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High loading of iridium single atoms in NiCo2O4

for enhanced acidic oxygen evolution reaction†
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The development of high loading single-atom electrocatalysts presents significant potential for enhancing

the performance of the acidic oxygen evolution reaction (OER). Herein, a high loading (7.98 wt%) iridium

single atom doped NiCo2O4 (IrH-NiCo2O4) catalyst was prepared using an ion-exchange pyrolysis

method. The optimized IrH-NiCo2O4 demonstrated an enhanced OER performance, achieving an overpo-

tential of 240 mV at a current density of 10 mA cm−2, along with exceptional stability for over 282 hours

in a 0.5 M H2SO4 solution. Additionally, it demonstrated an overall mass activity of 377.05 mA mgIr
−1 at a

300 mV OER overpotential, surpassing the performance of commercial IrO2. Density functional theory

calculations revealed that the high-density of Ir-single atom doping enhances the adsorption energy of

oxygen-containing intermediates, thereby promoting the OER process. This study offers a viable strategy

for fabricating high-loading single-atom catalysts, offering insights that can be generalized to other

systems and paving the way for advancing their industrial-scale applications.

1. Introduction

Hydrogen, a clean and sustainable energy carrier, can be
efficiently produced through electrochemical water splitting,
driven by renewable energy sources such as solar and wind
power.1–7 Among the available technologies, proton exchange
membrane (PEM) water electrolysis is recognized as a highly
promising method due to its advantages, including high
current density, excellent energy efficiency, and rapid system
responsiveness.8–13 To date, iridium (Ir)-based catalysts are
widely regarded as the most viable materials for facilitating the
oxygen evolution reaction (OER) in PEM water electrolyzers,
primarily because of their exceptional stability under acidic
conditions.14–16 However, the high cost of Ir (US$3950 per troy
ounce) and its limited natural abundance17 pose significant
barriers to scaling-up Ir-containing catalysts for industrial
applications.14,18,19 Therefore, developing low cost Ir-based
electrocatalysts with enhanced activity and high durability is
urgent, but remains a significant challenge.

Recently, single-atom catalysts (SACs) have gained signifi-
cant interest for electrochemical reactions, owing to their
exceptional advantages, such as unique active sites, high

product selectivity, enhanced atomic efficiency, a variety of
support materials, and reduced consumption of noble
metals.20–23 The most reported SACs are characterized by low
metal loadings, typically less than 1 wt%, to ensure atomic
dispersion.24–26 For instance, Li et al. achieved an overpoten-
tial of 246 mV (at j = 10 mAcm−2) and enhanced stability for
160 h by incorporating a 0.2 wt% Ir single-atom into Co3O4.

27

Similarly, Luo et al. utilized a double protecting strategy to fab-
ricate an atomically dispersed Ir single-atom catalyst with a
loading of 0.4 wt% (Ir-SA@Fe@NCNT). Ir-SA@Fe@NCNT
exhibited enhanced OER performance with an overpotential of
250 mV at a standard current density of 10 mA cm−2 and high
catalytic stability for continuous 12 hours under acidic con-
ditions.28 However, the inherently low metal loadings in SACS
significantly constrain their overall catalytic performance and
limit their potential applications, particularly for industrial
scale applications.29 Thus, there is an urgent need to design
high-loading Ir single atom catalysts that combine superior
activity and long-term stability to meet the increasing energy
demands.

Spinel structure transition metal-oxides have emerged as
strong candidates for electrocatalysis, owing to their excellent
electrocatalytic activity.30 In particular, spinel oxides such as
NiCo2O4 have gained significant attention because of their
high natural abundance, large electrical conductivity, and
improved OER activity.31–33 For example, Wang et al. syn-
thesized Ru-doped NiCo2O4 on nickel foam, reporting a
249 mV overpotential at a current density of 10 mA cm−2 with
30 hours of catalytic stability in alkaline solution.34 Similarly,
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Tao et al. doped molybdenum (Mo) into NiCo2O4 (Mo-
NiCo2O4) and enhanced the overall OER performance using
the facile hydrothermal method. With a ∼1.95 wt% Mo, they
achieved a low overpotential of magnitude 265 mV measured
at a current density of 10 mA cm−2 with high stability for
100 hours in 0.1 M KOH.35 However, NiCo2O4 only exhibits
electrocatalytic activity for the OER in alkaline electrolytes.
Developing spinel-type NiCo2O4 catalysts with improved OER
activity and high stability under acidic conditions remains a
key challenge. Therefore, it would be a significant advance-
ment if high loading Ir single atoms could be doped into
NiCo2O4 for the OER in acidic media.

