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Engineering iridium (Ir)-based electrocatalysts towards high activity and satisfactory durability for the

oxygen evolution reaction (OER) in acidic media has been long pursued to commercialize proton

exchange membrane-based electrolyzers. Here we report a novel class of Ir porous nanohollows (p-

NHs) with tunable wall thickness, which electrocatalyze acidic OER with much enhanced performance

relative to conventional Ir nanoparticles. The p-NH structure is deliberately-tailored via a facile

hydrothermal approach, in which the initially-formed solid Ir spheres were in situ etched via the

Kirkendall effect. At an overpotential of 300 mV, the Ir p-NH catalyst delivers a mass activity of 1.75 A

mgIr
�1, which is 6.25 and 3.20 times higher than those of commercial Ir/C and control Ir solid

nanosphere catalysts, respectively. Ir p-NHs as an anode enable voltages of 1.50 V and 1.59 V at 10 and

100 mA cm�2, respectively, for acidic water splitting. We explore how porosity energetically promotes

OER activity of Ir-based catalysts using density functional theory (DFT) calculations, which reveal that the

adsorption of *OOH and thus OER activity can be described by the generalized coordination number of

surface Ir sites. Our findings offer new insights into the rational design of highly-open Ir-based

nanostructures for efficient OER electrocatalysis.
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Introduction

Water electrolysis enables massive hydrogen production pow-
ered by renewable electricity and, in doing so, promises less
dependence on fossil fuels in the industry and transportation
sectors.1–5 In particular, proton exchange membrane water
electrolyzers (PEMWEs), featuring high voltage efficiency, high
current densities, rapid response and low gas crossover, are of
wide research interest.6–10 A crucial challenge related to
PEMWEs arises from the sluggish kinetics of the anodic oxygen
evolution reaction (OER) – a complex reaction that requires the
transfer of four electrons and protons. Iridium is the only
element that catalyzes the OER in strong acid with satisfactory
activity and stability.11–16 However, the scarcity of Ir has posed
severe limitations to the widespread application of PEMWEs in
terms of both cost and supply constraints, which has motivated
considerable research efforts to upgrade Ir-based OER
electrocatalysts.17–22

A widely-adopted upgrading strategy is to alloy Ir with other
elements.23–29 The selection of alloying elements has been
mainly guided by an energetic-descriptor-based approach to
pursue an optimal adsorption of OER intermediates, with
transition metals being the most popular candidates.30,31

However, most of these transition metals are thermodynami-
cally unstable during acidic OER electrolysis and, as a conse-
quence, tend to leach out.31–34 As a result, the actual catalytic
structure of an alloying catalyst is a porous Ir skeleton derived
J. Mater. Chem. A, 2022, 10, 20005–20010 | 20005
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Fig. 1 (a) Schematic illustration of the structural evolution of Ir p-NHs,
with corresponding TEM images of products collected at a reaction
time of (b) 1 h, (c) 3 h and (d) 5 h. Scale bar, 1 mm.

Fig. 2 Structural characterization of Ir p-HNs. (a–c) HAADF-STEM
images, (d and e) HRTEM images and the inserted SAED pattern, and (f)
high-resolution XPS Ir 4f spectra of Ir p-HNs and Ir NSs.
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from the continuous dissolution of transitionmetals – a process
known as dealloying.35–38 Notably, such porous Ir architectures
were recently shown to possess superior OER performance over
their nanoparticulate counterparts. Markovic and co-workers
reported an Ir nanoporous architecture, prepared from the
dealloying of an Ir25Os75 precursor, which exhibited an excep-
tional balance between activity and stability for the acidic
OER.38

Another upgrading strategy is to engineer geometries of
catalytic components, with the purpose of maximizing the
atomic utilization efficiency of Ir by increasing the accessibility
of all Ir atoms to reactive molecules, electrons and ions.39–42 A
hollow morphology enables the liberation of buried atoms that
cannot be reached by reactants or electrolytes and thus has
a higher utilization efficiency for catalysis than a solid one.43–46

Furthermore, hollow structures also facilitate high mass trans-
port during the reaction, which is crucial for industrial-scale
high-rate electrolysis. Therefore, it is highly appealing to study
acidic OER behavior on an Ir-based electrocatalyst that inte-
grates porous architecture with hollow morphology.

