution containing 9.7 mg of potassium hexachloroplatinate (IV) (K2PtCl6) was added under stirring 

conditions. The suspension was centrifuged 3 hours later, the precipitate was collected and repeatedly 

washed with ethanol and DI water. After being dried overnight in a vacuum oven at 60 oC, the precipitate 

was pyrolyzed at 300℃ in air for 4 hours. The obtained hybrid oxide was determined to be Pt0.06Co2.94O4 

by inductively coupled plasma mass spectrometry (ICP-MS). The Pt SA-Co3O4, Pt0.01Co2.99O4, 

Pt0.04Co2.96O4 and Pt0.14Co2.86O4 were synthesized by similar procedure with different addition doses of 

K2PtCl6 of 0.38 mg, 1.9 mg, 5.8 mg and 19.4 mg, respectively. The Ru0.06Co2.94O4, Pd0.08Co2.92O4 and 

Au-Co3O4 nanocrystals were synthesized by similar procedure with addition of 4.2 mg of ruthenium (III) 

chloride hydrate (RuCl3·xH2O), 5.9 mg of sodium tetrachloropalladate (II) (Na2PdCl4) and 7.9 mg of 

gold (III) chloride (HAuCl4). The pure Co3O4 was synthesized by pyrolyzing ZIF-67 nanocubes under 

similar procedure without performing the ion exchange process. The Pt NP@Co3O4 was synthesized by 

adding 10 mL of aqueous solution containing 7.5 mg of K2PtCl6 into 50 mL of aqueous solution 

containing 100 mg of Co3O4 nanoparticles. Later 10 mL of aqueous solution containing 11.4 mg of 

sodium borohydride was added into the mixture to reduce K2PtCl6 and immobilize Pt species on the 

surface of Co3O4 nanoparticles. 
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Materials characterization. ICP-MS analysis was conducted to detect the amounts of platinum and 

cobalt in catalysts using an Agilent 7500cx instrument with attached laser ablation system. X-ray 

diffraction (XRD) data was collected on a Rigaku MiniFlex 600 X-Ray Diffractometer. Raman spectra 

were collected using a HORIBA Scientific Raman Spectroscopy instrument (laser excitation at 532 nm). 

The NEXAFS and EXAFS measurements were performed at the beamline 14W1 in the Shanghai 

Synchrotron Radiation Facility. For Pt, Ir and Au L3-edge, the X-ray was monochromatized by a double-

crystal Si (111) monochromator, while for Pd and Ru K-edge, the X-ray was monochromatized by a 

double-crystal Si (311) monochromator. The monochromator was detuned to reject higher 

harmonics. The raw absorption data were first background subtracted by fitting the pre-edge using a 

least-squares method and then all spectra were normalized to one at energies far from the edge. The 

fitting was made in the k-space in the ranges of 2.6-13.8 Å−1, 2.6-13.0 Å−1, 2.5-12.8 Å−1, 2.6-13.0 Å−1 

and 2.3-13.8 Å−1 for Ir, Pt, Ru, Pd and Au-edges, respectively.   

HRSTEM imaging and analysis. HAADF-STEM images were recorded using a FEI Titan G2 80-300 

microscope at 300 kV equipped with a probe corrector. Projected Z2-map simulations were carried out 

by using the qSTEM program29. After flat-field correction and background subtraction, the position 

searching, refining and labelling of projected Ir sites with brighter contrast in the HRSTEM image were 

carried out using CalAtom software30 with a Multiple-Ellipse-Fitting (MEF) Method31. The coordinates 

of refined positions for those projected Ir sites were manually checked to exclude mis-labelled sites and 

then extracted for future analysis.  

