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catalysts with less content of Ir metal and 
higher intrinsic activity is quite appealing 
for acidic water oxidation.

To lower the Ir amount, many efforts 
have focused mainly on dispersing 
iridium oxides on a conductive high sur-
face area support or by doping of nonpre-
cious metals.[9–12] The enhanced activities 
have successfully reported in doped IrO2 
by various transition-metals like Ni, Co, 
and Cu. Several possible factors from 
the dopants, such as large surface active 
area, high coverage of reactive surface 
hydroxyl groups, and modified d-orbital 
occupation, were proposed to be involved 
in the enhancements.[10–12] However, 
the material properties determining the 
activity of those catalysts remain unclear. 
Moreover, the relatively smaller ion radii 
of 3d transition metals than that of Ir ion 

usually limit their solubility in the host structure due to lattice 
mismatch, which restricts a systemic study with a continuous 
change in the material properties.

Recently, another promising strategy has been devel-
oped to both reduce the Ir usage and promote the intrinsic 
activity, which is the synthesis of complex iridate oxides.[13–19] 
Various iridate oxides, such as perovskite- and pyrochlore-
type compounds, were found to exhibit superior activities 
to the benchmark IrO2 catalyst. For example, the specific 
activity at η  = 300  mV in acidic conditions approached about 
0.1  mA cm−2

oxide for pyrochlore oxide Y2Ir2O7 and even above 
1.0  mA cm−2

oxide for the perovskite oxide Ba2NdIrO6.[14,15] 
Despite of these achievements, still there is rare fundamental 
understanding of the underlying mechanism, especially the 
potential correlation between their catalytic activities and elec-
tronic structures, which should be essential for the design of 
future efficient electrocatalysts. In particular, 5d iridate oxides 
are a typical class of strongly correlated electron systems in 
which the charge, spin, orbital, and lattice degrees of freedom 
couple each other.[20–26] As a typical representation, pyro-
chlore iridate oxides R2Ir2O7 (R = rare earth ions) have drawn 
intensive attention in recent years since the interplay between 
electron correlations and spin–orbital couplings in this material 
induces a fascinating electronic phase diagram including var-
ious intriguing states, such as topological Mott insulators, Wely 
semimetals, and spin-liquid metals.[22–26] Moreover, the states 
can be finely tuned by changing R ions via the modification of 
5d electron correlations,[24–26] which may provide an excellent 

The development of highly efficient oxygen-evolving catalysts compatible with 
powerful proton-exchange-membrane-based electrolyzers in acid environ-
ments is of prime importance for sustainable hydrogen production. In this 
field, understanding the role of electronic structure of catalysts on catalytic 
activity is essential but still lacking. Herein, a family of pyrochlore oxides 
R2Ir2O7 (R = rare earth ions) is reported as acidic oxygen-evolving cata-
lysts with superior-specific activities. More importantly, it is found that the 
intrinsic activity of this material significantly increases with the R ionic radius. 
Electronic structure studies reveal that the increased R ionic radius weakens 
electron correlations in these iridate oxides. This weakening induces an 
insulator–metal transition and an enhancement of IrO bond covalency, both 
of which promote oxygen evolution kinetics. This work demonstrates the 
importance of engineering the electron correlations to rationalize the catalytic 
activity toward water oxidation in strongly correlated transition-metal oxides.

Oxygen Evolution Reaction

Electrocatalytic water splitting has been widely studied as a sus-
tainable and environmentally friendly approach for renewable 
energy supplement.[1–3] As an anodic reaction, water oxidation, 
also known as oxygen evolution reaction (OER), plays a critical 
role in this process due to the sluggish kinetics of four-proton-
coupled charge transfer.[4,5] For water electrolysis, acidic proton 
exchange membrane (PEM) electrolyzers exhibit great advan-
tages, such as low Ohmic losses, high-voltage efficiency, and 
high gas purity relative to alkaline electrolyzers.[4–6] Currently, 
iridium oxide IrO2 is generally regarded as the optimal cata-
lyst with a compromise between activity and stability for OER 
under acidic conditions.[5–7] However, it suffers from high cost 
and still low intrinsic activity. Usually, the specific activity, 
measured by normalizing the current density to the catalyst 
surface area, is less than 0.05  mA cm−2

oxide at an overpoten-
tial of 300 mV (η = 300 mV) under pH 1.[5,8] Thus, developing 
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platform to explore the dependence of the catalytic activity on 
the electronic structures.

