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ABSTRACT: Polymer electrolyte membrane (PEM) water electrolyzers are a key technology for driving the energy system toward
a renewable resource-based model. Numerous past and ongoing R&D activities have sought to reduce their dependence on precious
metal catalysts, but unfortunately, there has still been no breakthrough in electrocatalyst design for PEM water electrolyzers. Scarce
iridium remains the best choice as an electrocatalyst, thanks to its efficiency and durability for hosting the oxygen evolution reaction
(OER). In this study, we present a synthesis method for preparing an iridium nanostructure that utilizes it more efficiently. A highly
uniform morphology of IrO2 nanospheres was achieved based on a cation-exchange reaction and using a sacrificial template. This
highly simple synthesis enabled a high concentration of hydroxide groups on the surface without additional treatment to be achieved,
which plays a significant role in enhancing OER, as electrocatalysts present a 3-fold increase in mass activity compared to commercial
IrO2. This study provides insights into the synthesis of nanostructures, with much potential to apply these to different applications.
Moreover, we draw attention to the fundamental importance of structural properties with this simple but uniform structure and its
performance as an electrocatalyst.
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■ INTRODUCTION

Water electrolysis is an environmentally friendly technology for
the production of hydrogen, which is considered a promising
energy carrier for the near future. An electrolyzer splits water
into oxygen and hydrogen using electricity, allowing the energy
to be stored and the hydrogen to be used as a fuel or industrial
feedstock. Polymer electrolyte membrane (PEM) water
electrolysis has attracted particular attention as a means of
producing green hydrogen due to its advantages compared to
classic, alkaline-based systems, such as high current density,
wider windows for a power input operation, and compact
system design.1 However, PEM water electrolyzers use a
strong, solid acidic membrane as an electrolyte, and, together
with high anodic over voltages, the materials used to split water
must be highly resistant to the corrosive operating environ-
ment. Iridium oxide nanoparticles are recognized as the best
and only practicable electrocatalysts for enabling the oxygen
evolution reaction (OER), due to their superior electrocatalytic
activity and durability under both acidic and oxidative

conditions.2−4 In recent decades, many researchers have
searched for alternative catalyst materials to iridium,5−7 but
none of these have altered the state-of-the-art in the domain of
commercial electrolyzer devices. As iridium is one of the rarest
elements and therefore presents economic challenges, research
into much higher utilization of iridium inside electrolysis cells
is needed. In other words, iridium-based catalyst structures
must be designed that allow the use of all iridium atoms during
the OER, with iridium-based electrodes having 100%
utilization.
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The fabrication of nanostructures is one of the most well-
known strategies for improving electrocatalytic performance
and utilization. Electrocatalytic performance can be improved
in two ways: by increasing intrinsic catalytic activity or active
surface area. Using nanosized materials is an easy way to
increase the active surface area by exposing more surface area
with a defined amount than microsized materials. The
properties of nanostructures also depend on the size, shape,
composition, arrangement of atoms, and more. In other words,
controlling the shape of nanostructures can change the
physical, chemical, and surface properties, which can improve
intrinsic catalytic activity. Many types of nanostructures have
been reported by various synthetic approaches, such as

homogeneous nucleation,8−10 seed-mediated growth,11−13

galvanic replacement,14−16 and others.17−19 Using already
prepared templates,20−22 the design of nanostructures can be
made more accurate. Moreover, the fabrication process can be
better controlled by the separate synthesis procedure. Fan et al.
presented various noble metal core−shell nanostructures by
means of seed-mediated growth using different metal
precursors with Au cores as the templates.12 In turn, Han et
al. demonstrated bimetallic hollow nanostructures by the
galvanic replacement reaction using Cu seeds and investigated
their structural diversity depending on the reaction conditions
and different noble metal precursors.14

Figure 1. Schematic illustration of the synthesized IrO2 nanospheres and commercial IrO2.

