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Electroactivation-induced IrNi nanoparticles under
different pH conditions for neutral water
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Electrochemical oxidation processes can affect the electronic structure and activate the catalytic per-

formance of precious-metal and transition-metal based catalysts for the oxygen evolution reaction (OER).

Also there are emerging requirements to develop OER electrocatalysts under various pH conditions in

order to couple with different reduction reactions. Herein, we studied the effect of pH on the electroacti-

vation of IrNi alloy nanoparticles supported on carbon (IrNi/C) and evaluated the electrocatalytic activities

of the activated IrNiOx/C for water oxidation under neutral conditions. In addition, their electronic struc-

tures and atomic arrangement were analyzed by in situ/operando X-ray absorption spectroscopy (XAS)

and identical location transmission electron microscopy techniques, showing the reconstruction of the

metal elements during electroactivation due to their different stabilities depending on the electrolyte pH.

IrNiOx/C activated under neutral pH conditions showed a mildly oxidized thin IrOx shell. Meanwhile,

IrNiOx/C activated in acidic and alkaline electrolytes showed Ni-leached IrOx and Ni-rich IrNiOx surfaces,

respectively. Particularly, the surface of IrNiOx/C activated under alkaline conditions shows IrOx with a

high d-band hole and NiOx with a high oxidation state leading to excellent OER catalytic activity in neutral

media (η = 384 mV at 10 mA cm−2) whereas much lower OER activity was reported under alkaline or acid

conditions. Our results, which showed that electrochemically activated catalysts under different pH con-

ditions exhibit a unique electronic structure by modifying the initial alloy catalyst, can be applied for the

design of catalysts suitable for various electrochemical reactions.

1. Introduction

Because of the extensive combination of the oxidative half
reaction for water splitting, the nitrogen reduction reaction

and the carbon dioxide reduction reaction (CO2RR), the
oxygen evolution reaction (OER) is an important step in the
path toward developing a sustainable-energy-dependent and
clean society.1–3 For instance, electrochemical water splitting
has great significance in providing hydrogen, which is a key
chemical fuel in regenerative energy cycles. Moreover, recently,
the electrochemical conversion of CO2 to valuable chemicals
has been considered as a promising technology to reduce
greenhouse gases and create a clean hydrocarbon energy cycle
simultaneously.4–6 Due to the low amount of CO2 gas mole-
cules present in alkaline media or overwhelming hydrogen
evolution reaction (HER) activity in acidic media, the CO2RR
was typically conducted in neutral pH media such as a
buffered bicarbonate electrolyte, which is not a popular con-
dition for water splitting, and the reaction mechanism also
varies depending on the pH of the electrolyte. The OER is a
bottleneck reaction owing to the sluggish kinetics for the O–H
destruction and the OvO bond formation, leading to a high
overpotential under neutral conditions as well.7–9 Therefore,
considerable efforts have been focused on finding highly active
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OER catalysts in neutral media with different pH values to
minimize the overpotential and increase the energy efficiency.

In recent research, it has been emphasized that not only
materials, but also electronic structures have been recently
reported to have a strong influence on the catalytic activity for
the OER by analyzing the surface states of the electrocatalysts.
Even for Ir oxide, one of the best materials for the OER, major
efforts have been devoted to transform its electrical structure
to enhance its OER activity further.10–15 Heat treatment is a
general method to produce metal oxides. However, rutile IrO2

synthesized by thermal treatment has a lower OER activity
than amorphous IrOx, which is derived by electrochemical
treatment.16 Jones et al. studied the electronic structure of
these two different Ir oxides by X-ray photoemission spec-
troscopy (XPS).17 Rutile IrO2 is a composite of IrVI and OII−

species, whereas amorphous IrOx additionally possesses IrIII

and OI− species. Notably, OI− which is considered as an elec-
trophilic oxygen is suitable for the nucleophilic attack of
oxygen in water.18 These OI− species in the IrOx lattice can par-
ticipate in water oxidation, leading to enhanced OER catalytic
activity.19,20 Therefore, electrophilic oxygen (OI− species)
should be introduced to improve the OER catalytic activity of
Ir-based catalysts under neutral conditions.