Herein, based on a family of pyrochlore oxides R2Ir2O7  
(R = rare earth ions), we demonstrate the relationship between 
catalytic activity and electronic correlations in iridate oxides 
for acidic water oxidation. We find that as the radius of R ions 
increases the intrinsic activity exhibits a significant enhance-
ment. Specifically, the specific current density at η  = 300  mV 
under pH = 1 reaches a high value of 13.3  mA cm−2

oxide for 
R = Pr. Electronic structure studies reveal that this enhance-
ment is attributed to the weakening of the effective electron 
correlations via chemical pressure effect, which results in a 
transition from insulator to metal and a large increase in the 
hybridization of Ir 5d–O 2p orbitals.

The polycrystalline powders of R2Ir2O7 (R = Ho, Tb, Gd, 
Nd, and Pr) were prepared by a sol–gel method.[27] Figure  1a 
shows the crystal structure of pyrochlore-type R2Ir2O7, where 
the RO and IrO frameworks form R2O chains and corner-
shared IrO6 octahedra, respectively (Figure S1, Supporting 
Information).[14,23] Based on scanning electron microscopy–
energy-dispersive spectroscopy (SEM-EDS), the atomic ratio of 
R to Ir was determined to be 1.02, 1.04, 1.03, 1.01, and 1.01 for 
Ho2Ir2O7, Tb2Ir2O7, Gd2Ir2O7, Nd2Ir2O7, and Pr2Ir2O7, respec-
tively, consistent with the theoretical value of 1:1 (Figure S2, 
Supporting Information). The particle size of these samples is 
approximately hundreds of nanometers (Figure S3, Supporting 
Information). Figure 1b shows a representative high-resolution 
transmission electron microscopy (HRTEM) analysis and a 

selected area electron diffraction (SAED) pattern of Pr2Ir2O7 
particles. The interplane spacing was determined as 0.298 nm, 
corresponding to the (2 2 2) or (-2 -2 2) plane of face-centered 
cubic pyrochlore phase.[12,17] The high crystallinity and phase 
structure of as-prepared samples were further confirmed by 
X-ray diffraction (XRD) patterns (Figure  1c and Figure S4,  
Supporting Information), where the major reflections can be 
well indexed with a Fd3m space group.[14,23] Rietveld refine-
ments on the diffraction data reveal that the lattice constant a 
increased with the R ionic radius (Figure  1d). For pyrochlore 
oxides, the lattice expansion with R ionic radius is generally 
attributed to the increase in IrOIr bond angle via chemical 
pressure effect. As plotted in Figure  1d, the refined IrOIr 
bond angles for our samples indeed exhibited an obvious 
increase with the R ionic radius. This dependence was also sup-
ported by Raman spectra (Figure S5, Supporting Information), 
where a blueshift of the peak around 500 cm−1 assigned to the 
bending mode of A1g indicates the expansion of the IrOIr 
bond with the increase of the R ionic radius.[28,29]

The electrocatalytic OER properties of pyrochlore oxides 
R2Ir2O7 were evaluated in O2-saturated 0.1 m HClO4 solu-
tion using a standard three-electrode system. The polarization 
curves for all the samples, along with the commercial IrO2 
nanoparticles as a reference, show a strong dependence of 
the OER activity on the type of R ions (Figure S6a, Supporting 
Information). As R varied from Ho to Pr, the current density 
was remarkably promoted. Meanwhile, the onset potential was 
reduced from 1.49 to 1.41 V. This promotion was also reflected 
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Figure 1.  a) Crystal structure of R2Ir2O7. b) HRTEM image of Pr2Ir2O7 particles. The inset shows the corresponding SAED pattern. c) Rietveld refine-
ments of XRD patterns of R2Ir2O7. The colored dots, black lines, and gray lines are the experimental data, calculated data, and difference between them, 
respectively. Rp is the goodness-of-fit parameter obtained through Rietveld refinements. d) IrOIr bond angles and lattice constant a of R2Ir2O7. The 
dotted lines guide the eye.
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by the mass activity, obtained by normalizing the current 
density to the Ir metal mass (Figure S6b, Supporting Infor-
mation). All the pyrochlore iridates exhibited a higher mass 
activity than the commercial IrO2 nanoparticles. Specifically, 
Pr2Ir2O7 exhibited the highest mass activity of 424.5 A g−1