Figure 2. SEM images with corresponding illustrations of (A) MnO2 nanowires and when it was heated to: (B) 100 °C, (C) 220 °C, (D) the XRD
pattern, and (E, F) XPS spectra of MnO2 nanowires and MnOx particles after heating to 220 °C.
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Iridium has not been studied as extensively as the other
metals mentioned above, as it is difficult to control its shape.
For this reason, most iridium nanostructures reported in the
literature were supported by additional elements to form an
alloy or decoration of their surfaces.23−25 Some studies have
described the synthesis of iridium nanoparticles, but it is
difficult to consider these as specific structures with a
regularity,26−28 or if they were only evaluated in basic
conditions.29 Therefore, to the best of our knowledge, hardly
any studies have been published that also show structural
effects with iridium structures for OER in acidic conditions.
In this study, we present a simple synthesis for the

preparation of highly uniform IrO2 nanospheres. These were
synthesized via a cation-exchange reaction using MnO2 as a
based material. Here, the MnO2 nanoparticle was used as an
exchanged template with iridium. The successfully designed
IrO2 nanospheres were formed by assembling numerous small

iridium oxide nanoparticles with spherical shapes with a 78.0%
hydroxide content on the surface. In contrast, commercial IrO2

usually agglomerates in irregular shapes and sizes and has a
naturally oxidized surface covered by only 34.6% hydroxide.
Figure 1 highlights the structural advantages and differences
between commercial IrO2 and the fabricated IrO2 nanospheres.
The evaluation of OER activity demonstrated a 3-fold
improvement in the catalytic activity and stability of our
IrO2 nanospheres compared to commercial IrO2. The
improvement in electrochemical performance can be attributed
to the structural uniformity and the generated hydroxide group
on the surface of the IrO2 nanospheres. Moreover, we present
for the first time in detail the procedure for the preparation of
IrO2 nanospheres and explain the structural merits of the
spheres obtained in this synthesis, which contributed to the
improvement of the electrocatalytic performance. This study
specifies the feasibility that can be applied to the syntheses of

Figure 3. (A) Schematic illustration of the fabrication of IrO2 nanospheres; (B) SEM characterization of IrO2 nanospheres; (C) high-resolution
HAADF-STEM image of IrO2 nanospheres and corresponding elemental mapping with (D) enlarged image; and (E) high-resolution HAADF-
STEM image and FFT patterns of IrO2 nanoparticles.
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other nanostructures by simply applying favorable materials for
the cation-exchange reaction. It is intended to inspire the
development of other noble metal-based nanomaterials that
require sensitive conditions to be controlled for various
applications, such as fuel cells, photovoltaics, sensors, and
nanoparticles developed within agriculture and pharmaceutical
applications.

■ RESULTS AND DISCUSSION
Structural Characterization. To design a well-controlled

iridium oxide structure, MnO2 was used as a template because
it is easily achievable on large scale; moreover, it has been
frequently reported for cation exchange.30−32 The presence of
the manganese template in this synthesis played an important
role in the final morphology of iridium nanoparticles, as
iridium nanoparticles barely showed a specific structure in the
absence of MnO2 (Figure S1). Initially, MnO2 nanowires were
formed by the hydrothermal method, which is described in
detail in the Experimental Section. The MnO2 nanowires
transformed into spherical particles, while the reaction was
heated to 220 °C (Figure 2). The thermodynamic properties
of manganese oxide have been previously investigated.33−35

Depending on the heat treatment and oxygen partial pressure,
manganese oxide changes in terms of structure and
morphology. In general, as the temperature increases, MnO2
is reduced to Mn2O3, and Mn2O3 is reduced to MnO with
structural transformation, and this reaction is accompanied by
oxygen evolution. In our synthesis, the transformation could be
facilitated because the heat treatment was carried out under Ar
flow to obtain an inert atmosphere. The morphological change
of our MnO2 nanowires was observed by means of scanning
electron microscopy (SEM), with a schematic illustration in
the inset (Figure 2A−C). Initially, clear MnO2 nanowires were
apparent (Figure 2A), but during heating to 100 °C, some of
these turned into roundish particles (Figure 2B). At the
reaction temperature of 220 °C, the MnO2 nanowires were
fully transformed into aggregated round-shaped particles
(Figure 2C). Additional analyses were performed to investigate
the changes in the properties of the pristine MnO2 nanowires
and MnOx particles heated at 220 °C (Figure 2D−F). Figure
2D compares the crystallinities measured by means of X-ray
diffraction (XRD) for both materials. It indicates that the
pristine MnO2 nanowires have peaks matching the α-phase
MnO2 (JCPDS No.44−0141). In contrast, these became
amorphous after being heated to 220 °C.
X-ray photoelectron spectroscopy (XPS) was used to

