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Ir single atoms and Co clusters synergistically improved the catalytic activity toward the oxygen evolution reaction.

Public summary

m A heterogeneous single-atom cluster system was constructed by anchoring Ir single atoms and Co clusters on the oxy-
gen vacancy sites of the Ni(OH), nanosheets.

m The Ir single atoms were mainly coordinated with oxygen, while the Co clusters were also coordinated with oxygen and
formed by the second shell of the Co-Co coordination.

m Ir single atoms and Co clusters synergistically improved the catalytic activity and accelerated the kinetics of the oxygen
evolution reaction.

Citation: Liu L, Gao W T, Ma Y L, et al. Synergistic effect of heterogeneous single atoms and clusters for improved catalytic performance. JUSTC,
2024, 54(6): 0605. DOI: 10.52396/JUSTC-2024-0046


mailto:zzhirong@ustc.edu.cn
mailto:zengj@ustc.edu.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://justc.ustc.edu.cn
https://doi.org/10.52396/JUSTC-2024-0046
https://doi.org/10.52396/JUSTC-2024-0046
https://doi.org/10.52396/JUSTC-2024-0046
https://doi.org/10.52396/JUSTC-2024-0046
https://doi.org/10.52396/JUSTC-2024-0046

N

UST

http://justc.ustc.edu.cn

+

Received: March 25, 2024; Accepted: May 08, 2024

Synergistic effect of heterogeneous single atoms and clusters for
improved catalytic performance

Long Liu', Wenting Gao', Yiling Ma', Kainan Mei', Wenlong Wu', Hongliang Li', Zhirong Zhang' >4 and Jie Zeng'” >

!Hefei National Research Center for Physical Sciences at the Microscale, Key Laboratory of Strongly Coupled Quantum Matter Physics of
Chinese Academy of Sciences, Key Laboratory of Surface and Interface Chemistry and Energy Catalysis of Anhui Higher Education Institutes,
Department of Chemical Physics, University of Science and Technology of China, Hefei 230026, China;

2School of Chemistry & Chemical Engineering, Anhui University of Technology, Ma’anshan 243002, China

>ICorrespondence: Zhirong Zhang, E-mail: zzhirong@ustc.edu.cn; Jie Zeng, E-mail: zengj@ustc.edu.cn
© 2024 The Author(s). This is an open access article under the CC BY-NC-ND 4.0 license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Cite This: JUSTC, 2024, 54(6): 0605 (7pp) Read Online Supporting Information

Abstract: Electrocatalytic water splitting provides an efficient method for the production of hydrogen. In electrocatalytic
water splitting, the oxygen evolution reaction (OER) involves a kinetically sluggish four-electron transfer process, which
limits the efficiency of electrocatalytic water splitting. Therefore, it is urgent to develop highly active OER catalysts to ac-
celerate reaction kinetics. Coupling single atoms and clusters in one system is an innovative approach for developing effi-
cient catalysts that can synergistically optimize the adsorption and configuration of intermediates and improve catalytic
activity. However, research in this area is still scarce. Herein, we constructed a heterogeneous single-atom cluster system
by anchoring Ir single atoms and Co clusters on the surface of Ni(OH), nanosheets. Ir single atoms and Co clusters syner-
gistically improved the catalytic activity toward the OER. Specifically, Co,Ir;/Ni(OH), required an overpotential of 255
mV at a current density of 10 mA-cm™, which was 60 mV and 67 mV lower than those of Co,/Ni(OH), and Ir,/Ni(OH),,
respectively. The turnover frequency of Co,Ir;/Ni(OH), was 0.49 s™', which was 4.9 times greater than that of Co,/Ni(OH),

at an overpotential of 300 mV.
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1 Introduction

Hydrogen energy is clean and renewable. The widespread use
of hydrogen energy can significantly reduce the reliance on
fossil fuels'™. Clean hydrogen energy can be obtained by
electrocatalytic water splitting®'”l. In electrocatalytic water
splitting, the anodic oxygen evolution reaction (OER) in-
volves a kinetically sluggish four-electron transfer process,
which limits the efficiency of hydrogen production by elec-
trocatalytic water splitting!"'"'". Developing efficient OER
catalysts to accelerate reaction kinetics is urgent for large-
scale hydrogen production"*"!. As nonprecious metal elec-
trocatalysts, Co-based electrocatalysts are promising for cata-
lyzing the OER owing to their special geometric and electron-
ic structures, but they still suffer from inadequate OER activ-
ity™. Consequently, it is necessary to enhance the OER activ-
ity of Co-based electrocatalysts.