Ir  
at η  = 300  mV, which was about 21 times larger than that  
(20.4 A g−1

Ir) of the commercial IrO2 nanoparticles.
In order to address the crucial role of the R ions on the 

OER performance in R2Ir2O7, the specific activity was further 
calculated by normalizing the mass activity with the Brunauer–
Emmett–Teller surface areas (Figure S7, Supporting Infor-
mation), as plotted in Figure  2a. With the increase of R ionic 
radius, a substantial improvement in the intrinsic activity 
was observed. The overpotential at 10  mA cm−2

oxide decreased 
from about 500 to 290 mV. At η = 300 mV, the current densi-
ties (Figure 2b) approached to about 4.9 and 13.3 mA cm−2

oxide 
for R = Nd and Pr, which are about 14 and 39 times higher 
than that of R = Ho, respectively. Similar tendency was repro-
duced in the normalized activity by the electrochemically active 
surface areas, which were estimated from the electrochemical 
double-layer capacitance measurements (Figures S8 and S9, 
Supporting Information). More interestingly, the intrinsic OER 
activities of all the pyrochlore iridates were much higher than 
the commercial IrO2 nanoparticles. At η = 300 mV, the specific 
current densities for R = Ho, Tb, Gb, Nd, and Pr were about 
17, 38, 65, 210, and 670 times higher than that of IrO2, respec-
tively. Notably, Nd2Ir2O7 and Pr2Ir2O7 outperformed most of the 
Ir-based single-phase catalysts previously reported (Table S1, 
Supporting Information).

To assess the electrocatalytic stability of the pyrochlore iridate 
oxides, a long-term OER test at 10 mA cm−2

disk and 1000 cycles 
of voltammogram (Figure S10, Supporting Information) were 
performed for R = Nd and Pr, together with the commercial 
IrO2 as comparison. The pyrochlore iridates were electrochemi-
cally stable under both the testing conditions, while the IrO2 
catalyst nearly lost its activity after 8000 s or 800 cycles. The 
steady of the pyrochlore iridate oxides was further supported 
by the XRD and HRTEM measurements on the Pr2Ir2O7 elec-
trode before and after the OER tests (Figure S11, Supporting 
Information). No detectable changes in XRD patterns were 
found between before and after the tests. Moreover, HRTEM 
images showed that the surface structure of Pr2Ir2O7 catalyst 
after OER tests still maintained. Low-resolution transmission 

electron microscopy (TEM) characterization of near surface 
area of and before and after stability test showed that no visible 
change was found around the surface area of pyrochlore oxides, 
showing the acid stability of R2Ir2O7 (Figure S12, Supporting 
Information). Besides, the surficial chemistry was investigated 
by X-ray photoelectron spectroscopy (XPS) spectra (Figure S13, 
Supporting Information), showing no obvious changes in the 
XPS spectra of Ir 4f and R 3d, indicating that the chemical state 
of Ir an R ions remained nearly the same with that of pris-
tine pyrochlore oxides. In addition, we detected the electrolyte 
after OER test by inductively coupled plasma atomic emission  
spectroscopy (ICP-AES). Both the content of Ir and R were 
below the detection limit. Moreover, postcharacterizations by 
STEM-EDS and EDS mapping disclose that the atomic ratios 
of R to Ir for tested Nd2Ir2O7 and Pr2Ir2O7 are 1.03 and 1.06, 
which approaches to that of pristine ones which are 1.00 and 
1.08 (Figure S14, Supporting Information). In this case, the 
atomic ratio of R to Ir remained unchanged after the reac-
tion. Taken together, no R or Ir ions were leached out during 
OER reaction. These results underscore that the pyrochlore iri-
date oxides, especially for R = Pr, are highly active and stable  
catalysts for acidic water oxidation, making them a promising 
catalyst in commercial PEM-based water splitting electrolysis.