determine the oxidation and chemical states (see Figure
2E,F). The pristine MnO2 nanowires indicated that the
majority of Mn4+ with 69.1 atom % and Mn3+ with 30.9
atom % were in the Mn 2p3/2 spectral region (Figure 2E).
However, the MnOx particles heated at 220 °C showed Mn3+

peaks that were weakened to 33.3 atom % and Mn2+ peaks
intensified with 66.7 atom % of the higher ratio. This shows
not only the formation of MnO but also the overall reduction
of manganese from Mn4+ to Mn2+ induced by increasing the
temperature. This reduction in the MnO2 nanowires worked in
favor of the cation-exchange reaction while considering the
Pourbaix diagram for manganese (Figure S2). Below pH = 7,
manganese prefers to exist as Mn2+ ions under zero potential.
Given that the reaction solution was in the pH range of 3−5,
due to the ascorbic acid used as a reducing agent and iridium
precursor solution that will be subsequently added being a
strongly acidic solution, it is apparent that manganese dissolves

as Mn2+ ions. Accordingly, the change in the oxidation state to
2+ will accelerate the dissolution of manganese, which will, in
turn, lead to the favorable cation exchange when iridium
precursors are injected.
When the temperature reached 220 °C, the iridium

precursor was injected into the solution and the cation-
exchange reaction was initiated, as shown in Figure 3A. The
MnOx particles dissolved as Mn2+ ions, and the injected
iridium ions were exchanged with Mn2+ ions via their kinetics
at the reaction temperature, e.g., the energy allowed for the
dissolution of manganese and precipitation of iridium.36 In this
reaction, poly(vinylpyrrolidone) (PVP) was used as a capping
agent, which serves to restore the particles to a smaller,
uniform shape by limiting their aggregation. As the reaction
was proceeded in a closed system by wet chemistry, the
intermediates could not be observed; however, inductively
coupled plasma mass spectrometry (ICP-MS) was used to
detect the dissolved manganese and provide evidence for the
cation-exchange reaction. At the end of the synthesis, the first
supernatant in the washing procedure was analyzed. As a result,
75% of the manganese participated in the reaction was
detected in the first supernatant, proving that the manganese
was successfully sacrificed and dissolved during the reaction.
The remaining 25% of the manganese was detected in the
subsequent washing steps.
The SEM image shown in Figure 3B presents the

morphology of the synthesized IrO2 nanospheres. It indicates
that the IrO2 nanospheres feature a size distribution of 201 ±
32 nm (Figure S3). High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) confirmed
the spherical shape, with an energy-dispersive X-ray (EDX)
analysis revealing the evenly mixed iridium and oxygen within
the structure (Figure 3C,D). No manganese was detected in
the core, as the EDX value for manganese was less than 0.3
atom %. From the high-resolution HAADF-STEM images, it
could be observed that the IrO2 nanospheres are composed of
2 nm nanoparticles with a gap between them, suggesting that
they are assembled utilizing a certain surface interaction, such
as ligands that form on the surface during synthesis (Figure
3D). Fast Fourier transform (FFT) was applied to the high-
resolution HAADF-STEM image, which observed (200)
planes with the d-spacing 0.236 nm and (310), (112), and
(301) planes with 0.141 nm value for iridium oxide (Figure
3E). XRD was used to verify the crystallinity of the IrO2
nanospheres (Figure S4), and no diffraction peaks were
detected. We note that this discrepancy between the XRD and
TEM results regarding crystallinity could occur for nanoscale
materials.37,38 For nanomaterials below 50 nm, it is difficult to
obtain a significant signal from the XRD measurement.37 As
the particle size decreases, the peaks become broader and the
intensity can be attenuated. In particular, in the case of
nanoparticles below 5 nm, it is highly challenging to
distinguish crystallinity using only XRD. Furthermore, one
should be careful when evaluating the results if the orientations
of the particles are not in the same direction, as the mixed
orientations can reduce the intensity of the resulting peaks due
to misalignment.37 Given that the IrO2 nanospheres are
composed of 2 nm iridium oxide nanoparticles in a random
order, it is reasonable that they exhibit the amorphous pattern
in the bulk XRD measurement.
XPS measurement was performed to determine the surface

properties of the IrO2 nanospheres and commercial IrO2
(Figure 4). Figure 4A presents the XPS spectra in the Ir 4f
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region, showing two main components of Ir 4f7/2 and Ir 4f5/2,
which indicates that both materials have oxidized iridium peaks

in the reported range for IrO2, except that the doublets for
IrO2 nanospheres located in the slightly lower binding

Figure 4. XPS spectra of the synthesized IrO2 nanospheres and commercial IrO2 (Alfa Aesar): (A) Ir 4f and (B) O 1s.