Atomically dispersed catalysts, including single-atom and
cluster catalysts, have drawn extensive attention due to their
high atom-utilization efficiency and distinctive electronic
structures® 1. Nevertheless, the OER performances of single-
atom or cluster catalysts are not very satisfactory. Coupling
single atoms and clusters in one catalyst is a powerful strategy
for improving catalytic activity. Initially, the adsorption of in-
termediates can be optimized by the interaction between
single atoms and clusters. For example, when NiN, metal
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atoms and Ni clusters were coupled on a carbon support, the
interaction between them induced the preferred adsorption of
oxygen intermediates™. In addition, after coupling single
atoms and clusters, different adsorption behaviors at different
sites can synergistically optimize the configuration of inter-
mediates and promote the reaction. For instance, in the sys-
tem of Rh single atoms and Ce clusters, different atoms of the
N,O intermediate were trapped by Rh single atoms and Ce
clusters at the same time, which promoted the conversion of
the N,O intermediate into nitrogen™!. Therefore, coupling
single atoms and clusters in one system has great potential to
improve the catalytic activity toward the OER. However, re-
search in this area is still scarce.

In this work, we constructed a heterogeneous single-atom
cluster system by anchoring Ir single atoms and Co clusters
on a Ni(OH), support. Structural characterization revealed
that Ir single atoms with additional Co clusters were anchored
on the oxygen vacancy sites. Electrochemical measurements
indicated that single Ir atoms and Co clusters could -effi-
ciently catalyze the OER through synergistic effects. Specific-
ally, Co,Ir;/Ni(OH), required an overpotential of 255 mV at a
current density of 10 mA-cm™, which was much lower than
those of Co,/Ni(OH), (315 mV) and Ir;/Ni(OH), (322 mV).
At an overpotential of 300 mV, the turnover frequency (TOF)
and mass activity (MA) of Co,Ir;/Ni(OH), were 0.49 s and
3199 A-g"', respectively. Both the TOF and MA of
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Co,Ir;/Ni(OH), were 4.9 times greater than those of
Co,/Ni(OH),.

2 Experimental details

2.1 Chemicals

Nickel nitrate (Ni(NOs),-6H,0), sodium nitrate (NaNOs), co-
balt nitrate hexahydrate (Co(NO;), 6H,0), N,N-dimethyl-
formamide (DMF), sodium hydroxide (NaOH), and potassi-
um hydroxide (KOH) were purchased from Shanghai Chem-
ical Reagent Company. Iridium(IV) chloride hydrate
(IrCl4xH,0, Ir 256.0%) was purchased from Aladdin. Nafion
was purchased from Sigma—Aldrich. All chemicals were used
as received without further purification.

2.2 Synthesis of Ni(OH),

We prepared Ni(OH), using a previously reported one-step
approach with modifications™. Typically, a 160 mL solution
of 10 mmol-L™' NaNO; containing 23 vol% DMF as an inhib-
itor was mixed with an 80.0 mL solution containing 37.5
mmol-L™" Ni(NO3), 6H,0, and this solution was stirred at 80
°C. Then, 0.5 mol-L™ NaOH was added dropwise to maintain
the solution pH at approximately 10. Afterward, the above
solution was cooled to room temperature under nitrogen gas
bubbling. The product was isolated by centrifugation at 12000
r/min for 3 min, followed by washing with ethanol and deion-
ized water. Finally, the product was freeze-dried in a vacuum
freeze-dryer overnight.