In this study, we report the successful synthesis of a high
loading (7.98 wt%) Ir single atom doped (IrH-NiCo2O4) catalyst
through an ion exchange-pyrolysis approach. The resulting
catalyst exhibits remarkable OER activity (i.e., achieving an
overpotential of 240 mV at 10 mA cm−2) and demonstrates
high catalytic stability for 282 hours in acidic solutions.
Density functional theory (DFT) calculations show that the
high-density of Ir-single atom doping significantly enhances
the adsorption energy of oxygen-containing intermediates,
thereby promoting the OER process. This study provides a stra-
tegic framework for the rational design of highly stable, high
loading single atom catalysts (SACs) towards OER applications
under acidic conditions, paving the way for future develop-
ments in the field.

2. Experimental section
2.1. Materials

Carbon paper was supplied by “Tianjin IncoleUnion Tech. Co.,
Ltd”. A variety of chemicals, including 2-methylimidazole
(C4H6N2, ≥98%), ethanol (CH3CH2OH, ≥97.7%), nickel(II)
nitrate-hexahydrate [(Ni(NO3)2·6H2O, ≥98%)], iridium chlor-
ide-hydrate (IrCl3·xH2O, ≥99.98%), methanol (CH3OH,
≥99.5%), Nafion (5%), hexadecyltrimethylammonium bromide
(CTAB, ≥99%), cobalt(II) nitrate-hexahydrate [(Co(NO3)2·6H2O,
≥98.5%)], sulphuric acid (H2SO4, ≥98%), and commercial
iridium oxide (IrO2, ≥99.9%), were bought from Macklin.
Additionally, all of these compounds were utilized as supplied,
without further purification. Furthermore, high-purity de-
ionized H2O with a resistivity of ‘18.2 MΩ cm−1’ was employed
as the solvent in all tests, guaranteeing the integrity and
dependability of the results.

2.2. Synthesis of IrH-NiCo2O4

The synthesis of ZIF-67 was carried out following a well-estab-
lished surfactant-mediated method.36 Firstly, cobalt(II) nitrate
hexahydrate (Co(NO3)2·6H2O) (580 mg) was dissolved in 20 mL
of deionized H2O containing 30 mg of CTAB. Secondly, this
solution was then added to 140 mL of an aqueous solution
containing 9.08 g of 2-methylimidazole, and the mixture was
stirred at room temperature for about 60 minutes. The result-
ing purple precipitates underwent centrifugation followed by
washing with ethanol five times. Finally, the ZIF-67 nanocrys-

tals were produced by drying the precipitates in a vacuum oven
overnight at 60 °C.

The IrH-NiCo2O4 catalyst was prepared through an ion
exchange technique which was followed by pyrolysis. Initially,
ZIF-67 nanocrystals (50 mg) and nickel(II) nitrate-hexahydrate (Ni
(NO3)2·6H2O) (0.5 mmol) were dissolved in a 25 mL methanol
solution. The solution was continuously stirred for about
20 minutes to carry out the ion exchange reaction. Subsequently,
4 mL of the iridium chloride (IrCl3·xH2O) solution having a con-
centration of 2.5 mg mL−1 was added dropwise to the ZIF-67
solution under stirring conditions. After 15 minutes, the reac-
tion was quenched by centrifugation, and the resulting precipi-
tates were collected and dried in a vacuum oven (60 °C) for a
whole night. Finally, the dried precipitates were calcined in air
for 2 hours at 400 °C to obtain the IrH-NiCo2O4 catalyst.

2.3. Synthesis of IrL-NiCo2O4

The electrocatalyst with a low Ir loading (IrL-NiCo2O4) was syn-
thesized by employing a procedure similar to that used for IrH-
NiCo2O4, but with the addition of only 2 mL of 2.5 mg mL−1

iridium chloride (IrCl3·xH2O) solution.

