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A B S T R A C T

The development of efficient and durable oxygen evolution reaction (OER) electrocatalysts is critical for 
advancing proton exchange membrane water electrolyzers (PEMWEs). This study presents a nanostructured 
iridium oxide anchored on high-surface-area carbon (IrOx/C) OER electrocatalyst, synthesized through 
ultrasonication-assisted deposition of hydrolysis-derived colloidal IrOx nanoparticles onto the carbon support. 
The as-prepared IrOx/C exhibits a mass activity exceeding five times that of unsupported benchmark commercial 
IrO2, attributed to its uniform nanoparticle distribution and enhanced surface chemistry. Post-synthesis heat- 
treatments at two different temperatures (200 or 300 ◦C) were employed to stabilize the catalyst structure. 
Notably, the sample treated at 200 ◦C retained 84% of its initial activity after accelerated stress testing, out
performing the commercial counterpart, which retained 67 % under identical conditions. Comprehensive 
structural and morphological analyses revealed that the heat-treatment increased the IrOx particle size and 
decreased the Ir³⁺/Ir⁴⁺ ratio while leaving the amorphous nature of IrOx unaffected, which combinedly led to the 
improved durability. These findings offer valuable insights into designing stable low-iridium OER electro
catalysts for acidic PEMWE applications.

1. Introduction

The transition to sustainable energy systems necessitates efficient 
methods for hydrogen production, with polymer electrolyte membrane 
water electrolyzers (PEMWEs) emerging as a promising technology due 
to their ability to generate high-purity hydrogen [1–3]. However, the 
widespread adoption of PEMWEs is hindered by the reliance on scarce 
and costly noble metal oxides, such as IrO2 and RuO2, which serve as 
electrocatalysts for the oxygen evolution reaction (OER) under acidic 
conditions [4–8].

Efforts to enhance the performance of OER electrocatalysts have 
focused on reducing kinetic overpotentials and minimizing catalyst 
loading. Strategies include optimizing the utilization of active sites to 
increase mass activity and modifying surface chemistry to improve 

intrinsic catalytic activity [9,10]. Perovskite materials have attracted 
attention due to their tunable structures and high intrinsic activity, yet 
iridium-based oxides remain preferred for their exceptional stability in 
harsh acidic environments [11–13].

Among iridium-based catalysts, amorphous iridium oxyhydroxide 
(IrOOH) and hydrated iridium oxide (IrOx⋅nH2O) exhibit notable OER 
activity. Traditional synthesis methods, such as the alkaline hydrolysis 
of [IrCl6]2− , yield colloidal suspensions of IrOx⋅nH2O nanoparticles. 
While these colloids can be stabilized with surfactants or capping agents, 
challenges persist in producing agglomeration-free nanoparticulate 
powders suitable for electrode fabrication, as uncontrolled precipitation 
often occurs during synthesis [14].

To address these issues, supporting electrocatalyst nanoparticles on 
high-surface-area, conductive materials has been explored [15–17]. 
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Carbon black, despite its susceptibility to corrosion under oxidative 
conditions, is frequently used in proof-of-concept catalyst development 
studies due to its favorable surface area, conductivity, and porosity 
[18–20]. Supporting catalysts on carbon can mitigate agglomeration 
and enhance mass activity through improved dispersion and potential 
electronic interactions between the catalyst and support [21,22].

Nevertheless, supported catalysts often face stability challenges, 
particularly due to the inverse relationship between activity and dura
bility in iridium-based OER catalysts [23,24], Thermal treatments have 
been employed to enhance stability, with studies indicating that mod
erate heat-treatments can influence the amorphous-to-crystalline phase 
transition in iridium oxides, thereby affecting catalytic performance 
[25]. However, the effects of low-temperature heat-treatments (below 
400 ◦C) on supported IrOx catalysts remain underexplored [26].

In this study, we investigate the impact of heat-treatment at tem
peratures ranging from 200 ◦C to 300 ◦C on the structural and electro
chemical properties of IrOx nanoparticles supported on carbon. Building 
upon our previous work involving ultrasonication-assisted deposition of 
IrOx onto carbon supports and subsequent microwave treatments to 
enhance stability, we aim to elucidate the relationship between heat- 
treatment conditions, catalyst structure, and OER performance.

2. Materials and methods

2.1. Materials

Analytical grade iridium trichloride hydrate (IrCl3⋅nH2O), sodium 
hydroxide (NaOH), and nitric acid (HNO3 65 v/v %) were purchased 
from Sigma Aldrich and used without further purification. High purity 
perchloric acid (HClO4; 70 % Suprapur®, Sigma-Aldrich) used as an 
electrolyte. Isopropanol (99.5 %, Sigma Aldrich) and a 5 wt. % solution 
of Nafion® (D521, IonPower) were used for preparation of the electro
catalyst ink. Ultrapure water (milliQ; resistivity ≥ 18.2 MΩ cm at 25 ◦C) 
was used as a solvent for preparation of the aqueous solutions for syn
thesis and/or electrochemical characterizations. Commercially avail
able IrO2 powder purchased from Alfa Aesar was used as a reference 
benchmark for assessment. High surface area carbon, Ketjenblack 
EC600JD (KB600), having a specific surface area of ~1400 m2/g, was 
used as the electrocatalyst support.

2.2. Preparation of IrOx colloidal nanoparticles

The synthesis process of IrOx particles in colloidal form was per
formed as described elsewhere [26]. In brief, IrCl3 solution (25 mL; 10 
mM) in ultrapure water was hydrolyzed through adjusting the pH to 13 
by addition of 2.5 M NaOH aqueous solution followed by stirring for 30 
min at a temperature of 90 ◦C. In the next step (acid-condensation), the 
hydrolyzed solution was cooled in an ice bath before the pH was 
adjusted to 1.0 by using 3 M HNO3. The solution was then stirred further 
for 90 min under ice bath cooling. No precipitate was observed during 
the acid condensation reaction and the resultant blue colloidal solution 
containing IrOx nanoparticles remained stable for at least one month 
when stored at 2 ◦C.