2.3 Synthesis of
Co,Ir;/Ni(OH),

Ir;/Ni(OH),, Co,/Ni(OH),, and Co,Ir;/Ni(OH), were synthes-
ized by the electrochemical deposition method””. The electro-
chemical deposition was conducted in a standard three-
electrode system. The as-prepared Ni(OH), support (5 mg)
was dispersed in a 1.0 mL homogeneous mixture containing
equal amounts of H,O and ethanol. Then, 80 uL of Nafion
was added to the above mixture under ultrasonication to ob-
tain a homogeneous ink. Five microliters of the above mix-
ture was cast on a glassy carbon electrode (GCE) 3 mm in
diameter for electrochemical deposition. During the process
of electrochemical deposition, the potential range was from
1.25 V to 1.75 V with a sweep rate of 5 mV-s™. For electro-
chemical deposition, metal precursors were added to 100 mL
of 1.0 mol-L™ KOH electrolyte. In this process, 100 puL of 0.1
mol-L™" Co(NOj3), 6H,0 solution and 100 pL of 0.1 mol-L™
IrCl;xH,O solution were used as the metal precursors for
Co,/Ni(OH), and Ir;/Ni(OH),, respectively. In the process of
preparing Co,Ir;/Ni(OH),, 100 pL of 0.1 mol-L"
Co(NO3),6H,0O solution was added to the electrolyte, and
after the deposition of Co clusters, 100 pL of 0.1 mol-L™
IrCl,; xH,O solution was added for the electrochemical depos-
ition of single Ir atoms. For the deposition of Co clusters, we
repeated the linear sweep scan eight times, and for the depos-
ition of single Ir atoms, we carried out the linear sweep only
once.

Ir,/Ni(OH),, Co,/Ni(OH),, and

3 Results and discussion

As stated in the experimental section, Ir single atoms and Co
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clusters were anchored on the surface of Ni(OH), through an
electrochemical deposition method. In the process of electro-
chemical deposition, Co or Ir-based anions were driven to the
anode by an electric field. These metal anions might be de-
rived from the combination of metal ions in the precursors
with OH" in the electrolyte. The formation of single atoms or
clusters could be regulated by changing the number of scan-
ning cycles. After depositing Ir single atoms and Co clusters,
the Ni(OH), support still displayed a nanosheet morphology
similar to that of the original Ni(OH),, and no Co or Ir-based
nanoparticles appeared in the transmission electron micro-
scopy (TEM) images (Figs. Sla and S2). In the X-ray diffrac-
tion (XRD) patterns, all diffraction peaks were indexed to
standard Ni(OH), (PDF #74-2075), which implied the ab-
sence of Co or Ir-based nanoparticles (Figs. S1b and S3).
High-angle annular dark-field scanning TEM (HAADF-
STEM) was used to identify clusters and single atoms. As
shown in the HAADF-STEM image of Co,/Ni(OH),, Co
clusters were not observed because the atomic number of the
cobalt element was close to that of the nickel element
(Fig. 1a). In the HAADF-STEM images of Ir;/Ni(OH), and
Co,Ir;/Ni(OH), (Fig. 1b, c), the isolated Ir atoms were atom-
ically dispersed on the Ni(OH), support. Energy-dispersive X-
ray (EDX) elemental mapping images were used to show the
elemental distribution. Ni, O, and Co were distributed across
the material according to the EDX elemental mapping im-
ages of Co,/Ni(OH),, which suggested the existence of Co
species (Fig. 1d). The EDX elemental mapping results of
Ir;/Ni(OH), showed that Ni, O, and Ir were distributed across
the material (Fig. le), and the EDX elemental mapping im-
ages of Co,Ir;/Ni(OH), also showed that Ni, O, Co, and Ir
were distributed across the catalyst, which demonstrated the
existence of Co and Ir species (Fig. 1f). The mass loadings of
Co species in Co,/Ni(OH), and the mass loadings of Ir spe-
cies in Ir;/Ni(OH), were determined to be 2.92 wt% and 2.13
wt%, respectively, by inductively coupled plasma atomic
emission spectroscopy (ICP—AES). The mass loadings of Co
and Ir species in Co,Ir;/Ni(OH), were determined to be 2.64
wt% and 2.44 wt%, respectively.