2.4. Synthesis of NiCo2O4

A pure NiCo2O4 electrocatalyst was also synthesized by employ-
ing the same protocols as for the catalyst ‘IrH-NiCo2O4’, but in
the absence of IrCl3·xH2O.

2.5. Characterization

The synthesized catalysts were comprehensively characterized
by employing a variety of methods to determine their struc-
tural, compositional, and morphological properties; namely,
insight into the sample’s crystal structure was obtained
through X-ray diffraction (XRD) using a Bragg–Brentano diffr-
actometer (D8-Tools, Germany). The morphological character-
istics were examined using scanning electron microscopy
(SEM, SU8010, Hitachi) and transmission electron microscopy
(TEM, JEM-2100F, JEOL, Japan). High-angle annular dark field
scanning TEM (HAADF-STEM) and energy-dispersive X-ray
spectroscopy (EDX) mapping of the as-prepared catalysts were
performed using aberration-corrected scanning transmission
electron microscopy (JEOL ARM200CF, Japan). The surface
chemical composition was investigated by means of X-ray
photoelectron spectroscopy (XPS) with a Thermo ESCALAB-250
instrument (Thermo Fisher Scientific, USA). The elemental
concentrations and compositions of the synthesized
samples were determined via inductively coupled plasma-mass
spectrometry (ICP-MS) with an ELAN 9000/DRC system.
Furthermore, the magnetic properties of the synthesized
samples were studied by recording electron paramagnetic reso-
nance (EPR) spectra at room temperature using a Bruker-A300
EPR-spectrometer (Shanghai, China).

2.6. Electrochemical characterization

The electrochemical properties of all the prepared samples
were evaluated in a 0.5 M H2SO4 electrolyte using a three-elec-
trode setup connected to an electrochemical workstation (CHI
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760E). The catalyst was loaded onto carbon paper with an ‘Ir’
loading of 0.25 mg cm−2. The working electrode consisted of a
carbon paper electrode coated with the fabricated catalyst,
while Hg/Hg2Cl2 and a carbon rod were used as the reference
and counter electrodes, respectively. All the recorded poten-
tials were converted to reversible hydrogen-electrode scales
using the following relation: [E(RHE) = 0.242 + 0.059 pH +
E(Hg/Hg2Cl2)]. The polarization curves for the OER were calcu-
lated through the linear sweep voltammetry technique at a
scan rate of 5 mVs−1 and were corrected using the automatic
iR compensation function of the workstation. Additionally, the
electrochemical double-layer capacitance of the prepared cata-
lysts was determined using cyclic voltammetry in the non-fara-
daic region at scan rates varying from 10 to 200 mV s−1.

To further investigate the electrochemical properties of the
produced samples, electrochemical impedance spectroscopy
(EIS) measurements were performed over the frequency range of
0.01–100 kHz with a voltage amplitude of 5 mV. We also assessed
the electrocatalytic activity of commercial IrO2 with an Ir loading
of 0.8 mg cm−2 on carbon paper for comparison purposes.

2.7. Theoretical calculations

We performed spin–polarized density functional theory (DFT)
calculations by employing the Vienna Ab initio Simulation
Package (VASP)37,38 with the projector augmented wave (PAW)
method.39,40 The Perdew–Burke–Ernzerhof (PBE)41 functional
was used within a generalized gradient approximation (GGA).
Grimme’s zero damping DFT-D3 method was used to account
for the van der Waals interactions, with a cutoff energy of 500
eV.42 The lattice plane of (220) was constructed from the
NiCo2O4 material and fully optimized within a √2 × √2 × 1
supercell during structural relaxation. A vacuum space of 20 Å
was adopted in the z direction to minimize interactions between
periodic images. The reciprocal space was sampled using a 3 × 3
× 1 k-point mesh, and the structures were fully relaxed until the
maximum residual force was less than 0.05 eV Å−1. The energy
convergence threshold was established at 10−5 eV.

The Gibbs free energy change (ΔG) for each elementary step
of the OER was computed using the computational hydrogen
electrode (CHE) model.43,44 According to this model, the ΔG
value is expressed as follows: ΔG = ΔE + ΔZPE − TΔS, where ΔE
represents the reaction energy of the reactant and product
species adsorbed on the catalyst, directly obtained from DFT
computations, and ΔZPE and ΔS represent the changes between
the adsorbed species and gas-phase molecules in zero-point
energies and entropy at 298.15 K, derived from vibrational fre-
quencies. The OER overpotential (η) was calculated as η = max
(−ΔG1, −ΔG2, −ΔG3, −ΔG4)/e − 1.23 V. According to this defi-
nition, a smaller η value indicates a higher OER catalytic activity.