2.3. Carbon supported IrOx nanoparticles

For loading on the IrOx nanoparticles from the colloidal solution on 
the carbon support, required amount of KB600 carbon was added the 
solution (target Ir loading: 20 wt. %), after adjusting the pH to 5 by 
means of NaOH (2.5 M aqueous solution) addition. Uniform dispersion 
of the carbon support in the solution was achieved by ultrasonic ho
mogenization (10 min; 100 W) with Hielscher UP200 St ultrasonic ho
mogenizer. The product obtained-carbon supported IrOx (IrOx/C 
hereafter)—was separated from the mother liquid by centrifugal sepa
ration followed by washing with ultrapure water to attain a neutral pH 
and dried in a vacuum oven held at 60 ◦C. Furthermore, Ir concentration 

in the supernatant was measured using a Thermo Scientific Niton XL3t 
GOLDD+X-ray florescence (XRF) spectrometer. Although the target Ir 
loading was set to 20 %, the presence of Ir in the supernatant suggested 
that either not all the Ir precursor gets converted to the final product 
IrOx or some of the IrOx does not land on the carbon support. The Ir 
content measurement in the supernatant was used to determine the re
action conversion efficiency [27], which was fond to be ~85 % in this 
case. Finally, the effect of heat-treatment was studied by heat-treatment 
of the IrOx/C samples at different temperatures (200 ◦C or 300 ◦C) for 1 
h in air with an ambient pressure (heating/cooling rates: 10 ◦C min-1). 
The heat-treated samples were named as IrOx/C-200 ◦C and IrOx/C-300 
◦C, respectively for the heat-treatment temperatures of 200 ◦C and 300 
◦C.

2.3. Structural characterizations

The morphology of freshly synthesized IrOx/C electrocatalysts was 
characterized using a JEOL JEM-2100 TEM operating at 200 kV, 
outfitted with a JED 2300 EDS analyzer. Total scattering measurements 
were carried out using a STOE STADI P diffractometer fitted with a 
MYTHEN 4 K detector and using Ag Kα radiation (λ = 0.559407 Å). 
Samples were contained in 1.1 mm Kapton® capillaries, while the 
commercial reference sample was placed in a 0.4 mm glass capillary. 
Each dataset was acquired in moving-mode over a 24-h period. The 
acquired scattering data were transformed into pair distribution func
tions using PDFgetX3 software, applying a Qmax-inst of 19.5 Å⁻¹ for the 
reference sample. For the synthesized materials, a reduced Qmax of 13.0 
Å⁻¹ was employed to suppress noise. The polynomial correction (rpoly) 
and minimum Q (Qmin) parameters were set to 1.5 Å and 0.1 Å⁻¹, 
respectively. Structural modeling and refinement were performed using 
PDFgui, fitting parameters including scale factor, unit cell dimensions, 
the correlated motion parameter, and average spherical domain size.

Thermogravimetric and differential scanning calorimetry measure
ments were conducted on a NETZSCH STA 449 F1 Jupiter instrument 
under a steady flow of artificial air (20 vol % O₂ / 80 vol % N₂) at 20 mL/ 
min. The evolution of surface chemical states in the Ir-Oxide was probed 
via X-ray photoelectron spectroscopy using a SPECS® system with a 
PHOIBOS analyzer and Mg Kα radiation (1253.6 eV). Survey scans were 
collected over kinetic energies of 200–1200 eV at 0.5 eV steps with a 50 
eV pass energy. Following this, high-resolution scans focused on specific 
core levels (narrow scans) were recorded with 0.1 eV resolution at 25 eV 
pass energy. Binding energy calibration was done by aligning the C 1 s 
signal (C–C bonds) to 284.7 eV. Elemental quantification utilized a 
“smooth” background subtraction in CasaXPS, and deconvolution of Ir 
4f peaks was performed as described in the Results section. Powder XRD 
patterns were recorded using a Rigaku Miniflex 600 diffractometer with 
Cu Kα radiation (λ = 1.5418 Å). Data collection spanned 2θ angles from 
30◦ to 80◦ at a scan rate of 3◦ per minute.

2.5. Electrochemical measurements

An electrocatalyst ink was prepared by dispersing 10 mg of catalyst 
powder into 5 mL of a stock mixture composed of isopropanol, water, 
and Nafion® in a volumetric ratio of 20:78.6:1.4. The mixture was 
ultrasonicated for 60 s using a Hielscher UP200St ultrasonic homoge
nizer to ensure thorough dispersion. A glassy carbon rotating disc 
electrode (GC RDE, tip diameter 5 mm) was then coated by drop-casting 
a 10 µL aliquot of this ink onto its surface. To promote even distribution 
and adherence, the electrode was rotated at 700 rpm at ambient tem
perature during the drying phase. Finally, the loading of iridium (Ir) and 
by extension, IrOx on the electrode was quantified directly using cali
brated X-ray fluorescence (XRF) measurements [28]. By directly quan
tifying the iridium (Ir) loading via XRF, uncertainties related to 
synthesis, ink formulation, and deposition techniques were effectively 
bypassed. This quantified Ir content, measured prior to electrochemical 
testing, was used to normalize the current by Ir mass, allowing for 
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accurate activity comparisons. The catalyst-coated glassy carbon 
rotating disc electrode (GC RDE) served as the working electrode within 
a standard three-electrode configuration, paired with a platinum wire 
counter electrode and a double-junction Ag/AgCl reference electrode 
(double junction; saturated KCl). All applied potentials were referenced 
to the reversible hydrogen electrode (RHE). Electrochemical measure
ments were performed using a ZahnerIM6e electrochemical worksta
tion, where a positive feedback iR compensation was used to account for 
~70 % of the measured iR drop (measured series resistance: ~2.8 Ω) 
[29]. All the measurements were performed at room temperatures using 
the iR compensation constant. The oxygen evolution reaction (OER) 
performance both in terms of catalytic activity and durability was 
evaluated using cyclic voltammetry in an N2-saturated 0.1 M perchloric 
acid (HClO4) electrolyte. An electrocatalyst-coated glassy carbon 
rotating disk electrode (GC RDE) was deployed at a consistent rotation 
speed of 1600 rpm to promote uniform mass transport. Prior to 
measuring activity, the electrode underwent an activation process con
sisting of 20 CV cycles between 1.00 and 1.70 V (vs. RHE) at a scan rate 
of 100 mV s⁻¹, this step helps achieve a stable electrochemical surface. 
After activation, two additional CVs were recorded within a narrower 
potential window of 1.00–1.65 V at a slower scan rate of 10 mV s⁻¹. The 
anodic current at 1.65 V during the second sweep was taken as the 
benchmark for initial OER activity. To assess longevity, the electrode 
was subjected to 1000 retention cycles (AST) between 1.00 and 1.70 V at 
100 mV s⁻¹. After predetermined intervals within this aging protocol, 
intermittent observational voltammograms were recorded for two CV 
cycles spanning 1.00 to 1.65 V at 10 mV s⁻¹. These check-in measure
ments provided updated readings of OER activity, again using the sec
ond anodic sweep as the representative metric. Tracking activity against 
the number of stress cycles allowed for effective evaluation of perfor
mance degradation.