Electrochemical measurements. Electrocatalyst ink was prepared by dispersing a freshly synthesized 

catalyst powder (1 mg) and carbon black (Vulcan-XC72, 1 mg) in a solution containing distilled water 

(Milli-Q, 965 μL) and 5 weight % Nafion solution (35 μL) followed by ultrasonication for 2 hr. 40 μL of 

catalyst ink was then deposited onto a polished glassy carbon electrode (diameter = 5 mm, area = 0.196 

cm2, Pine Research Instrument). As a reference, 2mg of commercial 20 wt% Pt/C catalyst was prepared 

as ink in a similar procedure and 10 μL of the ink was used to prepare the working electrode. All 

146



electrochemical experiments were carried out using rotating disk electrode method in a three-electrode 

glass cell with an Au-wire as the counter electrode and an Ag/AgCl as the reference electrode (Pine 

Research Instrument). The 0.1 M HClO4 electrolyte solution was prepared by diluting 70 % HClO4 with 

Milli-Q water. The reference electrode was calibrated in H2-saturated 0.1 M HClO4 solution. All 

potentials were converted to RHE and corrected for iR-compensation. The HER and HOR measurements 

were conducted in H2-saturated 0.1 M HClO4 electrolyte with a CHI potentiostat (CHI 760D) at different 

rotating speeds. The polarization curves of the catalysts were obtained with scan rates of 2 mV s-1. The 

ECSAs of the catalysts were determined by CO stripping voltammograms32. The electrolyte was bubbled 

with 20% CO in argon for 30 min with the working electrode held at 0.1 V vs. RHE, followed by argon 

purging for 20 min to remove the excess CO. Then the CO stripping voltammograms were collected in 

the potential range from around 0V to 1.2V vs. RHE during argon bubbling. 

The kinetic current density was calculated based on the Koutecky–Levich equation, 

where j is the measured current density, jk is the kinetic current density, jd is the diffusion limited current 

density, ɷ is the rotation rate, and BC0 is a constant associated with the electron transfer number, the gas 

concentration and the electrolyte kinematic viscosity33. Exchange current densities, j0, of the HOR/HER 

were obtained by fitting the experimental data to the Butler–Volmer equation, 

where α is the transfer coefficient, η is the overpotential, F is Faraday’s constant (96 485 C mol-1), R is 

the universal gas constant (8.314 J mol-1 K-1) and T is the thermodynamic temperature. 

DFT calculations. DFT calculations were carried out using the Vienna ab-initio Simulation Package 

(VASP)34,35. The exchange-correlation interaction was described by generalized gradient approximation 

(GGA) with the Perdew-Burke-Ernzerhof (PBE) functional36. The DFT-TS method of Grimme was 

employed to treat the VDW interaction37. The GGA+U calculations were performed using the model 

1

j
=
1

jk
+
1

jd
=
1

jk
+

1

BC0ɷ
1/2

 

jk = j0[exp(
αFη

RT
) − exp(

(α−1)Fη

RT
) 
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proposed based on the TEM images with the Ueff (Ueff = Coulomb U - exchange J) values of 3.5 and 3.2 

eV for Co and Pt, respectively38-40. For the plane-wave expansion, a kinetic energy cut-off of 600 eV was 

used after testing a series of different cut-off energies. The force and energy convergence tolerance values 

were set to be 0.01 eV Å-1 and 10-5 eV, respectively. A Gaussian smearing of 0.1 eV was applied during 

the geometry optimization, whilst for the accurate density of states computations a tetrahedron method 

with Blöchl correction was employed. The K-points were set to be 2 × 2 × 1 for the unit cells. Denser 8 

× 8 × 2 K-points were used for the density of states (DOS) calculations. 20 K-points along each high-

symmetry line in the Brillouin zone were used to obtain the band structures. All periodic slabs have a 

vacuum spacing of at least 15 Å. The structural model of Co3O4 (110) facet contains three Co-O layers 

(88 atoms), with a supercell size of a = 16.80 Å, b = 11.88 Å, c= 17.97Å, α = β = γ = 90º. In calculations, 

the bottom layer was kept fixed, whereas the rest of atoms were allowed to relax.   