3. Results and discussion
3.1. Structural characterization

IrH-NiCo2O4 and IrL-NiCo2O4 catalysts were obtained using an
ion exchange pyrolysis protocol mediated by metal–organic

frameworks as illustrated in Fig. S1.† For comparison, pure
NiCo2O4 was also prepared using the same protocols but in the
absence of the Ir precursor (Fig. S2 and Table S1†). Scanning
electron microscopy was employed to characterize the mor-
phology of the ZIF-67 precursor, pure NiCo2O4, IrL-NiCo2O4, and
IrH-NiCo2O4 catalysts. The SEM image of the ZIF-67 precursor
shows nanocube-like morphology (Fig. S3†), while NiCo2O4

exhibits a nanocage-like morphology (Fig. 1a). When Ir is intro-
duced into NiCo2O4, the resultant IrL-NiCo2O4 and IrH-NiCo2O4

catalysts exhibit similar morphological features to pure
NiCo2O4, declaring that introducing ‘Ir’ does not ruin the
nanocage-structure of NiCo2O4 (Fig. 1b and c). The morphology
of pure NiCo2O4, IrL-NiCo2O4 and IrH-NiCo2O4 was further con-
firmed by the transmission electron microscopy (TEM) images
(Fig. 1d–f). The TEM images of pure NiCo2O4, IrL-NiCo2O4 and
IrH-NiCo2O4 are structured as nanocages, where the pure
NiCo2O4 nanocages are composed of nanoparticles. Meanwhile,
the selected area electron diffraction (SAED) pattern of IrH-
NiCo2O4 further confirms the (400), (311) and (220) lattice
planes of NiCo2O4 (inset of Fig. 1f). To determine the distri-
bution of Ir species, the high angle annular dark field-scanning
transmission electron microscopy (HAADF-STEM) images were
collected for IrH-NiCo2O4 (Fig. 1g, Fig. S4a and b†). The
HAADF-STEM images revealed bright spots marked by red
circles which are assigned to Ir single atoms and IrH-NiCo2O4

exhibits lattice spacings of 0.29 nm and 0.25 nm, which can be
ascribed to the (220) and (311) planes of NiCo2O4, respectively.
The crystal structures of pure NiCo2O4, IrL-NiCo2O4, and IrH-
NiCo2O4 catalysts were characterized using an X-ray diffract-
ometer. As shown in Fig. 1h, the diffraction peaks of pure
NiCo2O4 can match well with those of cubic NiCo2O4 (JCPDS
No. 20-0781, space group F*3). The IrL-NiCo2O4 and IrH-NiCo2O4

catalysts exhibit similar diffraction peaks to pure NiCo2O4, but
without the related Ir oxide phase being detected, implying that
the Ir single atom was doped successfully into NiCo2O4.
Elemental mapping images also show homogeneous dispersion
of Ir, Ni, Co, and O atoms throughout the entire IrH-NiCo2O4

sample (Fig. 1i). Moreover, the inductively coupled plasma (ICP)
analysis (Table S2†) reveals that the Ir content in IrH-NiCo2O4 is
7.98%. The ICP analysis of IrH-NiCo2O4 and pure NiCo2O4 indi-
cates that Ir replaces Ni and Co. In general, the combined
valence states of both nickel and cobalt may typically occupy
tetrahedral and octahedral sites in pure NiCo2O4, demonstrat-
ing enhanced electrical conductivity and electrocatalytic
activity.45 In spinel formations like NiCo2O4, Co2+ and Co3+

occupy tetrahedral sites, whereas Co3+, Ni2+, and Ni3+ reside in
octahedral sites.45 Furthermore, Ir3+ and Ir4+ ions are likely to
occupy certain octahedral sites due to the strong affinity of the
ligands for these positions.46,47 Additionally, it has been docu-
mented that the octahedral positions in the spinel structures of
LiIr2O4 and CuIr2S4 contain Ir atoms.48,49 Therefore, it is
expected that Ni2+, Ni3+, and Co3+ situated at the octahedral
sites in NiCo2O4 are replaced by Ir, resulting in the formation of
the IrH-NiCo2O4 structure.