2.6. Post-AST structural analysis

After the electrochemical study, Ir loading on the GC RDE was again 
measured using XRF. As no physical detachment of the electrocatalyst 
layer from the GC RDE was observed, the Ir loss (wi − wf ; with wi and wf 

being the values of initial and final Ir loadings on the GC RDE, was 
assigned to the dissolution loss (ld) during electrochemical treatment, 
which is calculated using Eq. (1). 

ld(%) =
wi − wf

wi
× 100 (1) 

Further, the post-AST electrocatalyst sample from the GC RDE tip was 
analyzed using TEM imaging.

3. Results and discussion

3.1. PDF analysis

The PDFs from the temperature series of the IrOx samples (Fig. 1 and 
Fig. S1) are highly similar. The structure of the samples cannot be 
assigned to Ir-metal (space group Fm-3m ), to cubic IrO2 (space group 
Pa-3), to tetragonal IrO2 (space group P42/mnm), or to trigonal IrOOH 
(space group P-3m1). However, the tetragonal IrO2 and trigonal IrOOH 
phase could explain some bonds at short interatomic distances. Hence, 
even though it is not possible to resolve the structure of the samples, the 
results could indicate that they contain small domains with structural 
motifs resembling tetragonal IrO2 and trigonal IrOOH. We note that 
adjusting the tetragonal IrO2 to an orthorhombic or a monoclinic 
structure (as for the commercial sample) also does not improve the 
match towards the data.

The first correlation peak at ∼2 Å is assigned to the shortest Ir-O 
distance. The following two correlations at 2.53 and 3.10 Å are 
assigned to two different O–O distances, and the fourth peak at 3.67 Å 

corresponds to the shortest Ir-Ir distance. The following correlation 
peaks are difficult to assign as several atomic distances overlap as r in
creases. The coherent domain size is evaluated to ∼12 Å, i.e., the sam
ples are highly disordered or amorphous.

3.2. Thermogravimetric analysis

The thermal stability of the synthesized iridium oxide supported on 
carbon (IrOx/C) was evaluated using TGA and DSC over a temperature 
range of 30–900 ◦C. As depicted in Fig. 2a, an initial mass loss of 
approximately 9 % was observed up to 90 ◦C, attributed to the desorp
tion of adsorbed moisture. The DSC curve exhibited a minor exothermic 
peak near 230 ◦C, likely corresponding to the decomposition of hydroxyl 
and hydrated groups. Based on these observations, heat-treatment 
temperatures of 200 ◦C and 300 ◦C were selected to investigate their 
effects on the electrocatalytic activity [30]. A pronounced mass loss 
occurred above 400 ◦C, indicative of the combustion of the carbon 
support. At 900 ◦C, the residual mass was approximately 23 %, aligning 
with the anticipated iridium oxide (IrO2) content following oxidative 
removal of carbon. This residual mass corresponds well with the ex
pected iridium loading of ~20 %, considering: (i) the targeted 
iridium-to-carbon molar ratio of 20:80, (ii) a measured carbonization 
efficiency (ηc) of ~85 %, and (iii) an iridium content of ~86 % by weight 
in the TGA residue. The slight discrepancy between the expected and 
observed residual masses may stem from experimental uncertainties 
inherent in the synthesis and measurement processes.

3.3. X-ray photoelectron spectroscopy

Fig. 2b shows the XPS survey spectra of the IrOx/C, IrOx/C-200 ◦C 
and IrOx/C-300 ◦C samples, exhibiting peaks corresponding to Ir 4f, C 1 s 

Fig. 1. PDF data of temperature series of IrOx samples: IrOx/C (blue, top), IrOx/ 
C-200 ∘C (blue middle), and IrOx/C-300 ∘C (blue, bottom) together with 
simulated PDFs of tetragonal IrO2 (red, top), trigonal IrOOH (red, middle), and 
cubic Ir metal (red, bottom).
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and O 1 s, indicating the presence of IrOx nanoparticles coated on the 
surface of carbon along with lattice oxygen of IrOx and the surface- 
bound oxygen on the carbon samples. The Ir 4f peak intensity appears 
small due to the low Ir:C (20:80) ratio. For comparison, a XPS spectrum 
of the support carbon sample heat-treated at 200 ◦C (labeled as C-200 
◦C) has also been shown.

