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ABSTRACT: Iridium is considered the state-of-the-art electrocatalyst for the oxygen evolution reaction 

(OER) in acidic media due to its considerably high activity and stability, yet it is a raw material that is 

expensive and rare. Here we present a synthesis of a bimetallic hollow aerogel structure based on iridium 

and nickel prepared by a very simple and environmentally friendly method. Our electrocatalyst was 

evaluated for OER in a single electrolysis cell and it showed an improvement in electrocatalytic 

performance over time, reaching the current density of commercial IrO2 after 500 hours of stability test, 

despite half the catalyst loading. Our innovative synthesis approach provides the flexibility to tailor and 

improve the aerogel structures for other electrochemical devices as well, for example, photoelectrolysis, 

sensors, and more. In addition, we believe that this study can lead to a better understanding of the 

fundamental behavior of bimetallic electrocatalysts consisting of mixed compositions with transition 

metals. 
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1. Introduction 

Water splitting is attracting a lot of attention as an environmentally friendly alternative to produce green 

hydrogen, which is considered one of the most important energy sources for the future.1–3 Proton exchange 

membrane (PEM) water electrolysis possesses clear advantages such as high current density, compact stack 

design, wide load range, etc.4–6 However, its components must be highly corrosion resistant since it operates 

in conditions that combine high electrode potential and strong acidic media. In the last years, the cost of 
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many stack components such as bipolar plates or membranes has been significantly reduced.7,8 The 

electrocatalyst for hydrogen evolution reaction (HER) has been diversified and highly developed,9,10 but 

the electrocatalyst for the oxygen evolution reaction (OER) is still iridium. Unfortunately, iridium is scarce 

in reserves, with a limited annual production, causing its price to be extremely volatile and unpredictable 

for the giga/terawatt scale deployment of PEM electrolyzers.11,12 These circumstances urge us to improve 

the utilization of iridium.13  

Toward an efficient and economic electrocatalyst, iridium has been researched in various ways as other 

materials. Decreasing particle size is the most representative way to develop catalysts by increasing the 

specific surface area.14,15 Bizzotto et al. synthesized extremely small iridium nanoparticles which were 

approximately 1.6 nm of size and proved that size control can induce the efficient utilization of iridium.14 

Fabrication of hollow nanostructures is also a common strategy due to its effective surface exposure.16–18 

In general, transition metals are utilized in the design of hollow structures, which expects not only improved 

catalytic activity via d-band engineering but also economic effect by saving the usage of noble metals.19–21 

Kwon et al. reported Co-doped IrCu hollow octahedral nanocages that were synthesized through the 

removal of Cu component using acid, which showed boosted electrocatalytic activity and durability.21 

Another approach is introduction of supporting materials, which can assist the catalytic activity of iridium 

with high conductivity and preserve iridium stably.22–24 Hartig-Weiss et al. fabricated iridium nanoparticles 

supported on antimony-doped tin oxide that enabled the reduction of precious metal 75 times.23 However, 

most of these reported catalyst alternatives still some bottlenecks for the single cell level, for instance, limits 

in fabrication process for large scale, easy agglomeration or loss of catalysts, possible dissolution of 

additional materials that will disturb the system eventually, etc. 

After considering these drawbacks in the development of electrocatalysts, aerogel remains as a very 

attractive structure to be applied as electrocatalysts. Aerogel has been used in various applications such as 

sensing25–27, adsorbents28,29, insulator30, etc.31–33 Recently it is on the spotlight as catalysts due to its 

attractive properties.34–39 Firstly, aerogel is self-standing three-dimensional (3D) structure, which has no 

need to be supported by other materials. It can prevent cell degradation possibly caused by the dissolution 

of additional materials and instead use the volume more efficiently. It also provides extremely large specific 

surface area with high porosity. Due to the physical properties, the density of aerogels is highly low in most 

cases, which leads us to expect a cost-saving effect in cell development. Liu et al. introduced PtAg 