X-ray photoelectron spectroscopy (XPS) was used to analyze
the electronic structures and surface chemical states of the

Inorganic Chemistry Frontiers Research Article
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synthesized materials. The XPS survey spectra shown in
Fig. S5† offer a comprehensive analysis of the elemental com-
position of pure NiCo2O4, IrL-NiCo2O4, and IrH-NiCo2O4 cata-
lysts. To establish precise peak assignments, the spectra were
calibrated with the C 1s at 284.8 eV. Fig. 2a shows a compari-
son of the Ir 4f XPS spectra of IrH-NiCo2O4, IrL-NiCo2O4, and
commercial IrO2. The peaks at 61.3 and 64.1 eV were assigned
to Ir4+ 4f7/2 and Ir4+ 4f5/2, respectively.50,51 Additionally, the
peaks at 62.3 and 65.5 eV were allocated to Ir3+ 4f7/2 and Ir3+

4f5/2, respectively.
50,51 Notably, the XPS spectra of Ir 4f shift to

lower binding energies compared to commercial IrO2,
suggesting the lower valence states of Ir in IrH-NiCo2O4.

52

Generally, the low valence state of Irn+ (n < 4) often inhibits Ir
oxides from undergoing further oxidation to higher valence
states (e.g., unstable Ir6+ species), hence preventing dissolution
during the acidic OER process.53–55 Additionally, the peak
located at 60.7 eV is produced by Co 3p. The Ni 2p spectrum in
Fig. 2b shows two distinct peaks at 872.42 eV and 854.90 eV,
which correspond to Ni 2p1/2 and Ni 2p3/2, respectively. This
signature confirms the presence of Ni2+ in pure NiCo2O4, IrL-
NiCo2O4 and IrH-NiCo2O4 samples. Notably, the peaks identi-
fied at 873.44 eV and 855.77 eV corresponded to Ni 2p1/2 and
Ni 2p3/2 of Ni3+, respectively.56 Moreover, satellite peaks for
Ni2+ and Ni3+ were also seen at 862.22 eV and 880.94 eV,

Fig. 1 (a–c) SEM images of pure NiCo2O4, IrL-NiCo2O4 and IrH-NiCo2O4. (d–f ) TEM images of pure NiCo2O4, IrL-NiCo2O4 and IrH-NiCo2O4. The
inset in (f ) depicts the SAED image of IrH-NiCo2O4. (g) HAADF-STEM image of IrH-NiCo2O4, in which the bright spots marked by red circles are
ascribed to Ir single atoms. (h) XRD patterns of pure NiCo2O4 and Ir-NiCo2O4. (i) The corresponding elemental mapping images of IrH-NiCo2O4.

Research Article Inorganic Chemistry Frontiers
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respectively.57 Remarkably, the peak of Ni 2p3/2 in IrH-NiCo2O4

exhibits a slight shift towards positive binding energy relative
to pure NiCo2O4.

The high-resolution Co 2p spectra (Fig. 2c) reveal the identifi-
cation of two peaks corresponding to Co 2p1/2 and Co 2p3/2 in
pure NiCo2O4, IrL-NiCo2O4 and IrH-NiCo2O4. For IrH-NiCo2O4,
the peaks at 779.3 eV and 780.7 eV were attributed to Co3+ 2p3/2
and Co2+ 2p3/2, respectively, whereas the remaining peaks rep-
resent Co 2p satellite features. Additionally, the peaks observed
at 794.9 and 796.3 eV were ascribed to Co3+ 2p1/2 and Co2+ 2p1/2,
respectively. Compared to pure NiCo2O4, the specific locations
of Co 2p in IrH-NiCo2O4 were displaced towards lower binding
energy.34,58 The O 1s XPS spectra of the pure NiCo2O4, IrL-
NiCo2O4 and IrH-NiCo2O4 samples were evaluated (Fig. 2d) to
assess the influence of elemental oxygen. The distinct peaks
seen at 530.41, 531.24, and 532.57 eV are assigned to the metal–
oxygen (M–O) bond, oxygen vacancies (Ov), and water-adsorbed
oxygen (H2O), respectively.