In order to investigate the surface chemical states of the IrOx/C, IrOx/ 
C-200 ◦C and IrOx/C-300 ◦C samples, high resolution XPS spectra cor
responding to the Ir 4f and O 1 s orbitals are analyzed as shown in Fig. 3. 
Although deconvolution of the Ir 4f spectra can be quite complex due to 
asymmetric line shapes and presence of satellite peaks [29,31,32], here 
we used Functional Lorentzian (LF) line shape to deconvolute the peak 
components. It is noted that the peak shapes resemble well with those 
for the hydrated IrO2, as explored by Freakley et al. [32] and can be 
deconvoluted as a single pair of the Ir 4f7/2 and 4f5/2 spin-orbit com
ponents. As can be seen in Fig. S2 (supporting information), the peak 
deconvolution can be achieved assuming only a single oxidation state, a 
spin-orbital splitting of 3.0 eV along with the peak intensities con
strained to their multiplicity. As the XPS spectra for all the samples 
appear similar, the fitting assuming single oxidation state shows that 
with increasing the heat-treatment temperature, the BE shifts to a value 
lower than that for the as-synthesized sample. For example, BE values of 
the Ir 4f7/2 component for the IrOx/C, IrOx/C-200 ◦C and IrOx/C-300 ◦C 
samples are 62.1 eV, 61.9 eV and 61.8 eV, respectively. This small shift 
in the BE values may be attributed to (i) an electrocatalyst-support 
interaction or (ii) a change in the oxidation state, which was not 
considered during the fitting. The first possibility was discarded since 
the Ir 4f7/2 BE for an unsupported IrOx sample, prepared similarly and 
heat-treated at 200 ◦C (IrOx-200 ◦C), is 61.9 eV, identical to that for the 

corresponding supported sample (IrOx/C-200 ◦C), as shown in Fig. S3, 
(supporting information).

Therefore, the XPS spectra of the supported samples have contribu
tions from (at-least) two different oxidation states, and hence, the Ir 4f7/ 

2 and 4f5/2 peaks observed in each spectrum were deconvoluted in two 
components each, by fixing the 4f7/2 BE values at 61.5 eV and 62.3 eV 
for the lower and higher BE components, assigned respectively to Ir4+

and Ir3+ oxidation states. Such a deconvolution reveals a decrease in the 
Ir3+/Ir4+ ratios for the heat-treated samples (as compared to the as- 
synthesized one), as demonstrated in Fig. 3(a-c) and in Table 1.

Figs. 3(d-f) show the results of the deconvolution analysis of the O 1 s 
XPS peak from the samples studied. The O 1 s peak in the synthesized 
IrOx samples has three components corresponding to Ir-O, Ir-OH and 
H2O (in hydrated IrOx) [32,33], along with two components corre
sponding to the C = O/C–OH and C–O-C bonds from the support 
carbon [34]. Here, it is noteworthy that the H2O peak may correspond to 
both the C-bound and Ir-bound H2O. .Based on this, all O 1 s spectra are 
deconvoluted into five components. Here, the C = O/C–OH and C–O-C 
components, the most abundant ones due to high content of carbon (Ir/C 
= 20:80 w/w), were fitted at constant BE values of 532.9 eV (C =
O/C–OH) and 534.3 eV (C–O-C), obtained from the O 1 s spectrum of 
bare carbon sample (Fig. S4, supporting information). Further, for the 
components corresponding to Ir, LF(0.3,1.5, 25,150) line shape was 
used for Ir-O and Ir-OH, while the other components (H2O, C =
O/C–OH and C–O-C) were fitted using GL(30) line shape. Further, 
assuming the Ir-O and Ir-OH components in the O 1 s spectra correspond 
respectively to the Ir4+ and Ir3+ components in the Ir 4f spectra, the Ir-O 
to Ir-OH intensity ratio was constrained to be equal to the Ir4+/Ir3+ ratio 
obtained from the Ir 4f spectra. Table 1 summarizes the relative abun
dance of the O 1 s peak components, showing decreasing H2O fractions 
with increasing heat-treatment temperatures. It is also noteworthy that 
while the Ir-O to Ir-OH intensity ratio is constrained to that of the to the 
Ir4+ and Ir3+ components in the Ir 4f spectra, the Ir-OH fraction esti
mated using O 1 s spectra remain unaffected by the thermal treatment, 
whereas the Ir-O contribution increases with heat-treatment.

3.4. Morphological study

The morphology and size distribution of IrOx nanoparticles sup
ported on carbon (IrOx/C) were investigated using TEM. Figs. 4a and 4b 
display TEM images of the as-synthesized IrOx/C and the IrOx/C sample 
subjected to heat-treatment at 200 ◦C (IrOx/C-200 ◦C), revealing a 
uniform dispersion of IrOx nanoparticles across the carbon support 
without noticeable agglomeration. Figs. 4c and 4d present the corre
sponding particle size distribution histograms, respectively for the IrOx/ 
C and IrOx/C-200 ◦C samples, where the particle size analysis was 
conducted using the ImageJ software, measuring 50 nanoparticles 
selected from various regions of the TEM images. The analysis deter
mined an average particle diameter of 1.0 ± 0.2 nm and 1.2 ± 0.2 nm, 
respectively for the IrOx/C and IrOx/C-200 ◦C samples, which is in close 
agreement with similarly sized IrOx nanoparticles synthesized via 
microwave-assisted polyol methods, where average diameters of 
~1.1–1.2 nm have been reported [35,36]. After the heat-treatment, the 
nanoparticles remain well-dispersed on the carbon substrate; however, 
slight agglomeration is observed, accompanied by a modest increase in 
average particle size. Selected area electron diffraction (SAED) patterns, 
corresponding to the samples IrOx/C and IrOx/C-200 ◦C, shown as insets 
in the corresponding TEM images, exhibit three broad diffuse rings 
corresponding to D-spacings of approximately 3.30, 2.20 Å and 1.26 Å 
nm, respectively for the inner, middle and outer rings. These spacings 
correspond to the diffractions from the support carbon., suggesting that 
the carbon support comprises few-layer graphene structures with some 
degree of wrinkling or twisting [37]. The absence of sharp diffraction 
spots or rings attributable to crystalline IrOx or IrO2 confirms the 
amorphous nature of the IrOx phase in both the as-synthesized and 
heat-treated samples, indicating that the applied thermal treatment at 

Fig. 2. (a) TGA and DSC plots of the as-synthesized IrOx/C electrocatalyst, (b) 
Survey scan XPS spectra for as-synthesized and heat-treated IrOx/C samples. 
XPS spectrum of the support carbon is also shown for comparison. XPS spec
trum corresponding to the as-synthesized IrOx/C electrocatalyst is reproduced 
from our earlier study (Ref. [26]; Creative Commons CC-BY license; Copyright 
2024, Elsevier).
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200 ◦C does not induce crystallization of the IrOx nanoparticles. Besides, 
Fig. S5 shows TEM images of the commercial IrO2 sample, revealing 
agglomerates of IrO2 nanoparticles with irregular shape and size, with 
no distinguishable individual particles visible, unlike in case of the 
as-synthesized and heat-treated IrOx/C samples, where the IrOx particles 
remain distinct on the support carbon. In addition, XRD patterns of the 
commercial IrO2 and the synthesized IrOx/C samples shown in the 