The electrochemical measurements clearly reveal that the 
intrinsic OER activity of R2Ir2O7 strongly depends on R ions. 
For this strongly correlated system, it has been pointed out 
that the correlations among Ir 5d electrons play a vital role in 
their electronic properties.[22–26] Generally, the effective electron  
correlations are determined by the ratio of U/W, where U and  
W are the on-site Coulomb repulsion and the bandwidth, 
respectively.[24,25] The increase of IrOIr bond angle with the 
R ionic radius leads to a larger hopping parameter between  
Ir 5d electrons and hence an increased W value.[25] As a result, 
the effective electron correlations in R2Ir2O7 are modified by the 
IrOIr bond angle via changing R ions. In order to characterize 
the strength of electron correlations for as-prepared pyrochlore 
oxides, Ir 4f XPS were carried out (Figure  3a and Figure S15,  
Supporting Information). For all the iridates, a multicomponent 
peak structure was observed, which can be fitted with two dou-
blets.[30] The broad doublet at lower binding energy corresponds 
to an unscreened component (u) and the sharp doublet at 
higher binding energy to a screened one (s).[30] The relative ratio 
of u/s has been employed as a valid parameter to measure the 
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Figure 2.  a) The specific OER activity of R2Ir2O7 and IrO2. b) Specific OER activity at η = 300 mV. Error bars represent standard deviation from at least 
three independent measurements.
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strength of electron correlations for 4d and 5d metal oxides.[30,31] 
Figure  3b plots the ratios of u/s for R2Ir2O7 with different R 
ions. When R varies from Ho to Pr, the ratio largely reduced 
from about 11.1 to 4.5, which indicates that increasing the R 
ionic radius weakened the electron correlations.

The electrical transport measurements were further per-
formed to explore the electronic properties of pyrochlore iridate 
oxides. Figure 3c displays the temperature-dependent electrical 
resistivity of R2Ir2O7. For small R ions, i. e., Ho and Tb, the 
resistivity increased with the decrease of the temperature, 
signifying a typically insulating behavior. For the moderate 
R ion, i. e., Gd, the resistivity exhibited a less dependence on 
the temperature. Moreover, the value of resistivity was around 
100 mΩ cm, which approached to that of the metals. Both fea-
tures suggest that Gd2Ir2O7 behaved like a semimetal.[26] For 
larger R ions, i.e., Nd and Pr, the resistivity decreased upon 
cooling, meaning a metallic behavior. Moreover, in the entire 
temperature region, the resistivity monotonically decreased 
with the increase of R ionic radius. Specifically, at 300 K, it 
reduced from about 840 to 12 mΩ cm as R changed from Ho 
to Pr. On the basis of the transport measurements, we estab-
lished an electronic phase diagram near room temperature 
for R2Ir2O7. As illustrated in Figure 3d, the increase of R ionic 
radius induces an insulator–semimetal–metal transition.

For IrO2, Ir4+ ions have no electron in eg orbital, since all elec-
trons are at low-spin state and in t2g orbitals. For pyrochlore iri-
date oxides, the 5d electrons of Ir4+ ions under Oh symmetry in 
IrO6 octahedra are split into t2g and eg orbital states by the crystal 
field energy, yielding a t5

2g low-spin configuration.[20] Due to the 

strong spin–orbit interactions, the t2g band is further split up 
into a narrower, half-filled Jeff = 1/2 band and a wider, filled Jeff = 
3/2 band.[20] The half-filled Jeff = 1/2 band shares the same merit 
with the single electron filled eg orbital reported in 3d transition-
metal oxides, which results in the high reactivity with absorbed 
oxygen. Accordingly, the higher OER activities in R2Ir2O7 derive 
from the stronger spin–orbital couplings relative to IrO2.