nanotubular aerogels that indicated 19-folds improved mass activity by comparison with commercial Pt 

black for formic acid oxidation.40 Du et al. showed that their Au-based multimetallic aerogels presented 

highly active performance in the evaluation for hydrogen evolution reaction and oxygen reduction 

reaction.41 
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We present here Ir-Ni aerogel synthesized at room temperature by an environmentally friendly process 

based on DI water. The Ir-Ni aerogel had a well-crosslinked chain-like 3D structure with an average 

thickness of 30 nm. It is composed of hollow nanoparticles uniformly mixed with iridium and nickel, which 

was achieved by in-situ leaching effect as a control of reaction rate. The Ir-Ni aerogel was evaluated as an 

electrocatalyst for OER in an acidic electrolyte. When tested in a 25 cm2 electrolysis cell, the Ir-Ni aerogel 

showed improved catalytic performance as the cycles continued, originating from the electrochemically 

leached nickel during the measurement. In addition, in the 500-hour of stability test, the Ir-Ni aerogel 

catalyst showed an evolving process that the leaching of nickel from the structure acts as a prolonged 

activation, which presented comparable electrocatalytic activity with half loading when compared to 

commercial IrO2. 

2. Experimental section  

Materials 

Dihydrogen hexachloroiridate(IV) hydrate (H2IrCl6, 99 %, Alfa Aesar), Nickel (II) chloride (NiCl2, Alfa 

Aesar), DI water, Sodium borohydride (NaBH4, MERCK) were used without additional purification.  

Synthesis of Ir-Ni Aerogels: 0.05M of H2IrCl6 (7.5 ml) and NiCl2 (2.5 ml) were added in 900 ml of DI 

water. After enough stirring, 50 mmol of NaBH4 that dissolved in 100 ml of DI water was rapidly added 

under stirring. After 2 min, the solution was closed and stayed for approximately 2 days at ambient 

temperature. The synthesized Ir-Ni aerogels were washed in DI water for several times and dried under 

vacuum condition.   

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 (EDX) spectroscopy investigations were conducted using 

an FEI (Thermo Fisher Scientific) Titan 80–200 electron microscope that utilized a probe corrector (CEOS) 

and an HAADF detector.42 To achieve “Z‐contrast” conditions, a probe semi-angle of 25 mrad was used 

with the detector having a 70 mrad inner collection angle. For the EDX elemental mapping, Ir L and Ni K 

peaks were utilized. X-ray diffractions (XRD) were measured in D8 DISCOVER (Bruker) using a Cu Ka 

source and LYNXEYE_XE_T as detector. X-Ray photoelectron spectroscopy (XPS) was performed on a 

PHI 5000 Versaprobe II instrument with a monochromatic Al K α X-ray source. The powder samples were 

pressed into 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 
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corrected by setting the binding energy of the main C 1s component to 285 eV. Inductively coupled plasma 

mass spectrometry (ICP-MS) was measured in Agilent 7900 to determine the weight ratio of iridium and 

nickel in materials.  

Electrochemical Measurements. Electrochemical measurements were conducted using a typical three-

electrode setup with a reversible hydrogen electrode (RHE) as the reference electrode and a Pt mesh rod as 

the counter electrode. The working electrode was a glassy-carbon electrode (GC) (diameter: 5 mm, area: 

0.196 cm2). 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 (6.0 ml), ethanol (4.0 ml), and 5 % of Nafion (40 ul). The mixture was sonicated 

for 30 min to form homogeneous ink. In this case, 10 ul of well-dispersed ink was dropped onto the GC 

and dried naturally at room temperature. The loading amount of catalyst on the GC was calculated as 17.8 

ug cm-2. The cell was purged with N2 gas before starting the measurements. Cyclic voltammetry was carried 

out between +0.4 V to +1.4 V with a scan rate of 50 mV s−1. Linear sweep voltammetry was recorded from 

+0.4 V to +1.7 V with a scan rate of 5 mV s−1 at O2 saturated. The masses of catalysts were determined as 

the iridium amounts among the coated catalyst materials onto the GC. The overpotentials were calculated 

using the geometric surface area of GC (0.196 cm2). 