Fig. S6 show subtle differences. The commercial IrO2 sample exhibits 
distinct reflections at 2θ values of 40.9◦, 46.7◦, and 69◦, corresponding 
to the (111), (110), and (200) planes of the face-centered cubic structure 
of metallic Ir. In contrast, the XRD patterns of the IrOx/C, IrOx/C-200 ◦C 
and IrOx/C-300 ◦C samples display no discernible Bragg reflections, 
indicating an amorphous nature of the IrOx phase on the surface of 
carbon, in agreement with the observed short-range order (small 

Fig. 3. XPS narrow scan spectra of (a-c) Ir 4f and (d-f) O1s for IrOx/C, IrOx/C-200 ◦C, and IrOx/C-300 ◦C samples. XPS spectra shown in (a) and (d) are reproduced 
from our earlier study (Ref. [26]; Creative Commons CC-BY license; Copyright 2024, Elsevier).

Table 1 
Peak fitting parameters of the XPS narrow scan Ir 4f and O 1 s components associated with the IrOx/C, IrOx/C-200 ◦C, and IrOx/C-300 ◦C samples.

Sample Ir 4f components O 1 s peak components (area %)

BE for 4f7/2 (eV) Area % Ir3+/Ir4+ ratio

Ir4+ Ir3+ Ir4+ Ir3+ Ir-O Ir-OH H2O C-OH/C = O C–O–C

IrOx/C 61.5 62.3 36.2 63.8 1.76 5.3 9.3 25.8 34.2 25.3
IrOx/C-200 ◦C 61.5 62.3 53.2 46.8 0.88 9.5 8.3 15.8 38.2 28.2
IrOx/C-300 ◦C 61.5 62.3 55.0 45.0 0.82 11.3 9.2 12.7 38.4 28.4
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Fig. 4. TEM images of (a) IrOx/C and (b) IrOx/C-200 ◦C samples. Corresponding particle size distribution histograms are shown in (c) and (d), respectively for the 
IrOx/C and IrOx/C-200 ◦C samples. Insets of (a) and (b) show the corresponding SAED patterns. The three diffuse rings in the SAED patterns are assigned to the 
graphite carbon (space group: P63mc, having short range graphitic order (Inner ring: (002); middle ring: (101); outer ring: (110)). The indices are omitted in the 
SAED image for clarity.

Fig. 5. Electrochemical study (a) OER polarization curve, (b) Mass activity at 1.65 V (c) Overpotential and (d) Tafel plot for IrOx/C, IrOx/C-200 ◦C and IrOx/C-300 ◦C 
samples. Data for the sample IrOx/C reproduced from our earlier study (Ref. [26]; Creative Commons CC-BY license; Copyright 2024, Elsevier).
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coherent domain size) through detailed PDF analysis.

3.5. OER activity

Fig. 5a presents the polarization curves of the as-prepared IrOx/C, 
IrOx/C-200 ◦C, IrOx/C-300 ◦C, and commercial IrO2 electrocatalysts, 
recorded in argon-saturated 0.1 M HClO4 at room temperature with a 
scan rate of 10 mV s-1. Each catalyst was applied with a consistent total 
loading of 20 μg, ensuring uniform iridium content across the carbon- 
supported samples. The commercial IrO₂, however, possesses a 
different iridium content due to its distinct composition. As depicted in 
Fig. 5b, the mass activity defined as the current normalized to the mass 
of iridium at 1.65 V vs. RHE of the as-synthesized IrOx/C surpasses that 
of commercial IrO2 by more than fivefold. This enhancement can be 
attributed to several factors such as, (i) the smaller size of the synthe
sized IrOx nanoparticles compared to that of the commercial IrO₂ 
(detailed characterization of the commercial IrO2 can be found in our 
previous study [29], (ii) the carbon support facilitates uniform disper
sion of IrOx nanoparticles, minimizing agglomeration and maximizing 
active surface area and (iii) the as-synthesized IrOx possesses a hydrated 
structure, promoting efficient proton-coupled electron transfer essential 
for OER. Comparatively, previous studies have reported up to tenfold 
increase in mass activity for IrOx/C synthesized via the polyol method 
[25]. Despite utilizing a higher surface area carbon support (KB600, 
specific surface area (SSA) measured by nitrogen adsorption through 
Brunauer-Emmett-Teller (BET) method: 1410 m2 g-1) in our study, the 
observed enhancement is lower. This discrepancy may stem from dif
ferences in intrinsic activity or catalyst-support interactions inherent to 
the synthesis methods. Notably, appreciable mass activities at the 
thermoneutral potential (1.48 V vs. RHE) are observed for the IrOx/C 
samples. However, absolute current values below this potential remain 
low and comparable across all the samples (Fig. S7). Further, 
heat-treatment impacts the electrocatalytic performance as IrOx/C-200 
◦C sample exhibits a reduction (~23 %) in mass activity compared to the 
as-synthesized sample, likely due to minor particle growth and the 
reduced Ir³⁺/Ir⁴⁺ ratio. Further, IrOx/C-300 ◦C sample shows a more 
pronounced decrease in the initial OER activity (~31 % reduction), 
correlating with the further decrease in the Ir³⁺/Ir⁴⁺ ratios (Table 1).

Despite the reduction, both heat-treated samples maintain mass ac
tivities higher than that of the commercial IrO2. Fig. 5c illustrates the 
overpotentials required to achieve a mass activity of 100 A g_Ir-1. The as- 
synthesized IrOx/C demonstrates the lowest overpotential, indicating 
superior catalytic efficiency. Tafel analysis (Fig. 5d) reveals that IrOx/C- 
200 ◦C possesses the smallest Tafel slope (87 mV dec‑1), suggesting 
favorable reaction kinetics. Ultimately, the initial OER activity and 
associated electrochemical parameters are influenced by nanoparticle 
size and surface hydroxide content. The as-synthesized IrOx/C, with its 
minimal particle size (~1.0 nm) and hydrated structure, offers optimal 
performance. Heat-treatments induce particle growth and alter the 
surface chemistry, leading to reduced activity, yet the catalysts remain 
more active than commercial IrO2.