Recently, alloys of Ir with other metals have been reported
in efforts to improve the electrophilic oxidation properties of Ir
oxides.21–30 To activate IrM alloy catalysts, electrochemical
treatment was conducted in an acid electrolyte to leach out the
non-noble metal components. The surface of the IrM alloy was
converted to amorphous IrOx with increased d-band holes,
resulting in the metal-leached IrM@IrOx metal oxide core–
shell catalyst with abundant electrophilic oxygen. Jaramillo
et al. reported an IrOx/SrIrO3 catalyst showing excellent OER
activity with high durability.31 Sr is leached out during the
initial electrochemical testing, leading to a highly active IrOx

surface layer. Strasser et al. demonstrated nickel-leached
IrNi@IrOx nanoparticles with a large number of d-band holes
in the IrOx shell.32 It has been observed using operando X-ray
absorption spectroscopy (XAS) that the Ni leached IrOx shell
possesses a massive number of vacancies under oxygen evol-
ution. This leads to the enhanced electrophilic character of
oxygen in the catalyst, thus reducing the kinetic barriers for
the OER. However, the alloyed metal can have a different
chemical stability depending on the environmental conditions
such as electrolyte, cation/anion conditions and potential, and
the formation of an active layer would be affected by the elec-
trolyte conditions. It has been reported that the unique elec-
tronic properties of the catalyst can be obtained by electro-
chemical treatment at different pH values.33–35

In this work, we have studied the effect of the electro-
chemical activation of IrNi nanoparticles at different pH
values to improve the catalytic activity of the OER under
neutral conditions. A carbon supported IrNi alloy nanocatalyst
(denoted as IrNi/C) was synthesized by a modified polyol
process. Electrochemical activations were carried out on IrNi/C
by cyclic voltammetry (CV) under acidic, neutral, and alkaline
conditions, which are denoted as IrNiOx/C–A, IrNiOx/C–N, and

IrNiOx/C–Al, respectively. Changes in the electrocatalyst mor-
phology before and after electrochemical activations were ana-
lyzed using identical location transmission electron
microscopy (IL-TEM) and IL-HAADF-STEM elemental mapping
analysis. IrNiOx/C–A exhibits a nickel-leached IrNi@IrOx struc-
ture, as reported previously.32 IrNiOx/C–Al shows a nickel-rich
IrNiOx shell structure, while IrNiOx/C–N exhibits a softly oxi-
dized nickel leached Ir oxide shell. IrNiOx/C–Al shows a highly
improved OER catalytic activity in neutral media, and the
cause of this result was identified by ex situ XPS and in situ/
operando XAS measurements.

2. Experimental section
2.1. Synthesis of IrNi bimetallic alloy nanoparticles on
carbon black

An IrNi bimetallic nanoparticle alloy supported on carbon
black (IrNi/C) was synthesized using oleic acid and oleyl-
amine.25 A total of 0.45 mmol of nickel acetate tetrahydrate
(Sigma-Aldrich), 0.675 mL of oleic acid (Sigma-Aldrich, 70%),
and 0.675 mL of oleylamine (Sigma-Aldrich) in 45 mL of diben-
zyl ether (Sigma-Aldrich) were added to the reaction flask. The
mixture was sonicated to produce a homogeneous solution.
The solution was then stirred for 1 h under a nitrogen atmo-
sphere at room temperature. Then, the mixture was heated to
80 °C and maintained at the same temperature for 30 min
under a N2 atmosphere. Iridium acetate (60 mg) and 1,2-
dichlorobenzene (5 mL) were added to the reaction mixture.
The mixture was then heated to 240 °C for 1 h and sub-
sequently cooled to room temperature. After this process, the
mixture was dispersed in 10 mL of dichloromethane and
60 mL of absolute ethanol by adding to it a dispersion of
135 mg of carbon black (Ketjenblack EC 300J) in 30 mL of
toluene. The resulting solution was stirred for 1 day at room
temperature. The products were collected via centrifugation at
6000 rpm and then redispersed in absolute ethanol (Samchun,
100%). This rinsing process was then repeated three times.
The resulting powder was dried under ambient conditions for
several hours. For the thermal treatment of IrNi/C catalysts,
the IrNi/C samples were annealed at 400 °C under 400 cc
min−1 of N2 flow and 100 cc min−1 of H2 flow for 4 h.