Here we report the design and synthesis of 3-dimensional
(3D) Ir nanohollows enclosed with porous walls (denoted as Ir p-
NHs) for efficient OER electrocatalysis in acidic media. Ir p-NHs
were deliberately constructed in a facile hydrothermal system,
in which the Kirkendall process was in situ triggered to excavate
the initially-formed solid Ir nanospheres. The wall thickness
could be facilely manipulated by controlling the concentration
of the etching agent, i.e. Co3+ ions. The Ir p-NH catalyst showed
a mass activity of 1.75 A mgIr

�1 at an overpotential of 300 mV,
which is 6.25 and 3.20 times higher than those of commercial
Ir/C and control Ir solid nanosphere catalysts, respectively.
When applied as an anode for water splitting in acidic media, Ir
p-NHs enabled an overall voltage of 1.50 V at 10 mA cm�2. DFT
calculations were carried out to explore the effect of porosity on
OER performance of Ir-based catalysts and establish a relation-
ship between the generalized coordination number, interme-
diates’ adsorption strength and OER activities on Ir surfaces.

Results and discussion
Synthesis and characterization

Ir p-NHs were synthesized using a one-pot hydrothermal
approach, in which iridium chloride (IrCl3) was used as
a precursor, glyoxal solution and citric acid as reducing agents,
and cobalt acetylacetonate (Co(acac)3) as an etching agent
(Fig. S1, ESI†). The hollowing process was driven by the Kir-
kendall effect, through the galvanic reaction between Co3+ ions
and metallic Ir domains (Fig. S2, ESI†).47,48 We tracked the
synthesis by collecting products at different reaction times and
examined the morphologies using transmission electron
microscopy (TEM, Fig. 1). Solid spheres with a diameter of �1
mm were observed at the initial stage (Fig. 1b), followed by the
gradual hollowing with a prolonged reaction (Fig. 1c and d).
Increasing the Co(acac)3 concentration decreases the wall
thickness of nanohollows, and the collapse of the hollow
structure was observed when fed with an excess amount of
Co(acac)3 (Fig. S3, ESI†). Only solid nanospheres (NSs, used as
20006 | J. Mater. Chem. A, 2022, 10, 20005–20010
a control catalyst) were obtained in the absence of Co(acac)3,
verifying the key role of the Kirkendall effect in driving the
hollowing process (Fig. S4, ESI†). Besides, both glyoxal and
citric acid are essential to obtain uniform Ir p-NHs. In the
absence of glyoxal, mixture products of nanoparticles and
carbon spheres were obtained (Fig. S5a, ESI†), while dendritic
nanostructures were produced in the absence of citric acid
(Fig. S5b, ESI†).

High-angle annular dark-eld scanning TEM (HAADF-STEM)
was used to inspect Ir p-NHs for more structural details
(Fig. 2a). The ratio of wall thickness to the overall hollow diam-
eter was measured to be 1 : 10 (Fig. 2b), indicative of high surface
exposure of Ir atoms. Focusing on the wall region (Fig. 2c), we
observed an assembly of two-dimensional nanosheets, as
conrmed by the HRTEM image in Fig. 2d, the HAADF-STEM
images in Fig. S6† (in the top view of p-NHs), and the SEM
images in Fig. S7.† Abundant porosities and channels at the
nanoscale were readily observed from these images, which were
likely generated during the Kirkendall process. A lattice distance
of 0.24 nm can be assigned to the (111) plane of a face-centered
cubic (fcc) Ir crystallite (Fig. 2e and S8, ESI†), in line with the
corresponding selected area electron diffraction (SAED) pattern.
The STEM-EDS images suggest the uniform distribution of Ir
(Fig. S9, ESI†). As conrmed by energy-dispersive X-ray spec-
troscopy (EDX) (Fig. S10, ESI†), Ir is the only detected metal
element, excluding the residual of Co in p-NHs.
This journal is © The Royal Society of Chemistry 2022
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X-ray photoelectron spectroscopy (XPS) was carried out to
compare chemical states of Ir in p-NHs and NSs. The XPS survey
spectra of Ir p-NHs show the presence of C, O and Ir (Fig. S11a,
ESI†) and the absence of Co (Fig. S11b, ESI†), in line with the
results of STEM-EDS and EDX. The Ir 4f peaks of Ir p-NHs
shied more negatively compared to those of Ir NSs (Fig. 2f),
indicative of a more electron-rich state of surface Ir on the
former. Given the absence of the ligand effect on Ir (we have
excluded the residence of Co above), such difference in the
electronic structure is deduced to have originated from the
distinction of surface geometries between p-NHs and NSs. We
will provide more explanation regarding this aspect in the DFT
section. In the case of Ir p-NHs, the tted peaks at 61.04 and
64.04 eV are attributed to Ir 4f5/2 and Ir 4f7/2 of metallic iridium
(Ir0), respectively; while the peaks at 61.7 and 64.7 eV can be
assigned to Ir4+. The third set located at 62.5 and 65.5 eV is
attributed to the satellite of Ir4+. By tting the high-resolution
XPS spectra, we found a higher ratio of the metallic Ir state on
p-HNs than that on NSs (Table S1, ESI†). Intriguingly, a similar
trend, i.e. an increased metallic state ratio, was also observed in
the study of dealloying Ir-based materials.38