MEA fabrication. Anodes were made by using a spray-coating device (ExactaCoat, Sono-Tel). The stable 

dispersion was prepared with enough sonication and stirring by mixing catalyst material, Nafion ionomer 

(Ion Power), DI water and n-propanol (Merck), which was sprayed on a decal sheet. Cathodes used here 

were made with a doctor-blade (Coatmaster 510, Erichsen GmbH & Co. KG). The ink for cathode was 

prepared as a mixture of catalyst (60 % Pt/C, PK catalyst), Nafion ionomer, DI water and 2-butanol (Merck), 

which was dispersed by a dispersion device (Ultraturrax, IKA) and ultrasonication finger (Sonopuls 

HD3400, Bandelin). The cathode possessed 20 wt% of Nafion, while 11 wt% of Nafion was chosen for the 

anode. The catalyst layers (25 cm2) were transferred onto the Nafion membrane (N117, Chemours) by hot-

pressing at 130 °C with using a joining time of 3 min at 1.6 kN·cm-2.  

Single cell testing. As porous transport layer (PTL) on the anode, a both-sided iridium sputtered Titanium 

fiber mesh (Bekipor® ST Titanium Grade 1) was used. The thickness of sputtered iridium layer was 20 nm, 

and its amount was 0.05 – 0.1 mgIr·cm-2 per side. After assembly of single cell, it was tested using an ETS 

E100 electrolyzer test station (Greenlight Innovation). The operation temperature was set to 80 °C while a 

water flow of 50 mL·min-1 was maintained using atmospheric pressure. The first 2 hours in the beginning 

were used for preliminary conditioning and equilibration. Afterwards, the cell was operated for 30 min at a 

current density of 0.2 mA·cm-2, followed by an increased current density to 1.0 mA·cm-2, which was held 

for another 30 min. The last step for the activation was a continual operation step with a 1.7 V of cell 
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potential for 8 hours. For the performance test, potentiostatic testing was used and each measurement points 

were held for 5 min until a maximum voltage of 2.0 V was reached. For each test, forward and backward 

scans were performed. The current densities were determined by the geometric surface area (25 cm2). 

Potentiostatic electrochemical impedance spectroscopy (PEIS) measurements. The cell was 

disconnected from the test station and connected to a potentiostat (HCP1005 Biologic). The sinus amplitude 

was set to 10 mV and the frequency range from 10 kHz to 100 mHz was chosen for each measurement.  

3. Results and discussion  

3.1 Catalyst characterization   

The Ir-Ni aerogel was synthesized via the sol-gel method43,44 which is explained in more detail in the 

experimental section. Briefly, H2IrCl6 and NiCl2 were dissolved in DI water. After 10 min, NaBH4 solution 

was rapidly injected into the metal precursors solution with vigorous stirring to reduce both metal precursors 

into nanoparticles (Supporting Video S1). The mechanism for the preparation of Ir-Ni aerogel can be seen 

in a schematic illustration (Figure 1A); (1) Initially, the metal salts in the solution were quickly reduced 

with a sufficient amount of NaBH4. The reduced Ir-Ni nanoparticles shown as a dark black colored solution 

are suspended with cations (Na+) and anions (BH4
-) from the excessively provided reducing agent. The BH4

- 

bound to the surface of the Ir-Ni nanoparticles decomposes to BO2
- with the formation of H2 bubbles in the 

water. (2) Since the BO2
- has a lower affinity than BH4

- to a metallic surface, it is easily removed from the 

surface, exposing the surface of the Ir-Ni nanoparticles.45 (3) Due to the detachment of BO2
- and H2 bubbles, 

the nanoparticles experience sufficient collisions, causing them to attract each other via surface interactions 

such as high surface energy and van der Waals force. As a result, the suspended nanoparticles spontaneously 

combine and (4) form the 3D structure on the bottom with time, which is confirmed by the transparency of 

the solution and the sinking product on the bottom of the bottle (Figure S1). Interestingly, the formed 

structure was reproducible even when separated for a time. The deposited Ir-Ni aerogel was destroyed by 

vigorous shaking but reconstructed soon by their surface interaction (Supporting Video S2). 