Figure 5. Electrochemical measurements of IrO2 nanospheres by comparison with commercial IrO2 (Alfa Aesar). (A) OER polarization curves
measured in 0.5 mol·L−1 H2SO4 before and after chronoamperometry (CA) test for 5 h (till 1.6 V vs RHE); (B) Ir mass activities at 1.51 V (vs
RHE); (C) bar graph displaying the overpotentials to drive 10 mA·cm−2; and (D) Tafel plots before and after the CA test.
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energy.39−42 The negatively shifted positions around 0.6 eV of
IrO2 nanospheres imply that the electronic structure of iridium
was affected. On the contrary, the oxygen spectra exhibited
considerably interesting results (Figure 4B). In the O 1s
region, oxygen spectra can be deconvoluted into three peaks:
(1) lattice oxygen (O2−), (2) oxygen from hydroxide group
(OH−), and (3) adventitious oxygen usually related to
adsorbed water. The IrO2 nanospheres displayed a stronger
hydroxide peak and lower oxide peak, with 78.0 and 13.3%,
respectively, compared to commercial IrO2 possessing 56.6%
of oxide peak and 34.6% of hydroxide peak. The adventitious
oxygen spectra were almost the same as 8.8 and 8.7%, which
implies that the increased hydroxide portion of IrO2 nano-
spheres is directly related to the decreased oxide. The
increased hydroxide group could also explain the shift to the
lower binding energy of Ir 4f doublets for IrO2 nanospheres
since the weaker bonding of the hydroxide group would
substitute the stable divalent oxygen connected with iridium.43

Electrochemical Measurements. The IrO2 nanospheres
were evaluated as electrocatalysts for OER in a 0.5 mol·L−1

H2SO4 electrolyte. The electrochemically active surface area
(ECSA) was measured and compared with commercial IrO2.
Since both materials have an oxidized surface, it was acquired
by adopting the total anodic charges from the cyclic
voltammetry (CV) profiles after the double layer corrected
in the potential range of 0.4−1.25 V (vs RHE), and 440 μC·
cm−2 was used as the electrical charge constant for the anodic
processes.44 To avoid the distortion of the result, the
electrodes were swept from 0.05 to 1.53 V vs reversible
hydrogen electrode (RHE) until the cyclic voltammogram was
stable (Figure S5). The ECSA for IrO2 nanospheres and the
commercial IrO2 were calculated as 16.45 and 20.43 m2·gIr

−1,
respectively. Despite the final particle size of around 200 nm,
the reason that IrO2 nanospheres could achieve the
comparable ECSA value might be attributed to the more
active surface property and morphological uniformity, as well
as the reachable surface of iridium oxide nanoparticles inside of
IrO2 nanospheres. Brunauer−Emmett−Teller (BET) was also
measured to compare with the calculated ECSA. It indicated
10.5 m2·g−1 for the synthesized IrO2 nanospheres and 25.0 m2·
g−1 for the commercial IrO2, which showed a larger gap
between the two materials than the values from ECSA
measurement. Jung et al. studied 16 types of metal oxide
nanoparticles and demonstrated that BET was not directly
related to ECSA or electrocatalytic activity.45 Ren et al.
reported that the geometric area or BET surface area may not
properly reflect the intrinsic electrocatalytic activity and ECSA
can be the best way to compare the results by surface
normalization techniques.46 It is insisted that the discrepancy
in the ECSA and BET results can originate from the difference
between physical surface area and electrochemically active
surface area of materials. Moreover, Stevens et al. reported that
a more uniform surface area is a competent property for
electrocatalysts as it increases the frequency of adsorption as
electrocatalysts.47 From this perspective, IrO2 nanospheres
actively use their surface area more efficiently than commercial
IrO2 as electrocatalysts.
Figure 5 shows the electrochemical performance of the IrO2

nanospheres compared to commercial IrO2. Prior to measuring
OER performance, electrocatalyst coated on glassy carbon
electrode was activated by potential sweeping between 0.4 and
1.4 V (vs RHE) at a scan rate of 500 mV·s−1 for 45 cycles.
Activation was followed by CV for the same load range at a