59 Moreover, the ratio of Ov/M–O peak
area can be employed to calculate the relative concentration of
surface oxygen vacancies, where a higher ratio suggests a higher
quantity of oxygen vacancies (Fig. 2e).60–63 The ratio of Ov/M–O
for IrH-NiCo2O4 is 1.80, which is significantly higher than that
of IrL-NiCo2O4 (0.87) and NiCo2O4 (1.01), indicating an
increased concentration of oxygen vacancies. The presence of
oxygen vacancies in the pure NiCo2O4 and IrH-NiCo2O4 samples
was further verified by using electron paramagnetic resonance
(EPR) spectroscopy (Fig. 2f). The EPR spectra of IrH-NiCo2O4,
with a “g” value of 2.003, show a symmetric signal strength sig-
nificantly greater than that of pure NiCo2O4, suggesting that the
synthesized catalyst IrH-NiCo2O4 had a large quantity of oxygen
vacancies.

3.2. Acidic OER performance evaluation

The OER performances of pure NiCo2O4, IrL-NiCo2O4, IrH-
NiCo2O4 and commercial IrO2 were examined using double-
layer capacitance (Cdl) measurements, electrochemical impe-
dance spectroscopy (EIS), and linear sweep voltammetry (LSV).
The optimized electrocatalytic activity of IrH-NiCo2O4 was
achieved with IrCl3·xH2O (4 ml), a reaction temperature of
400 °C, and a reaction time of 2 h (Fig. S6 and S7†). The polar-
ization curves obtained for pure NiCo2O4, IrL-NiCo2O4, IrH-
NiCo2O4 and commercial IrO2 in 0.5 M H2SO4 solution under
three-electrode arrangements are shown in Fig. 3a. IrH-
NiCo2O4, with an iridium loading of 0.25 mg cm−2, has
superior OER performance, exhibiting a low overpotential of
240 mV at a current density of 10 mA cm−2, outperforming
pure NiCo2O4 (370 mV), IrL-NiCo2O4 (255 mV) and commercial
IrO2 (320 mV). The Tafel slope is a critical metric for character-
izing the kinetic performance of OER electrocatalysts.64 Fig. 3b
illustrates that IrH-NiCo2O4 exhibits a Tafel slope of 53.05 mV
dec−1, much lower than that of pure NiCo2O4 (117.90 mV
dec−1), IrL-NiCo2O4 (71.70 mV dec−1) and commercial IrO2

(82.59 mV dec−1), suggesting the favorable OER kinetics of IrH-
NiCo2O4. At an overpotential of 300 mV, IrH-NiCo2O4

(377.05 mA mg−1) also outperforms IrL-NiCo2O4 (339.40 mA
mg−1) and commercial IrO2 (6.96 mA mg−1) in terms of mass
activity (Fig. 3c). This assured an adequate degree of economic
viability for IrH-NiCo2O4, which exhibited exceptional electro-
catalytic ability while markedly decreasing Ir consumption.
Electrochemical impedance spectroscopy and double-layer
capacitance (Cdl) measurements were employed to evaluate the
charge transfer resistance and the electrochemically active

Fig. 2 High-resolution XPS spectra. (a) Ir 4f spectra of IrH-NiCo2O4, IrL-NiCo2O4 and Com·IrO2. (b) Ni 2p, (c) Co 2p and (d) O 1s XPS spectra of pure
NiCo2O4, IrL-NiCo2O4 and IrH-NiCo2O4. (e) The ratio of M–O/Ov for pure NiCo2O4, IrL-NiCo2O4 and IrH-NiCo2O4. (f ) EPR spectra of NiCo2O4 and
IrH-NiCo2O4.
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surface area (ECSA), which further help to identify the cause of
enhanced OER activity for IrH-NiCo2O4. Compared to pure
NiCo2O4, IrL-NiCo2O4 and commercial IrO2, IrH-NiCo2O4 exhi-
bits the smallest semicircle in the low-frequency region,
suggesting a faster charge transfer rate of the OER (Fig. 3d).6