Figure 1B shows the photographs of the as-prepared Ir-Ni aerogel, which exhibit typical 3D architectures 

in the macroscale. Scanning electron microscopy (SEM) was used to investigate the morphology of the as-

prepared Ir-Ni aerogel (Figure 1C). It discloses the hierarchical morphology with the 3D networking 

structure. The detailed morphology of Ir-Ni aerogel was observed by high-angle annular dark-field 

(HAADF) scanning transmission electron microscopy (STEM) images (Figure 1D). The Ir-Ni nanoparticles 

were found to have a size of 27.8 ± 6.2 nm and observed as hollow structures. Elemental mapping by 

energy-dispersive X-ray (EDX) confirmed that the Ir-Ni aerogel consists of hollow nanoparticles uniformly 
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mixed with 60 at% iridium and 40 at% nickel (Figure 1E). Here we explain that the formation of the hollow 

nanostructures was induced during the synthesis and could be controlled by the reaction rate.  

As reported in the literature, iridium requires higher energy to be reduced, which induces the reduction rate 

of iridium relatively slower than other elements.17,21,46 Accordingly, it rarely forms by itself at the beginning 

of the reaction but prefers to be coated on the area having high surface energy from others.47–49 That is, if 

we consider the kinetics between iridium and nickel when both elements react together, it is spontaneous 

that nickel forms the core first and the formation of the iridium shell follows, which was calculated by 

Wang et al. in their study using density functional theory (DFT).50 We discovered that the Ir-Ni aerogel 

with core-shell nanostructure was formed in a different experimental condition when the reaction speed 

was increased. (Figure S2). The experiment was performed in a 100 ml flask with heating at 100 oC, which 

provided almost 48 times higher volume density and much more energy for the materials in the reaction. 

Under the reaction conditions, nickel formed the core structure (red) first due to the relatively fast reduction 

rate, followed by the coating of iridium (green) on the nickel surface, which completed the core-shell 

structure of the aerogel (Figure S2B). On the contrary, it is believed that nickel was directly leached from 

the structure during synthesis under the reaction conditions, resulting in the hollow nanostructure. We 

explain that this occurred with sufficient reaction time in the acidic environment caused by the iridium 

precursor. The susceptible nickel was leached out of the structure over time under acidic conditions, and 

the resulting vacancies were used by iridium and nickel to form the well-mixed bimetallic hollow 

nanoparticles by the Kirkendall effect.51–53 
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Figure 1. (A) Schematic illustration to describe the fabrication mechanism of Ir-Ni aerogel, and 

morphological characterization of Ir-Ni aerogel; (B) Photos after synthesis, (C) SEM image, (D) HAADF‐

STEM image and (E) the elemental distribution of Ni (red) and Ir (green) by EDX composition maps.  

The structure of the Ir-Ni aerogel was further analyzed by X-ray diffraction (XRD), as shown in Figure 2A. 

The distinct peaks associated with planes (111), (200), (220), and (311) correspond to the typical face-



8 

 

centered cubic (FCC) crystal structure of iridium (JCPDS 06-0598). It also shows the broadened peaks that 

may be caused by the nanoscale structure, alloy composition with nickel, and more reasons. In particular, 

the peak around 45°, which has a shoulder-like peak, implies the existence of a strong (111) peak for the 

FCC structure of nickel (JCPDS 03-1051), which is commonly observed in alloys of iridium and nickel.17,54 

The alloy composition and crystallinity of Ir-Ni aerogel were also presented in the high-resolution TEM 

observation (Figure S3). The HRTEM image with the Fast Fourier transform (FFT) pattern for Ir-Ni aerogel 

nanoparticles reveals the Ir-Ni FCC structure by showing 2 Å of lattice distance, corresponding to the (111) 

planes for Ir-Ni. 