2.2. Electrochemical measurements

All the electrochemical tests were performed using a rotating
disk electrode system (RDE, Pine Research instrument) and a
potentiostat VSP (biologic) with a Pt wire as the counter elec-
trode. Hg/Hg2SO4 (sat. K2SO4, acid, and neutral media) and
Hg/HgO (1 M NaOH, alkaline media) were used as reference
electrodes. Before the OER test, the electrochemical activation
process was conducted by 50 cycles of cyclic voltammetry,
between 0.05 and 1.5 V vs. RHE at a scan rate of 500 mV s−1 in
acidic (0.05 M H2SO4 purged with N2), neutral (0.5 M KHCO3

purged with CO2) and alkaline media (0.1 M KOH purged with
N2). The OER performance was measured in a CO2-saturated
0.5 M KHCO3 (99.7%, Sigma-Aldrich) aqueous solution (pH
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7.4). For the working electrode, ink was prepared by homoge-
neously suspending 5 mg of the catalysts, 2.49 mL of isopropyl
alcohol (Samchun, 99.5%), 2.49 mL of DI water, and 20 μL of
5 wt% Nafion solution (Sigma Aldrich). The synthesized inks
were added dropwise onto a glassy carbon electrode (RDE tip,
0.196 cm2) using a micropipette. The total Ir loading on the
RDE was fixed at 20.5 μg cm−2.

2.3. Material characterization

For material characterization, an X-ray diffractometer (XRD,
Malvern Panalytical, Empyrean) was used to identify the crystal
phases of the synthesized catalysts. X-ray photoelectron spec-
troscopy (XPS, ULVAC PHI, VersaProbe PHI 5000) and X-ray
absorption spectroscopy (XAS) were performed to analyze the
oxidation state of the catalysts. For XPS analysis, the catalyst
was loaded on carbon paper (SIGACET® GDL, 39 BC) by the
spray-coating method. The electrode area was 1 cm2 and the
iridium loading amount was 0.2 mg cm−2. After the electro-
chemical reaction, the electrode was washed with DI water and
dried at room temperature. The morphological features were
analyzed by transmission electron microscopy (TEM, FEI,
Talos F200X) and energy dispersive spectroscopy (EDS).
Changes in the same nanoparticle on electrochemical acti-
vation were observed by identical location transition electron
microscopy (IL-TEM). The depth profile of Ir was determined
using X-ray photoelectron spectroscopy (XPS) at the 4D beam-
line of the Pohang Accelerator Laboratory (PAL), Pohang,
South Korea.

2.4. In situ/operando X-ray analysis

In situ/operando X-ray absorption spectroscopy (XAS) measure-
ments were performed in fluorescence mode at the 1D beam-
line of the Pohang Accelerator Laboratory (PAL), Pohang,
South Korea. A custom-made in situ/operando electrochemical
flow cell was used to measure the catalyst during oxygen evol-
ution. Ag/AgCl (3.5 M KCl) and Pt wire were used as the refer-
ence electrode and counter electrode, respectively. To prepare
the working electrode, the catalyst ink was sprayed onto a
carbon-coated Kapton film. XAS data were collected at an
angle of 45° with respect to the beamline and detector. The
detailed setup of in situ/operando XAS was reported in a pre-
vious paper.28

3. Results and discussion

Carbon supported IrNi alloy nanoparticles (denoted as IrNi/C)
were prepared using the modified polyol process and used as
the initial material for electrochemical activation. The mor-
phology of the synthesized IrNi/C and the distribution of the
elements were confirmed by electron microscopy. Fig. 1 and
S1† show the transmission electron microscopy (TEM) images
of the prepared IrNi/C. The synthesized IrNi nanoparticles
have a uniform spherical shape with a size range of 10–15 nm
and they are homogeneously deposited on carbon black. Based
on ICP-OES analysis, the mass ratios of the elements in IrNi/C
were found to be 10.3 wt% Ir and 10.6 wt% Ni. The elemental