To gain further insights into the sources of the observed reduction in 
OER activity due to heat-treatment, specific surface area (SSA) values of 
IrOx/C electrocatalysts (AIrOx/C) were estimated using the rule of 
mixture, as their SSA measurements through nitrogen adsorption iso
therms were not feasible due to small amounts of the samples available. 
For the calculations, SSA of support carbon (AC), i.e., 1410 m2 g-1 

(measured by nitrogen adsorption isotherm, BET method) was assumed 
to be not affected by the electrocatalyst synthesis process. Further, to 
calculate the SSA of the IrOx NPs (AIrOx ), a spherical shape with the 
radius (R) being half of the average particle size determined from TEM 
analysis, is assumed. Hence, AIrOx is given by: 

AIrOx = 4πR2n, (2) 

with n being the number of particles per unit mass (Eq. (3)). 

n =
3

4πR3d
, (3) 

with d being the density of the particles.
Combining Eqs. (2) and 3, 

AIrOx =
3

Rd
. (4) 

Again, the specific area of projection for the IrOx NPs (AP
IrOx

), i.e., the 
area of the support carbon covered by the IrOx NPs is given by: 

AP
IrOx

=
3

4Rd
. (5) 

Further, AIrOx/C can be calculated from Eq. (6), where fIrOx and fC are 
the respective mass fractions of the IrOx and C in the IrOx/C 
electrocatalyst. 

AIrOx/C = AIrOx fIrOx + ACfC − 2AP
IrOx

fIrOx (6) 

Finally, the percentage coverage (C%) of the support by the IrOx NPs is 
given by: 

C% =
AP

IrOx
fIrOx

ACfC
× 100 (7) 

The calculated values have been summarized in Table 2. It is clear that 
the estimated coverage of the support carbon by the IrOx NPs is low (~2 
%). Further, the total calculated SSA values of the as-synthesized and 
heat-treated IrOx/C electrocatalysts are similar (~1179 m2 g-1 and 
~1171 m2 g-1 for the IrOx/C and IrOx/C-200 ◦C samples). Also, the loss 
in SSA of IrOx NPs due to growth in particle size amounts to ~17 %, 
which is close to the observed ~23 % reduction in the initial OER ac
tivity of the IrOx/C-200 ◦C sample as compared to that of the IrOx/C 
sample. However, considering large uncertainties in the particle size 
estimations (standard deviations: ~0.2 nm) from the TEM images, we 
qualitatively attribute the observed activity loss combinedly to the 
decreased SSA and the IrOx surface chemical restructuring upon heating, 
as evidenced by the changes in Ir³⁺/Ir⁴⁺ ratios from XPS, which likely 
influence the density of electrochemically active sites.

3.6. Stability assessment through AST/post-AST analysis

Electrocatalyst stability is quite important for the PEMWE anode 
electrocatalysts, subjected to highly oxidative potential, low pH, 
elevated temperature (80 ◦C), periodic start-stop cycling, etc. [38]. here, 
for durability assessment, the electrocatalysts were subjected to poten
tial cycling between 1.00 and 1.70 V (versus RHE) at a scan rate of 100 
mV s-1 for 1000 cycles [39]. Although steady-state stability test through 
galvanostatic polarization [25,40], may be preferred to resemble the 
PEMWE operation conditions during the stability test, we used potential 
cycling-based stability test protocol due to concerns related to corrosion 
[41] and/or passivation of the GC tip [42]. Again, GC was preferred over 
gold as the backing electrode due to the fact that under potential cycling, 
dissolution of gold [43,44] (and redeposition) would affect the dura
bility assessment and increase the complexity (compared to use of a 
carbon-based backing electrode for the carbon supported IrOx). The OER 
activity retention with respect to number of stress cycles is presented in 
Fig. 6 and also summarized in Table 2, while the pre-AST and post-AST 
polarization curves are shown in Fig. S8. While the as-synthesized 
IrOx/C sample exhibits lower stability (activity retention at 1000 cy
cles: ~60 %) compared to that for the commercial reference (activity 
retention at 1000 cycles: ~77 %), the IrOx/C-200 ◦C electrocatalyst 
shows outstanding stability with OER activity retention of ~84 % after 
1000 stress cycles. Again, further increasing the heat-treatment tem
perature of 300 ◦C (IrOx/C-300 ◦C) leads to a significant decrease in 
stability (activity retention at 1000 cycles: ~6 %).
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The activity degradation of Ir-based OER electrocatalysts may be 
attributed to several factors including (i) physical loss of the active 
material through dissolution and/or detachment, (ii) loss of active sur
face area through particle size growth, (iii) activity change due to 
altered surface chemistry (oxidation state of Ir, adsorbed species), etc. 
[45]. In a recent study in our group, it has been demonstrated that the 
OER activity loss during the AST (similar to that used here) for the IrO2 
commercial reference) used in this study is mainly attributed to change 
in the change in surface chemistry (increased oxidation state) of IrO2, 
with negligible contributions from the losses due to particle growth and 
dissolution [29]. However, the degradation mechanisms for the syn
thesized IrOx/C electrocatalyst might differ significantly as carbon is 
known to be unstable when exposed to high potentials such as 1.7 V and 
the relatively well-dispersed IrOx nanoparticles may face severe degra
dation as compared to the unsupported IrO2 commercial reference with 
large agglomerates. The poorer stability of IrOx/C compared to com
mercial IrO2 may be attributed to its lower structural stability and higher 
susceptibility to degradation under operating conditions. As-synthesized 
IrOx is more prone to dissolution in acidic media compared to the more 
stable IrO2 phase [46]. This can result in faster electrocatalyst degra
dation and loss of iridium species into the electrolyte. As evidenced by 
XPS analysis, the sample annealed at 200 ◦C exhibited improved sta
bility compared to both the as-prepared and the 300 ◦C-annealed sam
ples. This enhancement can be rationalized by the adjustment in surface 
oxidation states, heating at 200 ◦C likely promotes partial oxidation and 
stabilization of Ir centers, leading to a more favorable Ir³⁺/Ir⁴⁺ balance 
that suppresses rapid surface dissolution under the potential cycling 
during AST. In contrast, excessive heating at 300 ◦C reduces the 
H2O-content in the sample, leading to a decreased abundance of the 
electrochemically active sites and to an accelerating degradation. 
Table 2 summarizes the parameters associated with electrocatalysts 
before and after the AST cycling. The stability study provided may not 
adequately demonstrate the electrocatalyst's suitability for prolonged 
use in a PEM water electrolyzer, particularly given the concerns 
regarding the stability of carbon-based supports. In this context, the AST 
served as an efficient screening technique to distinguish between the 
samples analyzed, thereby illustrating the impact of heat-treatment on 
their stability.