The surface composition of the Ir-Ni aerogel was analyzed by X-ray photoelectron spectroscopy (XPS) and 

presented in Figure 2B-D. The Ir 4f region displayed in Figure 2B indicates that the Ir-Ni aerogel has 

metallic iridium species (Ir0) with 85.0 at% and oxidized iridium (Irx+) with 15.0 at% on the surface, 

implying that the sensitive surface was already slightly oxidized in the experimental environment. The 

nickel spectra in the Ni 2p3/2 region showed oxidized nickel as Ni3+ with 80.7 at% and metallic species (Ni0) 

with 19.3 at%, suggesting that the nickel has a metallic core and an oxidized shell considered as γ-NiOOH 

(Figure 2C).55 Figure 2D shows the O 1s region describing the peaks for oxide (-O), hydroxide (-OH), and 

adventitious spectra normally associated with adsorbed water (H2O) with proportions of 12.9 at%, 72.2 at%, 

and 14.9 at%, respectively. The oxide peak is believed to be the result of oxidized iridium and oxidized 

nickel. In the case of the hydroxide peak, it is interpreted that more than one factor would be involved in it, 

when considered that γ-NiOOH possesses a lower intensity of hydroxide species than the one for its oxide 

species.56,57 We explain that the leached nickel may also contribute to the hydroxide species, since it has 

been reported that the hydroxyl group can be generated on the iridium surface when nickel is leached out 

from the structure.58 Overall, the Ir-Ni aerogel surface consists of metallic iridium and oxidized nickel 

(nickel oxyhydroxide). 
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Figure 2. (A) XRD patterns and X-ray photoelectron spectra of Ir-Ni aerogels in the (B) Ir 4f, (C) Ni 2p3/2, 

(D) O 1s regions. 

3.2 Electrochemical measurements 

The Ir-Ni aerogel was investigated as an electrocatalyst for OER in an acidic electrolyte in a three-

electrode system. Before evaluating the electrocatalytic performance, the electrochemically active surface 

area (ECSA) of Ir-Ni aerogel was measured in comparison with commercial IrO2 from Alfa Aesar. ECSA 

was obtained by taking the total anodic charges from the cyclic voltammetry (CV) profiles after double-

layer corrected in the potential range of 0.4 V to 1.25 V (vs. RHE) using a conversion factor of 440 µC·cm-

2.59 The determined ECSA value for IrO2 was 20.4 m2·gIr
-1, on the contrary, Ir-Ni aerogel exhibited 15.5 

m2·gIr
-1. Brunauer-Emmett-Teller (BET) was analyzed in comparison with the ECSA results. From the N2 

adsorption/desorption measurements, the surface area was 28.9 ± 1.2 m2·g-1 for Ir-Ni aerogel, which is low 
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giving the morphology but doubles the value of ECSA. We attribute this discrepancy between 

measurements and lack of reliability to the deficiency of access to the interior of the porous aerogel structure 

in current evaluation methods for ECSA. The ECSA calculation applied here is commonly used and known 

as an appropriate method for oxidized surface, however, it still has some considerably limited assumptions, 

for example, the ideally flat surface of electrocatalysts or monometallic composition. Moreover, as 

evidenced by other literature showing unclear aspects for ECSA determination, it is still a challenge to 

obtain a trustworthy result for iridium-based catalysts.60–62  

To evaluate catalytic activity, cyclic voltammetry was performed between 0.4 V and 1.4 V (vs. RHE) at a 

scan rate of 500 mV·s-1 for 45 cycles, followed by 50 mV·s−1 of lower scan rate to observe redox peaks. 