scan rate of 50 mV·s−1 to observe redox peaks. The
commercial IrO2 showed two oxidation peaks indicating
oxidations of Ir(III) to Ir(IV) (∼0.8 V) and Ir(IV) to Ir(V)
(∼1.2 V).40,48,49 For the IrO2 nanospheres, an exceptional
oxidation peak was observed at ∼1.0 V (Figure S6), indicating
not only the continuous oxidation of Ir(III) to Ir(V) but also
the existence of hydrous oxide on the surface.40 The OER
activity was evaluated by linear sweep voltammetry (LSV)
from 0.4 to 1.7 V (vs RHE) at a scan rate of 5 mV·s−1 in
oxygen saturated electrolyte (Figure 5A). The IrO2 nano-
spheres exhibited higher activity of 58 A·gIr

−1 than commercial
IrO2 of 20 A·gIr

−1 at 1.51 V, which corresponds to an ∼3-fold
improvement in activity (Figure 5B). This is a significant
increase as an electrocatalyst composed of iridium only,
considering the reported iridium oxide materials (Table S1).
When the activities were normalized with the achieved ECSA,
the IrO2 nanospheres and commercial IrO2 showed 0.353 and
0.098 mA·cmECSA

−2, respectively, indicating a 3.6-fold improve-
ment in activity for the IrO2 nanospheres. We attribute this
improvement to the structural advantages of the IrO2
nanospheres, such as the morphological uniformity in shape
and size, as well as the generated hydroxide group on their
surface during synthesis. Considering the irregular shapes of
commercial iridium nanoparticles,3 they are known to
agglomerate and cause low efficient porosity and surface
utilization due to the uneven shape and size distribution,
whereas the uniform morphology of IrO2 nanospheres can
expose the surface more efficiently, which promotes the
catalytic reaction.50−54 As previously shown, particle size
distribution is closely related to catalytic activity and stability
and has been demonstrated on Pt/C nanoparticles.50 More-
over, a wide size distribution of particles causes electrode
polarization, which is associated with degradation and poor
electrochemical performance.51

As presented in the XPS results, the hydroxide group was
generated during the synthesis of IrO2 nanospheres. The
hydroxide group is well known as playing an influential role in
enhancing electrocatalytic activity.2,39,43,55−57 Abbott et al.
demonstrated that the enhancement of OER activity was
related to the initial hydroxide layer.39 The effects of particle
size, morphology, and surface area were investigated using four
types of synthesized IrO2, and it was found that the intrinsic
catalytic activity correlated most strongly with the hydroxide
group on the surface. Alia et al. reported that the hydroxide
group, which is released when the alloyed transition metal is
leached, can enhance the catalytic activity.2 The synthesized
Ir−Ni and Ir−Co nanowires were leached via ex situ acid
treatment and resulted in 11- and 8-fold enhanced activity,
respectively. Here, we point out that the hydroxide group on
the surface can be achieved without additional leaching
treatment. It implies that a well-designed synthesis can avoid
further experimental steps and prevent degradation due to the
dissolution of transition metals that are not perfectly leached.
Moreover, Casalongue et al. observed the surface of iridium
oxide nanoparticles during OER by in situ ambient pressure
XPS and proved that the OER takes place when the hydroxide
on the catalyst surface converts to oxide.58 Based on these
previous studies, the enhanced electrocatalytic activity of IrO2
nanospheres is here strongly correlated with the increased
hydroxide group on the surface.
We evaluated the initial stability of both catalysts by

applying a constant potential of 1.6 V (vs RHE) for 5 h,
following the protocols established by different research
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groups.44,59,60 The OER polarization curves after the 5 h test
are shown as dashed lines in Figure 5A, and the overpotentials
to obtain 10 mA·cm−2 before and after the durability test are
compared in Figure 5C. The overpotential of the IrO2
nanospheres was 352 mV and increased by 5.7% after the
durability test. In contrast, the overpotential of the commercial
IrO2 was increased by 9.2% from 390 to 426 mV. To
understand the kinetic behavior of the electrocatalysts, the
Tafel plots from the OER activities before and after the
durability test were analyzed (Figure 5D). The IrO2 nano-
spheres showed 57.8 mV·dec−1 of the initial Tafel slope that is
the generally reported value for iridium materials (∼60 mV·
dec−1), implying that the OER is mainly determined by the
step to convert to the “activated hydroxide group
(−OH).”61−63 The Tafel slope hardly changed after the
durability test (55.6 mV·dec−1). In contrast, the commercial
IrO2 indicated a higher Tafel slope of 66.3 mV·dec−1 than IrO2
nanospheres, which degraded to 77.9 mV·dec−1 after 5 h. In
particular, it showed highly unstable plots before it started to
be kinetically controlled (<1.55 V). These results suggest that
the electrochemical conditions for the durability test affected
the stability of the commercial IrO2. We speculate that it is
related to the morphological vulnerability of commercial IrO2
since it is favorable to particle aggregation and ripening.64,65