We further elucidated the electronic structure and coordina-
tion environment of the Co species on Co,/Ni(OH), and
Co,Ir;/Ni(OH), and the Ir species on Ir//Ni(OH), and
Co,Ir;/Ni(OH), by X-ray absorption near-edge spectroscopy
(XANES) and extended X-ray absorption fine structure
(EXAFS) measurements. The Co K-edge XANES spectra
showed that the absorption edges of Co,/Ni(OH), and
Co,Ir;/Ni(OH), were slightly shifted to a higher energy than
that of Co,0;, indicating that both the valence states of Co
species for Co,/Ni(OH), and Co,Ir;/Ni(OH), were slightly
greater than +3 (Fig. 2a). Moreover, the absorption edges of
Co,/Ni(OH), and Co,lIr;/Ni(OH), were close, which indic-
ated that the valence state of the Co species was not affected
by the deposition of single Ir atoms. In the EXAFS spectra,
there were two peaks at approximately 1.47 A and 2.42 A in
the R space for both Co,/Ni(OH), and Co,Ir;/Ni(OH),. The
peak at approximately 1.47 A was assigned to Co—O bonding,
and the peak at 2.42 A was assigned to Co—Co bonding. The
presence of Co—Co bonds confirmed the existence of Co
clusters (Fig. 2b). By fitting the experimental EXAFS spectra,
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Fig. 1. Structural characterization of Co,/Ni(OH),, Ir;/Ni(OH),, and Co,Ir;/Ni(OH),. HAADF-STEM images of Co,/Ni(OH), (a), Ir;/Ni(OH), (b), and
Co,Ir;/Ni(OH), (¢). EDX elemental mapping of Co,/Ni(OH), (d), Ir;/Ni(OH), (e), and Co,Ir;/Ni(OH), (f).

the coordination numbers of Co—O bonding were determined
to be 5.69 and 5.25 for Co,/Ni(OH), and Co,Ir;/Ni(OH),, re-
spectively. The coordination numbers of the Co—O bonds sug-
gested that Co coordinated with the hydroxygen and then was
deposited on the support. The coordination numbers of
Co—Co bonds were determined to be 4.02 and 2.98 for
Co,/Ni(OH), and Co,Ir;/Ni(OH),, respectively (Table S1).
The results confirmed the presence of Co clusters. The Ir L;-
edge XANES spectra showed that the white line intensities of
Ir;/Ni(OH), and Co,Ir;/Ni(OH), were slightly greater than
that of IrO,, indicating that both the valence states of Ir spe-
cies for Ir;/Ni(OH), and Co,Ir;/Ni(OH), were slightly greater
than +4 (Fig. 2¢). In addition, the white line intensities of
Ir;/Ni(OH), and Co,Ir;/Ni(OH), were similar, which indic-
ated similar valence states of Ir species for Ir;/Ni(OH), and
Co,Ir;/Ni(OH),. In the EXAFS spectra, there was a peak at
approximately 1.73 A in the R space for both Ir;/Ni(OH), and
Co,Ir;/Ni(OH),. The peak at approximately 1.73 A was as-
signed to Ir—O bonding, and the absence of Ir—Ir bonding con-
firmed the presence of single Ir atoms (Fig. 2d). The above
results suggested that Ir single atoms and Co clusters were
successfully deposited on the Ni(OH), supports, that Ir single
atoms were mainly coordinated with oxygen, and that Co
clusters were also coordinated with oxygen and formed by the
second shell of the Co-Co coordination system.

X-ray absorption spectroscopy (XAS) and X-ray photo-
electron spectroscopy (XPS) were used to investigate the ef-
fects of depositing single Ir atoms on the Co clusters. In the
Co L-edge XAS spectra of Co,/Ni(OH), and Co,Ir;/Ni(OH),,
there were two peaks located at 784.2 and 798.2 eV, which
were assigned to the Co L;-edge and Co L,-edge, respect-
ively. The peak positions of Co,/Ni(OH), and Co,Ir,/Ni(OH),
were identical, suggesting no obvious change in the Co
valence state after the deposition of Ir species on the surface
of Co,/Ni(OH), (Fig. S4). XAS and XPS could also probe the
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effects of depositing single Ir atoms and Co clusters for sup-
port. In the Ni L-edge XAS spectra of Ni(OH),, Ir;/Ni(OH),,
Co,/Ni(OH),, and Co,Ir;/Ni(OH),, there were two peaks loc-
ated at 857.2 and 874.6 ¢V, which were assigned to the Ni L;-
edge and Ni L,-edge, respectively, and the similar peak posi-
tions suggested no obvious changes in the Ni valence state
after the deposition of Co and Ir species on the surface of
Ni(OH), (Fig. S5). In addition, the identical peak positions in
the Ni 2p XPS spectra of Ni(OH),, Ir;/Ni(OH),, Co,/Ni(OH),,
and Co,Ir;/Ni(OH), were similar (Fig. S6). In the O 1s XPS
spectrum, three peaks at 533.0, 531.7, and 530.8 eV corres-
ponded to adsorbed H,O, oxygen vacancies, and Ni-OH, re-
spectively. After the deposition of single Ir atoms and Co
clusters, the oxygen vacancy concentrations of Ir;/Ni(OH),
and Co,/Ni(OH), decreased from 31.4% to 24.1% and 25.2%,
respectively. This result implied that both Ir single atoms and
Co clusters occupied part of the oxygen vacancy sites on the
surface of Ni(OH), (Fig. S7a—c). Similarly, the minimal oxy-
gen vacancy concentration of Co,Ir;/Ni(OH), (19.2%) also
implied that both Ir single atoms and Co clusters occupied
part of the oxygen vacancy sites on the surface of Ni(OH),
(Fig. S7d). The XAS and XPS results indicated that Ir single
atoms and Co clusters were anchored on the oxygen vacancy
sites of the support and did not change the electronic struc-
ture of the support.