After CV sweeping, OER activity was evaluated using linear sweep voltammetry (LSV) from 0.4 V to 1.7 

V (vs. RHE) at a scan rate of 5 mV·s−1 in an oxygen saturated electrolyte. Figure 3A shows the initial OER 

polarization curve for Ir-Ni aerogel and the commercial IrO2 from Alfa Aesar, which presented the superior 

activity of Ir-Ni aerogel to commercial IrO2 with 7.8 % lower overpotential. The iridium mass activities at 

1.51 V for each electrocatalyst were also indicated in Figure 3B. Considering the testing condition such as 

catalyst loading, the activity of Ir-Ni aerogel showed the improved activity when compared to the other 

reported catalytic activity for Ir-based materials (Table S1). To evaluate the stability of electrocatalysts, 

each electrocatalyst was cycled from 1.1 V to 1.6 V at 100 mV∙s-1 1,000 times. As a result, the overpotential 

for the Ir-Ni aerogels were increased by 4.9 % after the stability test, however, commercial IrO2 showed 

relatively higher degradation with 6.1 % (Figure 3C). To find out the kinetic behavior of the electrocatalysts, 

we analyzed their Tafel slopes for oxygen evolution derived from their polarization curves (Figure 3D). 

Before the stability test, the Ir-Ni aerogel showed 53.6 mV·dec-1 of Tafel slope, indicating that its rate-

determining step is mainly focused on the formation of the chemically active hydroxide group on the 

electrocatalyst surface.63,64 After the stability test, the Ir-Ni aerogel even showed a 48.0 mV·dec-1 of lower 

slope than before, which is interpreted that nickel in the aerogel structure is electrochemically leached 

during cycling that favored the formation of an active hydroxide group, inducing the faster reaction. In 

contrast, the commercial IrO2 started with 64.2 mV·dec-1 but showed an increased Tafel slope (70.5 

mV·dec-1) after the stability test. The Tafel slopes were in the range typically reported for IrO2 catalysts, 

which implies that the rate-determining step is highly involved in the first electron transfer step.23,24,64–66 

However, the reaction rate is presented to be slower after the stability test.   
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Figure 3. Electrochemical measurements of Ir-Ni aerogel by comparison with commercial IrO2 (Alfa Aesar). 

(A) OER polarization curves measured in 0.5 M H2SO4 before and after the stability test; (B) Ir mass 

activities at 1.51 V (vs. RHE); (C) bar graphs displaying the overpotentials to drive 10 mA·cm-2 and (D) 

Tafel plots before and after the stability test. 

Afterwards, the Ir-Ni aerogel was evaluated in a single cell in comparison to commercial IrO2 (Figure 4).  

Both catalysts were laminated on Nafion N117 membranes and tested at ambient pressure, 80 °C, in 25 cm2 

cells. The stability of our aerogel catalyst was evaluated under industry-relevant conditions at 2.0 V for 500 

hours (Table S2). Figure 4 shows the change in current density of Ir-Ni aerogel with a loading of 1.0 

mgIr·cm-2, in comparison to commercial IrO2 with a loading of 2.2 mgIr·cm-2. The commercial IrO2 initially 

presented the current density of 2.46 A·cm-2, but it was degraded to 2.35 A·cm-2 over time, which is a 

typical performance decay that can be observed in the literature.62,67–70 It can be originated from various 

circumstances for IrO2 catalysts, for example, dissolution into electrolyte, detachment from electrode, 
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particle agglomeration, and more.66,70–75 In contrast to this behavior, the Ir-Ni aerogel exhibited 2.07 A·cm-