Moreover, the morphology of IrO2 nanospheres after the
durability test by HAADF-STEM (Figure S7) was analyzed,
and it showed that the IrO2 nanospheres were disassembled
into small nanoparticles, rather than agglomeration. The
reason can be attributed to that the ligand or covalent bonds
connecting between the small particles were decomposed
electrochemically during the measurement and it could be
correlated to the dismantling of IrO2 nanospheres. The
electrochemical potential causes various structural changes
and destruction,66−68 as shown by Huang et al. small Cu
nanoparticles (∼3 nm) were detached from Cu nanocubes
during CO2 reduction.66 Beermann et al. observed the
structural degradation of Pt−Ni octahedral from selective
dissolution to recoarsening using an in situ electrochemical
cell.67 Such degradation mechanisms in catalyst structures can
be continued to the loss of ECSA.44,69 Contrary to the small
nanoparticles that easily agglomerate and lose their surface area
during electrochemical measurements, a superstructure of IrO2
nanospheres can be rather beneficial to maintain the
electrochemical stability by suppressing the agglomeration of
electrocatalysts. Accordingly, when considering the Tafel
slopes and morphological change, it is interpreted that the
degradation observed in OER activity for IrO2 nanospheres is
the loss of catalysts amount on the electrode during
measurements, rather than the weakened catalytic activity of
electrocatalyst itself, which can be resolved by modifying the
bonding between nanoparticles or applying it onto the
electrode.

■ CONCLUSIONS
In this study, uniform IrO2 nanospheres were synthesized
through a cation-exchange reaction based on an indispensable
sacrificial template. MnO2 was used as a template and fully
exchanged with iridium and dissolved as ions during the
synthesis. Uniform IrO2 nanospheres were achieved, and these
were confirmed as well-organized assembled nanostructures by
the presence of countless small iridium oxide nanoparticles
with high crystallinity. In the surface characterization analysis,
it was found that the hydroxide group on the surface of the

IrO2 nanospheres was generated during synthesis. The IrO2
nanospheres were evaluated as electrocatalysts for OER under
acidic conditions and exhibited 3-fold enhanced mass activity
at 1.51 V (58 A·gIr

−1) compared to that of commercial IrO2
(20 A·gIr

−1). Moreover, 3.5% featured improved stability at 1.6
V for 5 h, which can be improved upon when tested under
similar conditions in a real cell by limiting the physical loss of
IrO2 nanospheres during measurements. Based on the
comparison study between synthesized IrO2 nanospheres and
commercial IrO2, the improved performance of IrO2 nano-
spheres could be attributed to structural advantages such as
morphological uniformity and increased hydroxide content on
the surface. In particular, considering the changed aspects of
both catalysts following the electrochemical measurements,
IrO2 nanospheres did not electrochemically deteriorate, unlike
the commercial IrO2. Therefore, we consider the IrO2
nanospheres to be of high R&D potential. As research on
the iridium structure itself is scarce, these results support the
importance of addressing structural uniformity for materials as
electrocatalysts. Furthermore, this study demonstrated that it is
possible to achieve the hydroxide group on the catalyst surface
during synthesis without post-treatment. We believe that this
synthesis can provide a guide and strategy for the more
efficient fabrication of nanostructures based on the cation
exchange by adjusting the kinetics of the materials, as it offers
wide-ranging opportunities for further investigation and
development of improved nanostructures by controlling the
experimental conditions. It also highlights the fundamental
importance of the structural properties of the materials used in
many applications.