Fig. 1 Morphology of carbon supported IrNi alloy nanoparticles (IrNi/C). (a) HAADF-STEM images of pristine IrNi/C (scale bar: 50 nm).
HAADF-STEM elemental mapping analysis of IrNi/C (scale bar: 50 nm): (b) red and (c) green represent Ir and Ni, respectively. (d and e) Line-scan
profiles of IrNi alloy nanoparticles. (f ) X-ray diffraction pattern of IrNi/C. Reference patterns are given at the bottom: JCPDS card no. 06-0598 (Ir,
red) and JCPDS card no. 04-0850 (Ni, green).
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distributions of Ir and Ni were also analyzed by energy disper-
sive X-ray (EDX) element mapping. As shown in Fig. 1b and c,
Ir and Ni are homogeneously distributed, suggesting that Ir
and Ni metals are well alloyed. Within one nanoparticle
(Fig. 1d and e), the results of the EDS line scan of IrNi/C show
that the Ir and Ni components are uniformly mixed as well.
The formation of the IrNi alloy was further confirmed from
X-ray diffraction (XRD) patterns (Fig. 1f). The three main diffr-
action patterns matched with the (111), (200), and (220)
planes, showing an fcc structure.36 The XRD peak position of
IrNi/C is located between Ir (JCPDS #06-0598) and Ni (JCPDS
#04-0850), which clearly confirms that IrNi/C has formed a
well alloyed bimetallic structure. Fig. 2 demonstrates a mor-
phological transformation of IrNi/C on electrochemical acti-
vation under acidic, neutral, and alkaline conditions. The elec-
tronic structure of pristine IrNi/C was activated through 50
cycles of cyclic voltammetry (CV) between 0.05 and 1.5 V vs.
RHE at a scan rate of 500 mV s−1. The activations were carried
out in acid (0.05 M H2SO4 purged with N2, denoted as IrNiOx/
C–A), neutral (0.5 M KHCO3 purged with CO2, denoted as
IrNiOx/C–N), and alkaline media (0.1 M KOH purged with N2,
denoted as IrNiOx/C–Al) to enhance the catalytic activity.
Fig. 2a, b, and S2† show the morphology changes in IrNiOx/
C–A by identical location TEM (IL-TEM). In previous research,
it was observed that the dissolution and re-deposition of Ir

occurred during fast CV scans in an acid solution, leading to
the formation of amorphous IrOx.

37,38 An Ir nanoparticle
cluster was formed in the particles, whereas Ni was almost
completely dissolved. This Ni-leached IrOx structure is formed
because of the unstable nature of Ni in the acid electrolyte.
According to the line-scan of IrNiOx/C–A (Fig. 2c), on the
electrochemical activation under acid electrolyte conditions,
Ni is detected only in the core of the particles, indicating that
the surface Ni has dissolved, leaving behind the IrOx shell
structure. To quantify Ni dissolution during activation, the
atomic composition of Ir and Ni was determined using the
EDX spectrum. After the electrochemical activation under
acidic conditions, the atomic ratio of Ni/Ir was changed from
3.94 to 0.097, confirming the high dissolution of Ni in the acid
electrolyte. This transformation of IrNiOx/C–A is consistent
with the findings of a previous report.32 Upon the activation of
IrNi/C under neutral conditions, the Ni dissolution rate is
greatly reduced due to its low acidity and Ni leaching occurs
only in the top layer of the IrNi nanoparticles, as shown in
Fig. 1d, e, and S3.† Ir is also dissolved and redeposited during
this electrochemical activation, so that some of the Ir nano-
particles are deposited in the form of small particles on the
carbon support. These morphological transformations can be
clearly observed in the EDS line scan. A large amount of Ni is
located in the core of the particle, indicating a thin Ir oxide

Fig. 2 Morphological transformation of electrochemically activated IrNi/C under acidic, neutral, and alkaline conditions. Identical location trans-
mission electron microscopy (IL-TEM) images and IL-HAADF-STEM elemental mapping analysis of pristine IrNi/C before electrochemical activation
under (a) acid (d) neutral and (g) alkaline conditions (scale bar: 20 nm). Identical location transmission electron microscopy (IL-TEM) images and
IL-HAADF-STEM elemental mapping analysis of electrochmically activated IrNi/C under (b) acid (e) neutral and (h) alkaline conditions, which are
denoted as IrNiOx/C–A, IrNiOx/C–N, and IrNiOx/C–Al, respectively (scale bar: 20 nm). Line-scan profiles of (c) IrNiOx/C–A, (f ) IrNiOx/C–N, and (i)
IrNiOx/C–Al.
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shell with an IrNi core structure. According to the EDX spec-
trum, the Ni/Ir atomic composition of IrNiOx/C–N is 3.46,
suggesting that soft Ni leaching occurred during activation in
neutral media. The electrochemical activation of IrNi/C under
alkaline conditions tends to be different compared to that
under neutral or acidic conditions. IrNiOx/C–Al formed a Ni
oxide layer on the particle surface, because Ni forms a passi-
vated oxide phase without dissolution in the alkaline electro-
lyte according to pH-potential stability (Fig. 2g, h, S4, and
S5†). The Ni/Ir atomic ratio of IrNiOx/C measured using the
EDX spectrum is 3.98, which is close to pristine IrNi/C (3.94),
confirming no dissolution of Ni. Thus, the surface of IrNiOx–