In acidic solution, a simple method was used to compute the free energy based on the hydrogen 

adsorption strength, as in previous calculations: 41 

ΔGH* = ΔEH + 0.24 eV  

ΔEH = Etotal – 1/2EH2 – Es 

where Etotal, EH2 and Es are the energies of the whole system, hydrogen and substrate, respectively. 
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Fig. 1. Structure prediction and HRSTEM images of MxCo3-xO4 catalysts. (a1-d1) The projected 

ternary phase diagrams for M-Co-O (M=Ir, Pt, Ru, Pd for a1-d1, respectively) in the (ΔμCo, ΔμM) plane 

in which the blue regions represent the existence of stable M-Co11O16. See Methods in SI for the ranges 

that stable M-Co11O16 catalysts can exist against all the competing phases. (e1) The projected ternary 

phase diagrams for Au-Co-O in the (ΔμCo, ΔμAu) plane, the Au-Co11O16 cannot exist under this 

concentration.  (a2-d2) HRSTEM images of MxCo3-xO4 catalysts, almost all the M atoms are incorporated 

in the Co3O4 lattice. (e2) HRSTEM images of Au-Co3O4, the coexistence of Au nanoparticles (indicated 

by red arrows) and Au single atoms (indicated by red circles) can be clearly observed. 
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Fig. 2. Geometric structure identification and catalytic performance evaluation of MxCo3-xO4 

catalysts. (a) Pt L3-edge FT-EXAFS spectra of Pt0.06Co2.94O4 and the references. (b) Au L3-edge FT-

EXAFS spectra of Au-Co3O4 and the reference. (c) Experimental atomic-resolution HRSTEM image of 

Pt0.06Co2.94O4 catalyst with Pt sites labelled by red circles and image motifs labelled by dashed rectangles 

with different colors. (d) Simulated projected Z2-maps along symmetry-related <233> directions, which 

match the image motifs marked in (c). (e) XRD patterns of MxCo3-xO4 catalysts. (f) HER performance 

of MxCo3-xO4 catalysts in Ar-saturated 0.1 M HClO4 electrolyte, sweep rate: 10 mV s-1, rotation speed: 

1600 rpm. 
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Fig. 3. HER/HOR performance evaluation of PtnCo3-nO4 catalysts. (a) Polarization curves normalized 

to surface area of disk electrodes made from various catalysts in H2-satuated 0.1 M HClO4, sweep rate: 

2 mV s-1, rotation speed: 1600 rpm. (b) Polarization curves for Pt0.06Co2.94O4 at different rotation speeds 

and the corresponding the Koutecky–Levich plot (inset). (c) Tafel plots of the HER/HOR kinetic current 

density for Pt0.06Co2.94O4, Pt NP@Co3O4 and Pt/C catalysts. (d) Polarization curves normalized to ECSAs 

of electrodes made from PtnCo3-nO4 catalysts in H2-satuated 0.1 M HClO4, sweep rate: 2 mV s-1, rotation 

speed: 1600 rpm. (e) Tafel plots of the HER/HOR kinetic current density for PtnCo3-nO4 catalysts. (f) 

Comparison of exchange current density on PtnCo3-nO4 catalysts. 
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Fig. 4. Spatial structure analyses on Pt substitutions in PtnCo3-nO4 catalysts. (a) HRSTEM image of 

a typical Pt0.06Co2.94O4 nanocrystal projected along <233> direction with Pt sites searched and labelled 

by yellow circles. (b) Mass faction histogram of identified projected clusters in the Pt0.06Co2.94O4 catalyst 

with different numbers of correlated Pt dopant sites. Inset shows the the distribution map for those 

correlated Pt sites. Mass faction histogram of identified isolated Pt sites and projected clusters with 

different numbers of correlated Pt dopant sites in the (c) Pt SA-Co3O4, (d) Pt0.01Co2.99O4, (e) 

Pt0.04Co2.96O4, and (c) Pt0.14Co2.86O4 catalysts. 
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Fig. 5.  Theoretical investigations on correlated Pt substituted Co3O4 for HER. (a) Upper: Calculated 

relative energies of various configurations for Co3O4 models with different Pt cluster sizes (Pt1-Pt4). The 

configuration with the lowest free energy is defined as 0 eV and the relative energies of the other 

configurations are determined accordingly. Lower: The calculated hydrogen adsorption energy on 

various configurations. The solid bars represent the values for the most stable configurations of each Pt 

cluster size. (b) The schematic hydrogen adsorption configurations for pure Co3O4, Pt (1 1 1), isolated Pt 

substituted Co3O4, and correlated Pt substituted Co3O4 models. (d) Calculated Pt pDOS curves for Pt 

single atom (Pt1) substituted Co3O4 and correlated Pt substituted Co3O4 with Pt cluster size of 2-4 atoms 