As for the comparison between different R2Ir2O7, the strong 
electron correlations are taken into account. In this case, 
the Jeff  = 1/2 band is further divided into an upper Hubbard 
band and a lower Hubbard band with a Mott gap, making it 
a Jeff  = 1/2 Mott insulator (Figure S16, Supporting Informa-
tion).[20] This feature was suitable for R = Ho and Tb due to 
relatively larger electron correlations, as shown in the left of 
Figure 3e. When the R ionic radius increased, accompanied by 
the decrease of electron correlations, the gap gradually reduced. 
For R = Gd, it was close to zero, which was associated with the 
semimetal state (see the middle of Figure 3e). Upon decreasing 
the electron correlations, as for R = Nd and Pr, the gap com-
pletely disappeared and hence the metallic behavior emerged 
(see the right of Figure  3e).[26] Therefore, the electronic struc-
ture of this strongly correlated system was directly controlled by 
the effective electron correlations via changing R ions.

For oxygen-evolving catalysts, the high conductivity could 
facilitate the charge transfer between catalyst–electrolyte and 
catalyst–support electrode interfaces, which is beneficial for the 
OER process.[32,33] In our case, the weakening of the electron 
correlations induced an insulator–semimetal–metal transi-
tion for R2Ir2O7, accompanied by a significant enhancement 
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Figure 3.  a) Ir 4f XPS spectra of R2Ir2O7. b) The ratio of u/s for R2Ir2O7. The doublet u and s correspond to the unscreened and screened 4f components, 
respectively. The dotted line guides the eye. c) Temperature-dependent resistivity. d,e) Electronic phase diagram around room temperature and the 
corresponding schematic band structures of Ir 5d orbitals.
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in the conductivity. Thus, it is believed that the OER kinetic 
was accelerated by the weakening of the electron correlations. 
This feature was confirmed by the electrochemical impedance 
spectroscopy measurements (Figure S17, Supporting Informa-
tion), where the Nyquist plots revealed a gradually decrease in 
the charge transfer resistance with R varying from Ho to Pr. 
On the other hand, the covalency of metal-oxygen bonds has 
been recently demonstrated to play a critical role in the OER 
process for transition-metal oxides.[16,34–37] A higher covalency 
is regarded to facilitate the reaction kinetics and give rise to a 
higher oxygen-evolving activity. For R2Ir2O7, the reduction in 
the electron correlations was associated with the broadened 
Ir 5d bands, which would enhance the IrO covalency due to 
the increased orbital hybridization. To evaluate the strength of 
metal–oxygen orbital hybridization in these oxides, O K-edge 
X-ray absorption spectra (XAS) were further carried out. As 
shown in Figure  4a, all the spectra present a prepeak around 
528 eV, which corresponds to the transition from the O 1s core 
level to the unoccupied O 2p states hybridized with Ir 5d t2g 
orbitals.[37–40] When the R ionic radius increases, the normalized 
intensity of the prepeak exhibits an obvious increase (Figure 4b). 
This result clearly supports that the Ir 5d–O 2p hybridization is 
enhanced by weakening the electron correlations, which benefits 
the oxygen redox reaction and thus boosts the water oxidation.

In summary, we develop the pyrochlore-type iridate oxides 
R2Ir2O7 as highly active and stable OER catalysts for acidic 
water oxidation, overwhelmingly superior to the benchmark 
IrO2 nanoparticles. More interestingly, the intrinsic activity 
exhibits a significant increase with the R ionic radius in this 
material. The increase of R ionic radius weakens the elec-
tron correlations via broadening the Ir 5d bandwidths, which 
gives rise to an insulator–metal transition and a strengthened 
hybridization between Ir 5d and O 2p orbitals. The promoted 
conductivity and enhanced covalency of IrO bonds improve 
the OER activity. This work not only provides deep insight into 
the role of the electron correlations in the catalytic activity, but 
also points toward a direction to design highly efficient oxygen-
evolving catalysts in strongly correlated transition metal oxides.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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