Al gets oxidized during the electrochemical activation in alka-
line media, leading to the Ni-rich IrNiOx shell structure of the
catalyst. The EDS line-scan result also confirms the Ni-rich
shell structure of IrNiOx/C–Al (Fig. 2i).

To understand the changes in the electrochemical pro-
perties of IrNi/C by electrochemical activation under different
pH conditions, the transformations of CV profiles (Fig. 3a–c)
during electrochemical activation were observed. In all the
samples, underpotentially deposited H (Hupd) peaks between
0.05 and 0.4 VRHE disappeared during activation, stipulating
the oxidation of metallic IrNi/C in all media. In the case of
acid activation, the redox peak associated with the Ir(III)/Ir(VI)
redox couple increased, indicating the formation of an IrOx

layer at the IrNiOx/C–A surface (Fig. 3a).39 IrNiOx/C–N pos-
sessed a smaller Ir(III)/Ir(VI) redox peak area of 0.499 mC cm−2

than both IrNiOx/C–A (0.823 mC cm−2) and IrNiOx/C–Al
(0.773 mC cm−2), signaling only a small amount of the oxide
species (Fig. 3b). Furthermore, the cathodic peak position of

IrNiOx/C–N is located at 0.65 VRHE, which is lower than that of
IrNiOx/C–A. In a previous report, it was expounded that the
lower cathodic peak position of Ir represents the reduction of
IrO2 and not IrOx with a high oxidation state.37,38 This implies
that the electrochemical activation under neutral conditions
slightly oxidizes the Ir surface to IrOx. IrNiOx/C–Al shows CV
shapes different from both IrNiOx/C–A and IrNiOx/C–N. The
redox peak associated with Ir(III)/Ir(VI) is located between 0.6
and 0.7 VRHE under alkaline conditions (Fig. 3c). The large
Ni(II)/Ni(III) redox peak with an area of 2.086 mC cm−2 is
observed at 1.2–1.3 VRHE, indicating the abundant Ni oxide of
IrNiOx/C–Al.

40,41 The above observations are in good agree-
ment with the HR-TEM results.

The effects of the electrochemical activation in different
media for OER catalytic activity were evaluated by linear sweep
voltammetry (LSV) in CO2 saturated 0.5 M KHCO3 solution
with a scan rate of 10 mV s−1 and a rotating speed of 1600
rpm. As presented in Fig. 3d, the LSV of IrNiOx/C–Al exhibited
an anodic current onset at approximately 1.4 VRHE, which was
50 mV lower than that of IrNiOx/C–A and IrNiOx/C–N.
Moreover, the overpotential at a current density of 10 mA cm−2

of IrNiOx/C–Al was only 384 mV, which was lower than that of
IrNiOx/C–A (400 mV) and IrNiOx/C–N (431 mV). The enhanced
OER activity in neutral media is compared with those pre-
viously reported as shown in Table S1.† These results suggest
that IrNiOx/C–Al and IrNiOx/C–A possess higher OER catalytic
activity than IrNiOx/C–N. Moreover, the observations reveal
that despite using the same starting catalyst, different electro-
chemical activations can result in different catalytic activities.
The electrochemical stability of the prepared catalysts was
tested at 10 mA cm−2 constant water oxidation current density
for 10 h in CO2 saturated 0.5 M KHCO3 solution and the
results are shown in Fig. S6.† IrNiOx/C–N shows the gradually
increased potentials, which indicate slow catalytic degradation.
On the other hand, IrNiOx/C–A and IrNiOx/C–Al show stable
behavior for 10 h in CO2 saturated 0.5 M KHCO3. These results
indicate that IrNiOx/C–Al, which is electrochemically activated
under alkaline conditions, is more efficient and durable than
catalysts activated under acidic and neutral conditions.