2 at the beginning, but it continuously increased and reached 2.27 A·cm-2 after 500 hours. The 

electrocatalytic activity improved continuously during the measurement, and we assume that this behavior 

of the Ir-Ni aerogel is caused by the electrochemically leached nickel during the measurements. As 

previously reported in the literature, when nickel is leached out from catalyst structure, it remains an active 

hydroxide group on the surface, which improves the OER activity.54,58,60,76 Accordingly, dissolution of the 

nickel here is assumed to act as "activation" of the electrodes responsible to increase its electrochemical 

surface area. This was confirmed in additional tests by continuous CV cycles (Figure S4). To investigate 

the effect of the "activation process" achieved by electrochemically leached nickel, the polarization curves 

of the Ir-Ni aerogel electrode were observed as the cycles progressed to reach 2.0 V for 70 cycles, which 

showed that the performance continued to increase as the cycles continued, but with gradual saturation. The 

effect of electrochemically leached nickel is also confirmed by electrochemical impedance spectroscopy 

(EIS) Nyquist plots for the Ir-Ni aerogel before and after the 500 hours of long-term stability test (Figure 

S5). Before testing, it showed a curve that was speculated as additional resistance related with nickel 

occurred at the double-layer on the surface such as diffusion phenomena but nearly disappeared after the 

test. After testing, the high-frequency resistance (HFR) decreased by 0.03 Ω·cm2, implying that the contact 

efficiency for electrocatalytic reaction could be improved during the long-term stability test, which might 

be affected by the removed nickel disturbing the contact between the catalyst and porous transport layer. 

Furthermore, it achieved better reaction kinetics with lower charge transfer resistance after testing. 

Meanwhile, in the polarization performed after the 500 hours of stability test, it was confirmed that the 

‘activation’ of Ir-Ni aerogel was still continued (Figure S6). From the 2.27 A·cm-2 after 500 hours, it 

continued to improve and reached 2.31 A·cm-2 after the test. This explains that the stability test worked as 

an evolving process for the Ir-Ni aerogel, not the deteriorating condition for other catalysts. We also point 

out here that our Ir-Ni aerogel implemented the comparable performance to IrO2, the state-of-the-art 

electrocatalyst for OER even with lower than half of its loading. The electrochemically leached nickel from 

the Ir-Ni aerogel structure during the measurements functioned as longer activation rather than degradation, 

which enhanced the electrocatalytic activity as much as the performance of commercial IrO2 with half 

loading that can bring the cost reduction of PEM water electrolyzer eventually. 
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Figure 4. Current density at 2.0 V for 500 hours as long-term stability test by comparison with commercial 

IrO2 (Alfa Aesar). 

To determine the effects of the stability test, the catalyst coated membrane (CCM) were analyzed after the 

test and compared to pristine CCM. The morphological change on the anode side was observed by SEM, 

indicating that agglomeration or coarsening was hardly found (Figure S7). The corresponding 

backscattering image confirmed the well-retained porous structure of the aerogel. At the same time, EDX 

confirmed that only 4 at% of the nickel remained, suggesting that the rest of the nickel was leached out 

during the electrochemical measurements. Investigation of the cross-sections revealed that the coated layers 

for the cathode and anode were slightly detached from the membrane overall, speculated that the layers 

were destroyed when the cell was disassembled. It might also be affected during the sample preparation 

procedure for SEM. Nonetheless, the electrode layers themselves generally showed stable layers with no 

wrinkled areas (Figure S8). Based on the highlighted blue color and the magnified images, it was confirmed 

that the anode was hardly damaged, and the coated layer was well preserved after the test (Figure S8C-F).  