The electrochemically active surface area (ECSA) was com-
puted from double-layer capacitance (Cdl) derived from cyclic
voltammetry (CV) curves to provide a more detailed investi-
gation of the electrocatalytic activity of the pure NiCo2O4, IrL-
NiCo2O4, IrH-NiCo2O4 and commercial IrO2 electrocatalysts.
The values of double-layer-capacitance (Cdl) for pure NiCo2O4,
IrL-NiCo2O4, IrH-NiCo2O4 and commercial IrO2 were measured
from cyclic voltammetry curves obtained at different scan rates
(Fig. S8a–d†). The value of Cdl for IrH-NiCo2O4 was 1.93 mF
cm−2, which is slightly greater than that of pure NiCo2O4

(1.17 mF cm−2) and IrL-NiCo2O4 (1.59 mF cm−2) while lower
than that of commercial IrO2 (5.29 mF cm−2) (Fig. 3e). The
higher value of Cdl revealed that the electrochemically active-
surface area (ECSA) of IrH-NiCo2O4 (8.04 cm−2) is larger than

that of pure NiCo2O4 (4.87 cm−2) and IrL-NiCo2O4 (6.62 cm−2).
This indicates that IrH-NiCo2O4 has a high ECSA value and
tends to expose more effective active sites, which is attributed
to its remarkable OER activity. Based on the aforementioned
investigation, IrH-NiCo2O4 exhibits enhanced OER perform-
ance and improved stability duration for the OER, notably out-
performing the most advanced Ir-based electrocatalysts pre-
viously documented in the literature (Fig. 3f and
Table S3†).65–74 When assessing its water oxidation perform-
ance, long-term stability is a crucial factor to take into account
in addition to catalytic activity.5 Chronopotentiometry has
been performed to assess the stability of pure NiCo2O4, IrL-
NiCo2O4, IrH-NiCo2O4 and commercial IrO2 under acidic con-
ditions applying a constant current density of 10 mA cm−2.
Compared to pure NiCo2O4, IrL-NiCo2O4 and commercial IrO2,
the IrH-NiCo2O4 catalyst exhibited remarkable electrochemical
stability even after 282 hours of continuous operation with a
minimal degradation rate of only 0.25 mV h−1, demonstrating
the good long-term stability of IrH-NiCo2O4 (Fig. 3g). To

Fig. 3 Electrochemical OER performance in a 0.5 M H2SO4 solution. (a) LSV curves of pure NiCo2O4, IrL-NiCo2O4, IrH-NiCo2O4 and Com.IrO2. (b)
The corresponding Tafel plots. (c) Mass activity at 1.53 V. (d) Nyquist plots. (e) Cdl values. (f ) Comparison of the overpotential and stability of IrH-
NiCo2O4 with previously documented Ir-based electrocatalysts in the literature for the OER in 0.5 M H2SO4 at 10 mA cm−2. (g)
Chronopotentiometry tests of pure NiCo2O4, IrL-NiCo2O4, IrH-NiCo2O4 and Com·IrO2 at 10 mA cm−2.
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further demonstrate the distinct OER mechanism in IrH-
NiCo2O4, we performed TMA+ probe experiments. As shown in
Fig. S9,† the addition of TMA+ had no effect on the OER
activity of IrH-NiCo2O4, which indicates that there is no *OO
species in the OER process. These results suggest that IrH-
NiCo2O4 follows the adsorbate evolution mechanism (AEM).75

After the stability test, IrH-NiCo2O4 was characterized by
SEM, XRD and XPS to further investigate the morphological
and structural changes. The SEM analysis after the stability
test for 282 h shows that the morphology of IrH-NiCo2O4

remains unchanged after the stability test, indicating improved
stability (Fig. S10†). The XRD pattern also exhibited no signifi-
cant change after the stability test (Fig. S11†), suggesting that
IrH-NiCo2O4 did not fully dissolve in 0.5 M H2SO4 solution.
Additionally, after the stability test, the XPS spectra of Ir 4f dis-
played a positive shift in the binding energy, indicating that
the surface of Ir had been oxidized (Fig. S12a†). IrOx on the
surface contributes to the OER process by the AEM pathway,
and IrOx also protects the active site from corrosion in the
acidic environment. Furthermore, a positive shift of Ni 2p, Co

Fig. 4 Density functional theory calculations. (a–c) Atomistic models of NiCo2O4, IrL-NiCo2O4 and IrH-NiCo2O4. (d) Proposed 4e mechanism of the
OER on IrH-NiCo2O4. (e) Free energy diagram of the OER for pure NiCo2O4, IrL-NiCo2O4 and IrH-NiCo2O4 at U = 1.23 V. (f–h) Calculated DOS of
pure NiCo2O4, IrL-NiCo2O4 and IrH-NiCo2O4. (i–k) Charge density difference analysis for pure NiCo2O4, IrL-NiCo2O4 and IrH-NiCo2O4.
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2p and O 1s in IrH-NiCo2O4 was identified upon this stability
test (Fig. S12b–d†).