Electrocatalytic performance

We evaluated the electrocatalytic performance of Ir p-NHs for the
OER using a typical three-electrode conguration (see the ESI† for
details). The OER activity of Ir p-NHs was benchmarked against
that of a commercial Ir/C catalyst and also compared to that of
solid Ir NSs to reveal the structural effect of porosity and hollow
Fig. 3 (a) Polarization curves of the OER, with currents being
normalized to geometric surface areas, (b) mass activities and current
densities at an overpotential of 300 mV, (c) electrochemical imped-
ance spectroscopy, and (d) overpotentials at 10 mA cmgeo

�2 before
and after 4000 cycles on Ir p-NHs, Ir NSs and commercial Ir/C cata-
lysts. (e) Activity comparison with recently reported monometallic Ir-
based electrocatalysts in acidic electrolyte.

This journal is © The Royal Society of Chemistry 2022
structures on OER performance. Fig. 3a shows the OER polari-
zation curves of various catalysts in 0.5 M H2SO4 at 1 mV s�1. The
benchmark Ir/C catalyst showed a comparable OER activity, in
terms of both the onset and the overpotential to deliver a current
density of 10 mA cm�2 (h10), to previously-reported values.19,45

Following the customarily-adopted performance metric of h10, Ir
p-NHs deliver an h10 of 243 mV, which is 54 mV and 31 mV lower
than those of commercial Ir/C (h10 of 297 mV) and Ir NSs (h10 of
274 mV), respectively. Overall, Ir NHs-x samples (x represents the
feeding amount of Co(acac)3 in the synthesis) showed higher
activity than Ir NSs, suggesting the structural benets of porosity
and hollow structures (Fig. S12, ESI†).

Notably, the mass activity of Ir p-NHs reached 1.75 A mgIr
�1,

6.25 and 3.2 times higher those that of commercial Ir/C (0.28 A
mgIr

�1) and Ir NSs (0.55 A mgIr
�1), respectively (Fig. 3b and S13,

ESI†). The electrochemical impedance spectrascopy (EIS)
results reveal a smaller charge-transfer resistance of Ir p-NHs
compared to that of the Ir NS counterpart (Fig. 3c), suggesting
that the Kirkendall process not only generates porosities and
channels but also promotes the integration of conductive Ir
frameworks. This observation agrees with the previous nding
that an electron-conduction ‘highway’ was constructed within
the catalytic nanostructures via a dealloying process.38 All three
catalysts show a similar Tafel slope of �60 mV dec�1 (Fig. S14,
ESI†), indicative of a similar OERmechanism and identical rate-
determining step. Regarding the electrocatalytic durability, the
h10 of Ir p-NHs increased by only 10 mV aer 4000 OER cycles,
outperforming Ir/C (h10 increased by 49 mV) and Ir NSs (h10
increased by 31 mV) catalysts (Fig. 3d and S15, ESI†). The
amount of dissolved Ir ions of each catalyst in the aer-cycling
electrolyte was further measured using ICP-AES (Fig. S16, ESI†),
which veried a signicantly improved stability of p-NHs (22.0
ng mL�1) compared to Ir NSs (77.3 ng mL�1) and Ir/C (51.0 ng
mL�1) controls. Performance comparison shows Ir p-NHs as
one promising monometallic OER catalyst in acidic electrolytes
(Fig. 3e and Table S2, ESI†), though we need to be cautious
about the different conditions and protocols for OER
measurements across the literature, especially for the catalyst
loading.

We further applied Ir p-NHs as the anode and 20% Pt/C as
the cathode to evaluate water splitting performance in 0.5 M
H2SO4 (Fig. 4a). As displayed in Fig. 4b, the Ir p-NH electrode
delivers current densities of 10 and 100 mA cm�2 at cell voltages
of 1.50 and 1.59 V, respectively, both of which are lower those of
than Ir/C and Ir NSs. The catalytic durability is further
compared in Fig. 4c. 81% of the initial activity was retained on
the Ir p-NH catalyst aer a 10 hour continuous reaction at
a constant voltage of 1.49 V; while only 49% and 12% were
retained on Ir NSs and Ir/C. The post-OER Ir p-NH catalyst was
further characterized by TEM. As shown in Fig. S17,† the p-NH
structure was well preserved, indicative of its high stability
under acidic OER electrocatalysis.
DFT calculations and discussion

Despite a considerable number of OER studies reporting the
benecial effect of porosities/channels on Ir-based catalysts, the
J. Mater. Chem. A, 2022, 10, 20005–20010 | 20007
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Fig. 4 Initial electrocatalytic overall water splitting performance in
0.5 M H2SO4. (a) Scheme of the two-electrode cell electrolyzer using
the Ir-based catalyst as the anode and 20% Pt/C as the cathode. (b)
Polarization curves of Ir p-NHs, Ir NSs and Ir/C for overall water
splitting. (c) Durability test for the three catalysts in a two-electrode
configuration.