(Pt2-Pt4). 
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 Methods 

Construction of ternary phase diagrams 

The formation energy (∆Gf) was introduced to describe the thermodynamic stability of the compounds 

used. For M-Co11O16 at standard conditions,  

∆Gf(M-Co11O16) = GM-Co11O16 - μM(s) - 11μCo(s) - 16μO(g)  

where GM-Co11O16 is the Gibbs free energy of M-Co11O16, μM(s), μCo(s) and μO(g) are the atomic chemical 

potentials of elemental M, Co and oxygen gas, respectively. To maintain a stable compound, the sum of 

atomic chemical potentials of all atoms equals to the Gibbs free energy of Ir-Co11O16, namely, GM-Co11O16 

= μM + 11μCo + 16μO, in which μM, μCo and μO are the atomic chemical potentials of M, Co and O atoms 

in the compound, respectively. In general, the atomic chemical potentials can vary within a range in near-

equilibrium states of the compound3. Herein, at standard conditions, μM, μCo and μO can be redefined as  

μM = μM(s) + ΔμM;  

μCo = μCo(s) + ΔμCo;  

μO = μO(g) + ΔμO;  

where ΔμM, ΔμCo and ΔμO are the varying ranges of μM, μCo and μO, respectively. To determine the 

chemical potential of a solid element i (μi(s)) through DFT calculation, we assign the enthalpy and entropy 

as Hi(s) = E
DFT 

i(s)  and Si(s) = 0 (at standard conditions)4. As a result, μi(s) equals to E
DFT 

i(s) . To determine the 

atomic chemical potential of the oxygen gas (μO(g)), we assign μO(g) and Gibbs free energy of the oxygen 

(GO2(g)) at the standard state as 2μO(g) = GO2(g) = E
DFT 

O2(g) + E
ZPE 

O2(g) + RT - TS
exp 

O2(g) ,where S
exp 

O2(g) = 205.152 J mol-

1 K-1 is an experimental entropy5. As a result, μO(g) = -4.63 eV is obtained. 

Assuming Ir-Co11O16 is a stable compound, we have 

∆G
 

f(Ir-Co11O16) = 11ΔμCo + ΔμIr + 16ΔμO.  

There are some thermodynamic limitations to determine ΔμCo, ΔμIr, Δμ
 

O and the stability of Ir-Co11O16. 

Firstly, μM, μCo and μO should be smaller than μM(s), μCo(s) and μO(g) to avoid formation of elemental metal 
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Ir, Co and oxygen gas. Furthermore, μM, μCo and μO are restricted by possible competing phases including 

CoO, CoO2, Co3O4 and IrO2
3. Here, tetrahedral site substitution of Ir in Co spinel oxide lattice (Ir-

Co11O16_tet) was also considered as a competing phase. The following equations can be solved to obtain 

the varying ranges of ΔμM, ΔμCo and ΔμO:  

ΔμCo ≤ 0;  

ΔμIr ≤ 0;  

ΔμO ≤ 0;  

11ΔμCo + ΔμIr + 16ΔμO ≤ ∆G
 

f(Ir-Co11O16_tet);  

ΔμCo + ΔμO ≤ ∆G
 

f(CoO);  

ΔμCo + 2ΔμO ≤ ∆G
 

f(CoO2);  

4ΔμCo + 3ΔμO ≤ ∆G
 

f(Co3O4);  

ΔμIr + 2ΔμO ≤ ∆G
 

f(IrO2).  