■ EXPERIMENTAL SECTION
Materials. Potassium permanganate (KMnO4, 99.0%, Sigma-

Aldrich), hydrochloric acid (HCl, 37%, Alfa Aesar), ethanol (99.8%,
MERCK), poly(vinylpyrrolidone) (PVP, M.W. 58k, Alfa Aesar), L-
ascorbic acid (99.7%, Sigma-Aldrich), ethylene glycol (EG, Merck),
dihydrogen hexachloroiridate(IV) hydrate (H2IrCl6, 99%, Alfa Aesar),
and acetone (99%, MERCK) were used without additional
purification.

Synthesis of α-MnO2 Nanowires. Typically, 2.8 mmol of
KMnO4 was dissolved in DI water with the addition of 11.2 mmol of
HCl. A total of 60 mL of solution was stirred for 20 min and
transferred to a Teflon autoclave cell. The solution was heated to 240
°C and kept for 3 h. After 3 h, the solution was cooled down naturally
to room temperature and washed with ethanol and DI water by
vacuum filtration. The obtained dark brownish precipitates were dried
overnight under vacuum conditions.

Synthesis of IrO2 Nanospheres. The well-assembled IrO2
nanospheres were fabricated by the polyol method. For the first
step, 0.009 mmol of PVP and 1.7 mmol of L-ascorbic acid were mixed
with 25 mL of EG in a Schlenk flask (volume: 250 mL). The materials
were vigorously stirred in a preheated oil bath at 100 °C with Ar
flowing. After 1 h, α-MnO2 nanowires dispersed in 25 mL of EG
added, followed by heating to 220 °C. At 220 °C, H2IrCl6 dissolved in
15 mL of EG and injected. The reaction was kept for 1 h and cooled
down naturally. After the solution cooled down to room temperature,
the content was washed with ethanol and acetone by centrifugation
until the transparent supernatant was achieved. The dark precipitates
were dried overnight under vacuum conditions.

Morphological, Structural, and Elemental Characterization.
Scanning electron microscopy (SEM) was conducted on Hitachi
SU8000 at an accelerating voltage of 15 kV. Scanning transmission
electron microscopy (STEM) and energy-dispersive X-ray spectros-
copy (EDX) investigations were conducted using an FEI (Thermo
Fisher Scientific) Titan 80-200 electron microscope.70 To achieve “Z-
contrast” conditions, a probe semiangle of 26 mrad was used with the
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detector having a 75 mrad inner collection angle. For the EDX
elemental mapping, Ir L, O K, and Mn K peaks were utilized. X-ray
diffractions (XRD) were measured in D8 DISCOVER (Bruker) using
a Cu Ka source and LYNXEYE_XE_T as a detector. X-ray
photoelectron spectroscopy was performed on a PHI 5000 Versap-
robe II instrument with a monochromatic Al K α X-ray source. The
powder samples were pressed onto indium foil, which was fixed with
clamps on a stainless steel sample holder. The core-level spectra were
recorded with a pass energy of 23.5 eV, 0.1 eV energy step, and a spot
size of 200 μm. An electron flood gun and an Ar+ ion gun were used
for charge compensation. The spectra were charge corrected by
setting the binding energy of the main C 1s component to 285 eV.
Inductively coupled plasma mass spectrometry (ICP-MS) of the
supernatant in the washing procedure after synthesis was measured in
Agilent 7900.
Electrochemical Measurements. For the electrochemical

measurements, a typical three-electrode setup was used with a
reversible hydrogen electrode (RHE) as the reference electrode and a
Pt mesh rod as the counter electrode. A glassy carbon (GC) electrode
(diameter: 5 mm, area: 0.196 cm2) served as the working electrode.
For this working electrode, the ink was prepared by mixing the 3.5 mg
of catalysts with 0.7 mg of Vulcan X-72 in DI water (7.6 mL), ethanol
(2.4 mL), and 5% Nafion (40 μL). The mixture was sonicated for 30
min to form a homogeneous ink. In this case, 10 μL of the well-
dispersed ink was dropped on the GC and dried naturally at room
temperature. The loading amount of catalyst on the GC was
calculated to be 17.8 μg cm−2. The cell was purged with N2 gas
before starting the measurements. Cyclic voltammetry was performed
between +0.4 and +1.4 V with a scan rate of 50 mV s−1. Linear sweep
voltammetry was recorded from +0.4 to +1.7 V with a scan rate of 5
mV s−1 at O2 saturation.
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