Fig. 5 DFT calculations on IrO2(110). (a) Surface phase diagram of IrO2

at pH ¼ 0. (b) Theoretical overpotential of the defective IrO2 surface
with different GCNs.
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underlying mechanism remains poorly understood, especially
from an energetic point of view. As revealed by the XPS results
(Fig. 2f), a porosity-induced electronic modication was
observed for surface Ir sites on p-NHs. Given the absence of the
ligand effect (i.e., alloying with transition metals) in both
structures, it is reasonable to deduce that such electronic
difference is associated with the local geometries of surface Ir
atoms. As is well established in surface science, the work
functions of metals are highly dependent on the coordination
environment of surface atoms. The methodology of using
coordination numbers to bridge the electronic structure and
electrocatalytic activity has proven valid in the oxygen reduction
reaction on Pt surfaces but is yet to be explored for the OER.49,50

We then leveraged this methodology to understand how
surface local geometries impact OER electrocatalysis from an
energetic point of view, by performing density functional theory
(DFT) calculations on both ideal and defective IrO2(110)
surfaces with tunable generalized coordination numbers
(GCNs) (Fig. S18, ESI†).51 Along the OER pathway of H2O/ *OH
/ *O / *OOH / O2, the ideal (110) facet shows a theoretical
overpotential of 0.77 V with a rate-limiting step of *O / *OOH
(Fig. S19 and S20a, ESI†), in agreement with previous literature
reports.52 Before introducing point defects for GCN tuning, we
rst identied the most stable surface structure of IrO2 under
OER relevant conditions (i.e., pH ¼ 0; U > 1.4 V vs. SHE) based
on a surface phase diagram.53 As shown in Fig. 5a, the most
stable catalytic surface is O-terminated, suggesting that the
existence of an oxygen vacancy is unlikely during OER electro-
catalysis. Therefore, we only considered Ir vacancies for GCN
tuning in our model.54

We gradually reduced the GCN by removing surface Ir atoms
from our model one-by-one (Table S3, ESI†). Theoretical OER
activities were then calculated on these defective surfaces
20008 | J. Mater. Chem. A, 2022, 10, 20005–20010
(Fig. 5b). The optimal GCN region lies between 3.0 and 3.7, in
which the defective IrO2 surfaces outperform the ideal coun-
terpart by 0.15–0.2 eV due to a lower energetic barrier for *OOH
formation (Fig. S20b, ESI†). Intriguingly, we found that a GCN
less than 3 led to an unstable IrO3 structure, which had a lower
OER activity due to an increased energetic barrier for the
dehydrogenation to *O (Fig. S20c and d, ESI†). Overall, our DFT
results suggest that an intermediate GCN is crucial for
upgrading an Ir-based OER electrocatalyst for PEMWEs. We
note here that the purpose of our DFT calculations is not to
specically explain the catalytic behavior of the Ir p-NS struc-
ture, but rather is the rst attempt to testify the explanative
viability of GCNs for the acidic OER on a broad family of
defective Ir-based catalytic surfaces. From the above results, the
GCN well bridges local geometries (related to shape, crystal-
linity, porosity, etc.) and adsorption energetics of the OER and
could guide future structural engineering of more efficient Ir-
based OER catalysts.
Conclusions

We have reported a class of efficient OER electrocatalysts,
structurally featuring Ir porous nanohollows (Ir p-NHs), for
acidic water splitting. The Kirkendall effect thermodynamically
drives the structural evolution. Ir p-NHs show enhanced OER
catalytic activities over benchmark Ir/C and Ir nanosphere
control catalysts in both half-cell and full-cell measurements,
revealing the benecial role of porosity towards OER electro-
catalysis. Leveraging density functional theory (DFT) calcula-
tions, we further demonstrate that the generalized coordination
number (GCN) could serve as a structural descriptor to predict
OER activities on Ir-based surfaces, and an intermediate GCN
region was desired. Our ndings offer new insights for the
rational design of defective Ir-based nanostructures for efficient
OER electrocatalysis.
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