Using the approach, the thermodynamic stable conditions of Ir-Co11O16, Pt-Co11O16, Ru-Co11O16, Pd-

Co11O16 and Au-Co47O64 can be determined.  
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Fig. S1. The calculated stability triangles for M-Co11O16 in the (ΔμCo, ΔμM, ΔμO) spaces. The Ir-Co11O16 

catalyst is thermodynamically stable against all the competing phases in the ranges of -2.65 ≤ ΔμCo ≤ -

0.09, -3.26 ≤ ΔμIr ≤ 0.00 and -1.93 ≤ Δμ
 

O ≤ 0.00; the Pt-Co11O16 catalyst is thermodynamically stable 

against all the competing phases in the ranges of -1.55 ≤ ΔμCo ≤ -0.76, -0.80 ≤ ΔμPt ≤ -0.79 and -1.38 ≤ 

Δμ
 

O ≤ -0.79; the stable Ru-Co11O16 and Pd-Co11O16 catalysts can exist against all the competing phases 

with the ranges of -1.26 ≤ ΔμCo ≤ -0.12, -2.70 ≤ ΔμRu ≤ -0.90, -1.91 ≤ Δμ
 

O ≤ -1.01 and -2.71 ≤ ΔμCo ≤ -

0.17, -2.88 ≤ ΔμPd ≤ 0.00, -1.85 ≤ Δμ
 

O ≤ 0.00, respectively. The stable Au-Co47O64 catalyst can exist 

against all the competing phases in the ranges of -2.54 ≤ ΔμCo ≤ -1.22, -1.30 ≤ ΔμAu ≤ 0.00, -0.98 ≤ ΔμO 

≤ 0.00. 
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Fig. S2. (a) The calculated stability triangle for Au-Co11O16 in the (ΔμCo, ΔμAu, ΔμO) space; (b) The 

calculated stability triangle for Au-Co47O64 in the (ΔμCo, ΔμAu, ΔμO) space; (c) The projected triangle in 

the (ΔμCo, ΔμAu) plane; (d) The enlarged projected triangle (c) in the (ΔμCo, ΔμAu) plane in which the 

blue region represents the existence of stable Au-Co47O64. The stable Au-Co47O64 catalyst can exist 

against all the competing phases in the ranges of -2.54 ≤ ΔμCo ≤ -1.22, -1.30 ≤ ΔμAu ≤ 0.00, -0.98 ≤ ΔμO 

≤ 0.00. 
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Fig. S3. Schematic illustration of ion exchange-pyrolysis strategy. Blue, yellow and navy dots refer to 

Co(II), Co(III) and noble metal ions, respectively.  

 

 

 

Fig. S4. Co K-edge (a) XANES spectra and (b) FT-EXAFS spectra of Pt0.06Co2.94O4 and Co3O4. 
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Fig. S5. (a) Pt L3-edge XANES spectra of Pt0.06Co2.94O4 and the references; (b) Ru K-edge XANES 

spectra of Ru0.06Co2.94O4 and the references; (c) Pd K-edge XANES spectra of Pd0.08Co2.92O4; (d) Au L3-

edge XANES spectra of Au-Co3O4 and the references. Pt, Ru and Pd exhibit high valence states like 

those of oxides, respectively. This suggests that the Pt, Ru and Pd ions are incorporated into the spinel 

oxide lattice and directly coordinated with O sites. In contrast, Au-Co3O4 shows a low valence state close 

to that of Au foil, suggesting that the majority Au atoms exist as nanoparticles rather than dopants. 
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Fig. S6. k3-weighted FT-EXAFS spectra of (a) Ru K-edge data for Ru0.06Co2.94O4 and (b) Pd K-edge data 

for Pd0.08Co2.92O4 and the corresponding references. 
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Fig. S7. k3-weighted Fourier transform of Pt L3-edge, Ru K-edge, Pd K-edge and Au L3-edge 

experimental data (denoted as exp) and fitting data (denoted as fit) for (a) Pt0.06Co2.94O4, (b) 

Ru0.06Co2.94O4, (c) Pd0.08Co2.92O4 and (d) Au-Co3O4, respectively. Au-Co3O4 shows only one interatomic 

distance of Au-Au with CN close to that of Au foil, which suggests the formation of Au nanoparticles. 
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Fig. S8. Potential calibration of the Ag/AgCl reference electrode in H2-saturated 0.1 M HClO4.  
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Fig. S9. CO stripping voltammograms of (a) Pt0.06Co2.94O4, (b) Pt NP@Co3O4 and (c) Pt/C catalysts in 

0.1M HClO4 electrolytes. The scan rate is 20 mV s-1. The CV curve of pure Co3O4 in Ar-saturated 0.1M 

HClO4 is provided in panel d for comparison. 
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Fig. S10. Polarization curves for Pt/C catalyst at different rotation speeds and the corresponding the 

Koutecky–Levich plot (inset). 