3.3. Density functional theory calculations

Density functional theory (DFT) simulations were conducted to
provide a deeper understanding of the OER performance
based on the constructed atomistic structural models of the
pristine NiCo2O4, IrL-NiCo2O4 and IrH-NiCo2O4 catalysts
(Fig. 4a–c). To represent the different Ir doping densities, we
use NiCo2O4 with no Ir doping, IrL-NiCo2O4 with a low Ir
doping density and IrH-NiCo2O4 with a high Ir doping density,
respectively. Fig. 4d illustrates the mechanism and model of
the OER carried out by IrH-NiCo2O4, which follows the AEM.
Moreover, the catalyst’s activity for the OER was assessed by
Gibbs free energy analysis at the equilibrium potential (U =
1.23 V). As illustrated in Fig. 4e, the free energy profiles at U =
1.23 V indicated that the energy barrier for the elementary
reaction (*O → *OOH) was higher than those of the other
three steps (*H2O → *OH, *OH → *O, and *OOH → *O2), con-
firming that *O → *OOH is the rate-determining step (RDS).
The calculated overpotential (η) at the rate-determining step
(ΔG*OOH) of the IrH-NiCo2O4 catalyst was 0.58 V, which was
substantially lower than that of IrL-NiCo2O4 (0.75 V) and pris-
tine NiCo2O4 (0.87 V). The extremely high density of Ir atoms
realized a substantial increase in the OER activity by effectively
lowering the free energy barrier of the intermediates, which is
consistent with the experimental observations. The partial
density of states (PDOS) of IrH-NiCo2O4, IrL-NiCo2O4 and pris-
tine NiCo2O4 were also computed (Fig. 4f–h). The peak of Co
3d orbitals near the Fermi energy level is driven higher due to
the introduction of Ir atoms, which helps electron transport.
In addition, as the Ir atomic loading increased, the peak of the
Ir 5d orbital can be observed to gradually increase near the
Fermi level, which indicates that it also contributes to the
enhancement of the electrochemical activity of the catalyst.
Meanwhile, the enhanced hybridization of the O 2p orbital
with the metal atoms and the corresponding decrease in the
antibonding state demonstrate that the introduction of Ir
atoms can greatly improve the stability of the catalysts in the
acidic OER, which is well matched with the experimental
results. Charge density analyses of adsorbed *OOH on the cat-
alysts without Ir doping (NiCo2O4), with a low Ir doping
density (IrL-NiCo2O4) and with a high Ir doping density (IrH-
NiCo2O4) are shown in Fig. 4i–k. According to the results, the
high-density of Ir single atom doping into the NiCo2O4 catalyst
significantly enhances the OER process by optimizing the
adsorption energy of oxygen-containing intermediates.

4. Conclusion

In summary, we have successfully developed a high loading
iridium (Ir) single-atom-doped NiCo2O4 catalyst using an ion-
exchange pyrolysis technique. The optimized IrH-NiCo2O4 with
a high loading of 7.98 wt% Ir single atoms exhibits exceptional
oxygen evolution reaction (OER) performance in acidic media,

achieving an overpotential of 240 mV at a current density of
10 mA cm−2. Additionally, it maintains improved catalytic
stability for 282 hours, significantly outperforming commer-
cial IrO2. Furthermore, the IrH-NiCo2O4 catalyst exhibits an Ir-
mass activity of 377.05 mA mgIr

−1 at an overpotential of
300 mV, surpassing that of commercial IrO2. Density func-
tional theory calculations show that the high-density of Ir-
single atom doping significantly enhances the adsorption
energy of oxygen-containing intermediates, thereby promoting
the overall OER process. Our study not only highlights the
potential of high loading single atom catalysts for the OER in
acidic media but also offers new insights into the design and
synthesis of advanced SACs.
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