XRD measurements were performed for the anode side to compare the crystallinity before and after testing 

(Figure S9). Before testing, the anode showed a similar result with the synthesized Ir-Ni aerogel XRD 

pattern, which fits the metallic iridium FCC structure (JCPDS 06-0598) alloyed with nickel. However, after 

the stability test, the pattern showed a clear change that the intensities of metallic iridium peaks were 
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decreased overall and the peaks possibly indicating oxidized iridium were emerged, which implies that the 

oxidation of iridium in anode was remarkably proceeded.77–79  

To determine the change in the chemical and oxidation state of the anode surface before and after the test, 

XPS analysis was performed (Figure S10). Unfortunately, the specific nickel spectra could not be obtained 

due to the strong intensity of the fluoride peak contained in the Nafion, which is almost positioned with the 

nickel.80 The iridium spectra before and after the test showed a clear change (Figure S10A). Before the test, 

the anode possessed only metallic iridium species located on the 60.9 eV and 63.9 eV, but after the test, 

they completely transformed into oxidized iridium spectra indicating 61.9 eV and 64.9 eV of binding 

energies. It implies that the formation of oxidized iridium is placed on the surface with the majority of 3+/4+ 

oxidation state.81 The O 1s region also exhibited remarkable species changes (Figure S10B). It was 

measured to originally have a very low fraction of oxide peak (-O) of 6.0 at% and a relatively high fraction 

of hydroxide peak (-OH) (see ‘Before testing’). The adventitious peak of 43.5 at% is thought to be the 

adsorbed water (H2O) on the anode surface. After 500 hours of the test, the adsorbed water had decreased 

to 25.2 at%, while the oxide peak and hydroxide peak increased relatively to 9.3 at% and 65.5 at%, 

respectively (see ‘After 500 hours’). Furthermore, a shift of hydroxide peak was also observed, speculated 

as the effect of leached nickel during the electrochemical measurements. Considering that most of the nickel 

was leached from the anode, it is interpreted that the oxide spectra are from the oxidized iridium and the 

hydroxide spectra are related to the formed hydroxyl group of the leached nickel, which explains the 

improved electrocatalytic performance during the long-term test. 

"In summary, the activation mechanism is achieved by nickel that leached electrochemically from the 

catalyst structure. Although a proper activation step was previously performed, the nickel, which is 

susceptible under the test conditions, is dissolved during the test. The leached nickel leaves the functional 

group, which is electrochemically more efficient for OER, on the catalyst surface and possibly also 

increases the physical surface area. This occurs slowly over more than 500 hours while maintaining the 

aerogel structure, resulting in performance enhancement rather than degradation."  

4. Conclusions 

In summary, Ir-Ni aerogel with a bimetallic hollow nanostructure was synthesized for the first time. 

It was composed of uniform alloy composition of iridium and nickel and achieved as a hollow nanostructure 

without additional treatment via the reaction rate control during synthesis. The synthesis is environmentally 

friendly and conveniently scaled up. The Ir-Ni aerogel was evaluated in single electrolysis cells and 

compared to commercial IrO2. In the 500-hour stability test, the Ir-Ni aerogel showed that the 

electrochemical performance was improved throughout the measurements, while the commercial IrO2 was 
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degraded due to its instability. This is explained as the ‘activation process’ for Ir-Ni aerogel originated from 

the electrochemically leached nickel during measurements. Even after the 500 hours of stability test, the 

performance of Ir-Ni aerogel enhanced and recorded 2.31 A·cm-2 with 1.0 mg·cm-2 which corresponds to 

half the iridium loading compared commercial IrO2 CCM. After testing, the 3D chain-like structure of the 

Ir-Ni aerogel was well preserved without coarsening or agglomeration, which was easily observed in the 

disordered separated nanoparticles, indicating better electrocatalytic stability. With Ir-Ni aerogel, we were 

able to reveal the synthesis mechanism of the bimetallic hollow aerogel structure and observe the 

electrochemical behavior of iridium-based bimetallic materials as electrocatalysts for OER. The synthesis 

presented here will give flexibility to the design of the aerogel structure and expand its use in other 

applications by demonstrating its simplicity and proving its beneficial properties. Moreover, we believe 

that this study helps understanding the electrocatalytic behavior of iridium-based bimetallic nanostructures 

and supports strategies to use them more wisely. 
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