 

 

 

Fig. S11. (a) Polarization curves normalized to ECSA of Pt0.06Co2.94O4, Pt NP@Co3O4 and Pt/C catalysts. 

(b) Polarization curves normalized to mass of Pt loaded on the electrodes of Pt0.06Co2.94O4, Pt 

NP@Co3O4, Pt SA-Co3O4 and Pt/C catalysts. (b) Comparison of exchange current density (left y-axis) 

and mass activity (right y axis, determined @ 0.4V vs. RHE) on Pt0.06Co2.94O4, Pt NP@Co3O4, Pt SA-

Co3O4 and Pt/C catalysts.  
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Fig. S12. (a) XRD patterns and (b) Raman spectra of PtnCo3-nO4 catalysts. 

 

 

 

 

Fig. S13 CO stripping voltammograms of (a) Pt0.01Co2.99O4, (b) Pt0.04Co2.96O4, and (c) Pt0.14Co2.86O4 

catalysts in 0.1M HClO4 electrolytes. The scan rate is 50 mV s-1 for Pt0.01Co2.99O4 and 20 mV s-1 for the 

other catalysts. 
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Fig. S14 (a) Polarization curves normalized to surface areas of disk electrodes made from PtnCo3-nO4 

catalysts in H2-satuated 0.1 M HClO4, (b) the corresponding polarization curves normalized to mass of 

Pt loaded on the electrodes, sweep rate: 2 mV s-1, rotation speed: 1600 rpm. 

 

 

 
Fig. S15. STEM images of the Pt NP@Co3O4 catalyst. 

 

 

 

20 nm 5 nm
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Fig. S16. Co3O4 and Ptn-Co3O4 configurations and the corresponding free energies. The most stable 

configurations for model with various Pt cluster sizes have been highlighted with yellow boxes. 

 

Fig. S17. Hydrogen adsorption on surfaces of Co3O4, Pt (1 1 1) and the most stable configurations with 

various Pt cluster sizes. 
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Fig. S18. Total DOS of (a) pure Co3O4 and (b) Pt (1 1 1). 
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Table S1 Fitting parameters of Fourier transform Pt L3-edge, Ru K-edge, Pd K-edge and Au L3-edge 

EXAFS data for Pt0.06Co2.94O4, Ru0.06Co2.94O4, Pd0.08Co2.92O4, Au-Co3O4 and the references. 

 Samples Bond CN Bond length σ
2
(10

-3
 Å

2
) 

Pt-L3 edge 

Pt
0.06

Co
2.94

O
4
 

Pt-O 5.9 2.00 4.4 
Pt-Co 4.1 2.88 3.8 
Pt-Pt 2.9 2.75 5.0 

Pt foil Pt-Pt 12* 2.77 4.9 

PtO
2
 Pt-O 6* 2.03 3.0 

Ru-K edge 

Ru
0.06

Co
2.94

O
4
 

Ru-O 5.2 2.02 3.6 
Ru-Co 4.9 2.92 3.5 
Ru-Ru 2.5 2.98 5.9 

Ru foil Ru-Ru 12* 2.68 4.1 

RuO
2
 Ru-O 6* 1.97 1.5 

Pd-K edge 
Pd

0.08
Co

2.92
O

4
 

Pd-O 4.2 2.01 5.8 
Pd-Co 1.2 2.91 3.1 
Pd-Pd 5.6 2.72 10.8 

Pd foil Pd-Pd 12* 2.74 5.5 
PdO Pd-O 4* 2.02 1.8 

Au-L3 edge 
Au-Co

3
O

4
 Au-Au 10.3 2.85 7.5 

Au foil Au-Au 12* 2.86 7.8 

CN, coordination number; σ2, Debye-Waller factor; Error limits (accuracies) were estimated as follows: 

CN, ±10%; bond length, ±1%; σ2, ±10%. * refers to the fixed coordination number according to the 

standard crystal structure. 