To get further insights into the OER activity degradation of the 
synthesized IrOx/C electrocatalysts, the post-AST samples were char
acterized using XRF and TEM analyses. The post-AST Ir loading on the 
GC RDE measured through XRF was used to estimate the loss of Ir from 
the electrode by dissolution during AST. As summarized in Table 3, the 
synthesized IrOx/C samples show high % dissolution of Ir compared to 
that for the commercial IrO2. Hence, as detailed in our previous study 
[29], surface chemistry change is the principal degradation mechanism 
for the commercial IrO2, while for the IrOx/C and the IrOx/C-200 ◦C 
electrocatalysts, Ir loss due to dissolution during AST seems to play the 
key role in the activity loss (OER activity loss ( %) ≈ dissolution ( %)). 
On the other hand, the IrOx/C-300 ◦C electrocatalyst shows an OER 
activity loss (95 %) significantly higher than the corresponding disso
lution loss (39 %), suggesting a significant fraction of the OER activity 
loss due to other degradation mechanisms, i.e., particle size enlargement 
and/or change in surface chemistry of the electrocatalyst.

To investigate the activity degradation further, the post-AST samples 
of the IrOx/C and the IrOx/C-200 ◦C electrocatalysts were further 
analyzed through TEM analysis. Figs. 7a-d show TEM images along with 
particle size distributions of the post-AST IrOx/C (Figs. 7a and 7c) and 
IrOx/C-200 ◦C electrocatalysts (Figs. 7b and 7d), showing the respective 
particle size values of 1.3 ± 0.3 nm fand 1.2 ± 0.2 nm for the post-AST 
IrOx/C and IrOx/C-200 ◦C samples. The post-AST IrOx/C sample shows a 
slight increase in particle size and hence a corresponding decrease in the 
specific physical surface area.

Assuming the electrocatalyst particles to be spherical, for a dissolu
tion fraction ld during AST, it can be shown that their pre-AST and post- 
AST values of PSA, respectively Ai and Af , are related through Eq. (8), 
where Ri and Rf are their pre-AST and post-AST radii, respectively. 

Af

Ai
= (1 − ld) ×

Ri

Rf
(8) 

Again, relationship between the mass activity (jm) and specific surface 
area (A) of an electrocatalyst can be given by Eq. (9), where U and α are 
the utilization factor (fraction of A contributing to the reaction) and the 
activity constant, respectively. 

jm = UαA (9) 

Henec, in terms of pre-AST and post-AST mass activities, jmi and jmf , 
respectively, the fractional activity retention (η) can be given by Eq. 
(10), where subscripts i and f in the symbols correspond to pre-AST and 
post-AST values, respectively. 

Table 2 
Estimation of physical surface area of the IrOx electrocatalyst and the % coverage of the support carbon by the IrOx NPs (symbols: as described in the text).

Sample fC fIrOx
AC (m2 g-1) 2R (nm) n AIrOx (m2 g-1) AP

IrOx 
(m2 g-1) AIrOx/C (m2 g-1) C%

IrOx/C 80 20 1410 1.0 1.63E+20 512.8 128 1179 2.3
IrOx/C-200 80 20 1410 1.2 9.45E+19 427.4 107 1171 1.9

Fig. 6. OER activity evolution (retention %) along with the number of stress 
cycles during the AST of the IrO2 Comm., IrOx/C, IrOx/C-200 ◦C, and IrOx/C- 
300 ◦C electrocatalysts.

Table 3 
OER activity of the studied OER electrocatalysts before and after AST cycling. Ir 
dissolution ( %) during AST is also shown.

Sample Cycles Current 
(A g− 1

Ir )
Activity 
retention ( 
%)

Activity 
loss ( %)

Ir 
dissolution ( 
%)

IrO2 

comm.
1 281 77 23 3
1000 218

IrOx/C 1 1616 60 40 41
1000 974

IrOx/C- 
200 ◦C

1 1239 84 16 16
1000 1046

IrOx/C- 
300 ◦C

1 1079 5 95 39
1000 54
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η =
jmf
jmi

=
Uf αf Af

UiαiAi
(10) 

Combining Eqs. (9) and 10 – 

η =
Uf αf

Uiαi
(1 − ld) ×

Ri

Rf
(11) 

Here, it is noteworthy that during AST, parameters U and α can decrease 
or increase, depending on the agglomeration state and the intrinsic ac
tivity of the electrocatalyst, respectively.

Here, for the IrOx/C sample with ld, Ri and Rf being 0.41, 1.0 nm and 
1.2 nm and hence Af = 0.49Ai, the quantity Uα increases during the AST 
(Uf αf > Uiαi) to achieve the η value of 0.60. Possible mechanisms 
responsible for such a behavior could be the decreased agglomeration 
due to dissolution and/or increased intrinsic activity through 
electrochemistry-induced surface structural changes, which need 
further exploration. Again, despite similar physicochemical character
istics, the poorer stability of the IrOx/C-300 ◦C sample compared to that 
of the IrOx/C-200 ◦C sample may be attributed to large decrease in Uα 

during AST, possibly due to surface damage of the carbon support in 
close vicinity of the IrOx nanoparticles (due to their catalytic effect on 
thermal oxidation of carbon) during heat-treatment in air at 300 ◦C.