To validate in detail the electronic structure of the electro-
chemically treated IrNi/C in different media, depth-profiled
X-ray photoelectron spectroscopy (XPS) was performed with
210 eV and 550 eV kinetic energies (KE) at the 4D beamline of
the Pohang Accelerator Laboratory (PAL). The deconvolution of
the Ir 4f spectra yielded three components: Ir0 (metallic Ir,
60.9 and 63.9 eV), IrVI (rutile Ir oxide, 61.8 and 64.8 eV), and
IrIII (amorphous Ir oxide, 62.3 and 65.3 eV). In Fig. 4a, the Ir 4f
region of pristine IrNi/C indicates a mostly metallic state. The
two dominant peaks for all electrochemically activated IrNi/C
are located between the IrVI and IrIII species binding energy,
denoting the oxidation states of the Ir species (Fig. 4b–d). The
Ir 4f peak at 210 eV is more oxidized than that at KE 550 eV,
confirming that IrNi/C was oxidized from the surface by
electrochemical activation. Based on the XPS fitting at KE 210
eV, the IrIII species ratio was found to be 58.0% for IrNiOx/C–A
and 66.6% for IrNiOx/C–Al. This shows that the surface of IrNi/

Fig. 3 Electrochemical properties of activated IrNi/C under different
pH conditions. Cyclic voltammogram (CV) profiles of IrNi/C between
0.05 and 1.5 V vs. RHE at a scan rate of 500 mV s−1 in (a) acid (0.05 M
H2SO4 purged with N2), (b) neutral (0.5 M KHCO3 purged with CO2) and
(c) alkaline media (0.1 M KOH purged with N2). (d) iR-corrected LSV
curves of IrNiOx/C–A, IrNiOx/C–N and IrNiOx/C–Al in CO2-saturated 0.5
M KHCO3 at a scan rate 10 mV s−1. (e) Tafel plots of IrNiOx/C–A, IrNiOx/
C–N, and IrNiOx/C–Al.
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C is converted to IrOx species by CV in acidic and alkaline
media. The Ni peaks of IrNiOx/C–Al are located at 856 eV and
are assigned to the binding energy of Ni(OH)2. This demon-
strates that not only Ir, but also Ni is oxidized by the alkaline
electrochemical activation (Fig. S7†). In contrast, IrNiOx/C–N

exhibited 62.3% IrVI species component, signaling an Ir oxide
layer with a small amount of IrOx. This observation implies
that neutral conditions do not favor the oxidation of the cata-
lyst surface, which is in agreement with the CV results. A
similar observation is also found in the ex situ X-ray adsorption

Fig. 4 Electronic structures of electrochemically activated IrNi/C under acidic, neutral, and alkaline conditions. High-resolution XPS spectra for Ir 4f
of (a) pristine IrNi/C, (b) IrNiOx/C–A, (c) IrNiOx/C–N, and (d) IrNiOx/C–Al at kinetic energies of 210 eV and 550 eV.

Fig. 5 In situ/operando X-ray absorption spectroscopy (XAS) study under OER conditions in CO2-saturated 0.5 M KHCO3. (a) Ir L3-edge XANES
region of IrNiOx/C–A, IrNiOx/C–N, and IrNiOx/C–Al at 1.63 VRHE in CO2 saturated 0.5 M KHCO3. Ir foil, IrCl3, and IrO2 as references were measured
under ex situ conditions. (b) k3-Weighted Fourier transforms of EXAFS profiles collected at the Ir L3-edge of IrNiOx/C–A, IrNiOx/C–N and IrNiOx/
C–Al. (c) Ni K-edge XANES region of IrNiOx/C–N and IrNiOx/C–Al at 1.63 VRHE in CO2 saturated 0.5 M KHCO3. (d) k

3-Weighted Fourier transforms of
EXAFS profiles collected at the Ni K-edge of IrNiOx/C–N and IrNiOx/C–Al.
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fine spectrum (XAFS). In Fig. S8,† the X-ray adsorption near
edge structure (XANES) spectra and extended X-ray adsorption
fine structure (EXAFS) spectra of the activated samples indicate
that IrNiOx/C–A and IrNiOx/C–Al show higher oxidation states
than IrNiOx/C–N.