 

Table S2 Comparison of exchange current density (j0) for PtnCo3-nO4 and Pt/C catalysts. 

Samples Pt0.01Co2.99O4 Pt0.04Co2.96O4 Pt0.06Co2.94O4 Pt0.14Co2.86O4 Pt/C 
Pt NP@ 

Co3O4 

j0 

(mA cm
-2 

Pt) 
0.75 1.04 3.78 3.90 0.38 0.15 
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Chapter 7 Conclusions and perspectives 

This thesis is devoted to the development of noble metal electrocatalysts with well-designed 

surface/interface structure and unique spatial topologies as high-efficiency candidates in key 

energy conversion reactions including OER, HER and HOR in acidic environments. Through 

a judicious combination of experimental methodologies, advanced characterization techniques 

and fundamental theoretical investigations, some major conclusions have been made in 

promoting the research understanding of this topic:  

(1) In the Ru@IrOx core-shell nanocrystals, the strong charge-redistribution across the core-

shell heterojunction helps to break the activity and stability limits of RuO2 and IrO2 

simultaneously and represents a promising strategy in facilitating catalytic performance. 

(2) The surface dopants in RuIr alloy catalysts exhibit dual effect in modifying surface 

intermediate species for OER and regulating surface valence states for HER. A linear activity 

dependence on the binding strength of reaction intermediates is demonstrated, which highlights 

the chemical/valence states of catalysts as a good indication of activity at the fundamental level. 

(3) A simple ion exchange-pyrolysis strategy has been adopted to allocate noble metal atoms 

with identical atomic spatial correlations in transition metal oxide host structures, which greatly 

diversifies the noble metal geometry structures and offers promising electronic properties 

towards acidic OER electrocatalysis.  

(4) A series of Pt-substituted cobalt spinel oxide was synthesized to illustrate the effect of 

spatial structure of correlated Pt substitutions on the physical properties and catalytic 

performance. The optimized Pt0.069Co2.931O4 catalyst exhibited more than one order of 
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magnitude enhanced HER/HOR specific catalytic performance in acidic environment in 

comparison with that of commercial 20 wt% Pt/C catalyst. 

Although progresses have been achieved in the development of noble metal electrocatalysts, 

some fundamental challenges remain to be investigated and point out the future perspectives 

in this topic, including the following:  

(1) Substantial improvement in catalytic activity is required for the future electrocatalyst design 

towards PEM devices, especially acidic OER. The sluggish reaction kinetics of OER and the 

limited choices in catalyst design have significantly impeded the application of PEM water 

electrolyzers and the fast production of hydrogen fuel. More efficient strategies focusing on 

increasing the number of active sites and improving the specific activity of each active site 

should be investigated. 

(2) One of the greatest challenges for energy conversion reactions in acidic environments is the 

long-term stability due to the harsh acidic operating conditions. Fundamental understanding of 

catalytic stability has often been overlooked because of a major emphasis on catalytic activity. 

Greater in-depth experimental and theoretical study is therefore needed to reveal the origin of 

stability fading and the structure − stability relationship. Further, it would practically guide the 

future design of catalysts if a quantitative descriptor dealing with the catalyst stability could be 

raised. 

(3) It is increasingly recognized that some catalyst surfaces can be changed dynamically during 

electrocatalysis under acidic conditions, mainly because of oxidized potential and/or acid 

corrosion. This makes it difficult to precisely identify the active sites and to determine the 

reaction mechanisms based on characterizations upon freshly prepared catalysts. Therefore, the 
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fundamental understanding of well-established catalysts would require the combination of 

advanced in-situ analytical techniques and operando theoretical computations. 

(4) Although a new geometric structure of allocating various noble metal atoms with identical 

spatial correlations in the lattice of transition metal oxides has been proposed in this thesis, 

more efforts would be devoted to extending this strategy to wider options of host materials and 

to more energy conversion applications. In addition, further studies to investigate both the 

synergistic effect among correlated noble metal substitutions and the interactions between the 

noble metal substitutions and the transition metal oxide (or other) host materials are still needed.  
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