Table 4 summarizes the electrochemical performance comparison of 
Ir-based catalysts with different supports [47–54].

In present study IrOx/C catalyst exhibits both high mass activity 
(1680 A g⁻¹ Ir at 1.65 V) and improve the durability after heat-treated at 
200 ◦C for 1 h (84 % retention over 1000 cycles) outperforming many 
previously reported systems, including IrOx/ITO and Ir-IrOx/WOₓ. The 
conductivity and high surface area of carbon supports contribute 
significantly to these performance advantages. However, Ru-containing 
systems (e.g., Ir₀.₅Ru₀.₅/C achieving up to 2494 A g⁻¹) highlight that 
activity gains are possible with bimetallic designs, though often at a cost 
to stability. Our current work, operating under moderately acidic con
ditions (0.1 M HClO4), delivers a practical compromise between per
formance and simplicity, with scalable implications.

4. Future prospectus

The current study was designed as a fundamental investigation to 

Fig. 7. TEM images and corresponding SAED patterns (inset) for the post-AST IrOx/C and (b) IrOx/C-200 ◦C samples. Corresponding particle size distributions for the 
IrOx/C and IrOx/C-200 ◦C samples are shown in (c) and (d), respectively.

Table 4 
Performance comparison of Ir-based electrocatalysts with the present study.

Catalysts Support Method Electrolyte Activity Retention stability Ref.

IrOx Ni/Co-ZIF-67 Wet-chemical method 1 M KOH 50 A g− 1
Ir @ 1.55 V - [47]

Ir-IrOx WOx Alkaline hydrolysis 0.5 M H2SO4 812 A g− 1
Ir @ 1.55 V 40 % after 1000 cycles [48]

IrOx ITO Metal-organic chemical deposition 0.1 M HClO4 207 A g− 1
Ir @ 1.52 V - [49]

Ir ATO Microwave assisted polyol method 0.1 M HClO4 777 A g− 1
Ir @ 1.65 V 20 % after 2000 cycles [50]

Ir Carbon Impregnation followed by Solid-state reduction 0.1 M HClO4 1209 A g− 1
Ir @ 1.65 V 80 % after 1000 cycles [51]

Ru0.75Ir0.25O2 rGO Ion exchange/activation method 0.5 M H2SO4 1941 A g− 1
Ir @ 1.66 V - [52]

Ir0.25Ru0.75 Carbon Impregnation followed by solid state reduction 0.1 M HClO4 2494 A g− 1
Ir+Ru @ 1.65 V 63 % after 1000 cycles [53]

IrO2 TiO2 Freeze-drying method 0.1 M HClO4 52 A g− 1
Ir @ 1.65 V - [54]

IrOx/C-200 ◦C Carbon Hydrolysis/Heat-treatment 0.1 M HClO4 1239 A g− 1
Ir @ 1.65 V 84 % after 1000 cycles This work
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correlate synthetic parameters, heat-treatment effects, and surface 
chemistry with activity and stability using a half-cell configuration, 
which is widely employed as the first step in catalyst screening. The 
observed superior activity and durability of our IrOx/C catalyst relative 
to commercial IrO2 in the half-cell thus provide a strong indication of its 
promise. We acknowledge that future studies involving membrane 
electrode assembly (MEA) testing under unit cell conditions will be 
essential to validate its practical applicability. The working with a focus 
of MEA/unit cell testing with valuable support like ITO, ATO, TiO2, and 
TiN, which will have future scope of studies. Faradaic efficiency (FE) 
would provide direct evidence to exclude possible side reactions such as 
carbon oxidation and to confirm that the measured current arises solely 
from the OER. So, there will be further scope to quantifying FE using 
operando gas analysis to further strengthen the understanding of cata
lyst selectivity along with surface chemical changes via in-situ/ 
operando Raman characterizations.

5. Conclusions

In this study, we developed a hydrolysis–sonication approach to 
synthesize colloidal iridium oxide (IrOx) nanoparticles supported on 
high-surface-area carbon. UV–Vis spectroscopy elucidated intermediate 
species during nanoparticle formation, while sonication in an ice-cold 
bath facilitated uniform deposition onto the carbon support. X-ray 
photoelectron spectroscopy revealed surface phase transformations and 
structural modifications induced by heat-treatment. Electrochemical 
evaluations demonstrated that the as-prepared IrOx/C catalyst exhibited 
a mass activity exceeding five times that of commercial IrO2. Acceler
ated stress tests indicated enhanced stability upon heat-treatment at 200 
◦C, with the IrOx/C-200 ◦C sample retaining 84 % of its initial activity, 
compared to 60 % retention for the untreated catalyst. This improve
ment is attributed to alterations in surface chemistry (reduced Ir³⁺/Ir⁴⁺ 
ratio), as no significant changes in bulk structure or domain size (~1 
nm) were observed across the heat-treated samples. These findings un
derscore the effectiveness of controlled heat-treatment in optimizing the 
electrocatalytic performance and durability of IrOx-based catalysts for 
acidic oxygen evolution reactions. Looking ahead, further work should 
focus on exploring alternative conductive supports to enhance nano
particle anchoring and corrosion resistance and employing in situ/ 
operando spectroscopic techniques to capture dynamic surface trans
formations under electrochemical operations. Such investigations will 
provide deeper mechanistic insights and guide the rational design of 
next-generation IrOx-based electrocatalysts.
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IrOx and IrRuOx electrocatalysts for the O2 evolution reaction in PEM water 
electrolysers. 2015, 164, 488–495.

[9] Nong, H.N.; Gan, L.; Willinger, E.; Teschner, D.; Strasser, P.J.. IrOx core-shell 
nanocatalysts for cost-and energy-efficient electrochemical water splitting. 2014, 5 
(8), 2955–2963.

[10] Reier, T.; Pawolek, Z.; Cherevko, S.; Bruns, M.; Jones, T.; Teschner, D.; Selve, S.r.; 
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