To gain insight into the catalytic activity enhancement by
electrochemical activation, the in situ/operando XAFS of the
Ir L3-edge and Ni K-edge was carried out at the 1D KIST-PAL
beamline of the Pohang Accelerator Laboratory. Customized
electrochemical flow cells were used for the in situ/operando
XAFS measurements. Fig. 5 shows that operando XAFS
measurements were conducted during the OER under neutral
conditions after electrochemical activation under different pH
conditions. At the Ir L3-edge, the XANES spectra of IrNiOx/C–A
and IrNiOx/C–Al showed a highly identical white line position,
whereas that of IrNiOx/C–N exhibited a negatively shifted white
line position, suggesting that IrNiOx/C–A and IrNiOx/C–Al
possess a higher number of d-band holes than IrNiOx/C–N
under OER conditions (Fig. 5a). The area of the white line
peak of IrNiOx/C–A (21.03) was larger than that of IrNiOx/C–Al
(19.80), indicating that the oxide thickness in the case of
IrNiOx/C–A is more than that of IrNiOx/C–Al (Fig. S9†). This is
further proved by the EXAFS results in Fig. 5b. The distance of
Ir–M is reduced in the IrNi/C sample to be shorter than that of
Ir black, confirming the existence of the IrNi alloyed structure.
The Ir–O peaks of IrNiOx/C–A indicate fully oxidized IrNiOx

nanoparticles, whereas the remaining Ir–M peaks of IrNiOx/
C–Al represent the unoxidized core of the IrNiOx/C–Al nano-
particle during the OER. We expect that the thick Ni-rich
IrNiOx layer of IrNiOx/C–Al observed by HR-TEM would inhibit
the oxidation of the nanoparticle core. Strasser et al. reported
that a higher number of d-band holes of Ir increase the hole
character of the oxygen ligands, enhancing their electrophilic
character.32 This promotes the nucleophilic attack of water
molecules, thus reducing the kinetic barrier of the OER.
IrNiOx/C–A and IrNiOx/C–Al possess more number of d-band
holes under OER conditions than IrNiOx/C–N, indicating the
greater OER activity of IrNiOx/C–A and IrNiOx/C–Al. In Fig. 5c,
IrNiOx/C–Al reveals higher Ni XANES peak positions and areas
than both IrNiOx/C–N and ex situ IrNiOx/C–Al in the OER
under neutral conditions, indicating that the Ni in IrNiOx/C–Al
has a higher oxidation state in the OER. This is also observed
in the Ni-EXAFS peaks (Fig. 5d). An increased Ni–O bond peak
is observed, indicating the existence of an oxide layer of
IrNiOx/C–Al in the OER. In previous studies, high-valent Ni
species of Ni-based catalysts were observed in the OER and are
expected to act as active sites.42,43 The formation of higher oxi-
dation states of nickel such as NiIV improves the OER catalytic
activity under neutral conditions.44 Thus, Ni in IrNiOx/C–Al
can be a good active site for the OER in neutral media. The
above results reveal that IrNiOx/C–Al possesses a Ni-rich IrNiOx

layer, with a configuration including IrOx active sites with a
high number of d-band holes and NiOx active sites with a high
oxidation state under OER conditions. This configuration of
the two active species synergistically enhances the OER cata-
lytic activity of IrNiOx/C–Al in neutral media.

4. Conclusions

In summary, we have identified the effects of the electro-
chemical activation of IrNi nanoparticles under different pH
conditions and evaluated the OER activity under neutral con-
ditions applicable to CO2RR systems. IrNiOx/C–A activated
under acidic conditions exhibits a Ni-leached IrNi@IrOx struc-
ture and IrNiOx/C–Al activated under alkaline conditions has a
Ni-rich IrNi@IrNiOx structure. Meanwhile, IrNiOx/C–N acti-
vated under neutral conditions possesses a lower oxidized,
thin Ir oxide shell structure. In situ/operando XAS demonstrates
that the Ni-rich IrNiOx surface of IrNiOx/C–Al has an IrOx

active site with a high number of d-band holes and a NiOx

active site with a high oxidation state during the OER, leading
to superior OER catalytic activity with an overpotential of
384 mV at 10 mA cm−2 under neutral conditions. These obser-
vations are also confirmed by synchrotron-based XPS depth
profiling measurements. Our research suggests that the intrin-
sic properties of the catalyst change with the environment of
the electrochemical activation, and that the catalyst structure
suitable for the electrochemical reaction can be adjusted
through the applied electricity and pH conditions.
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