To verify the synergistic effect between the single Ir atoms
and the Co clusters, the OER activities of Ni(OH),,
Co,/Ni(OH),, Ir;/Ni(OH),, and Co,Ir;/Ni(OH), were evalu-
ated. Polarization curves were obtained in a 1.0 mol-L™' KOH
electrolyte, and the current density of the catalysts was used
to compare their electrocatalytic activities toward the OER.
For comparison, the OER performance of commercial IrO,
was also evaluated in 1.0 mol-L™" KOH. The electrocatalytic
activities of Co,/Ni(OH), and Ir;/Ni(OH), were slightly great-
er than that of the original Ni(OH),, but Co,Ir;/Ni(OH),
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Fig. 2. Electronic structure characterization of Co clusters on Co,/Ni(OH), and Co,Ir;/Ni(OH), and Ir single atoms on Ir;/Ni(OH), and Co,Ir;/Ni(OH),.
Normalized XANES (a) and EXAFS (b) spectra without phase correction at the Co K-edge of Co,/Ni(OH), and Co,Ir,/Ni(OH),. Co foil and Co,0; were
used as references. Normalized XANES (c) and EXAFS (d) spectra at the Ir L; edge of Ir;/Ni(OH), and Co,Ir;/Ni(OH),. Ir foil and IrO, were used as ref-

erences.

showed dramatically improved activity. In addition, the OER
performance of Co,lIr;/Ni(OH), was also much better than
that of IrO, (Fig. 3a). Specifically, Co,Ir;/Ni(OH), required
an overpotential of 255 mV at a current density of 10
mA-cm™, which was much lower than those of Co,/Ni(OH),
(315 mV), Ir/Ni(OH), (322 mV), and IrO, (322 mV)
(Fig. 3b). In addition, the MA and TOF were employed to in-
vestigate the intrinsic activity of Co,/Ni(OH), and
Co,Ir;/Ni(OH),. At an overpotential of 300 mV, the MA of
Co,Ir;/Ni(OH), was 3199 A-g"', and the MA of Co,/Ni(OH),
was 657 A-g”' by normalizing the mass of the Co sites. In ad-
dition, the TOF of Co,Ir;/Ni(OH), was 0.49 s, and the TOF
of Co,/Ni(OH), was 0.10 s at an overpotential of 300 mV.
Both the MA and TOF of Co,Ir;/Ni(OH), were 4.9 times
greater than those of Co,/Ni(OH), (Fig. 3¢). For comparison,
the TOF of Co,Ir;/Ni(OH), surpassed that of most reported
Co-based OER catalysts (Fig. 3d)**. The above results re-
vealed that Ir single atoms had poor OER activity but could
synergistically catalyze the OER process with Co clusters.
The electrochemically active surface areas (ECSAs) of the
catalysts were calculated to investigate the existing forms of
the Ir and Co species. As shown in Fig. S8, the ECSA of
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Co,/Ni(OH), (44.79 mF-cm™) was much larger than that of
Ni(OH), (25.21 mF-cm™), which implied that the Co species
were deposited as clusters. The ECSA of Ir;/Ni(OH), (27.12
mF-cm™) was close to that of Ni(OH),, which suggested that
Ir species were deposited as single atoms. In addition, the EC-
SA of Co,Ir;/Ni(OH), (46.17 mF-cm™) was much larger than
that of Ir;/Ni(OH), but was close to that of Co,/Ni(OH),,
which also implied that Ir and Co existed as single atoms and
clusters, respectively.

To measure the intrinsic kinetic behaviors of the catalysts,
the Tafel slopes of Ni(OH),, Co,/Ni(OH),, Ir;/Ni(OH),, and
Co,Ir;/Ni(OH), were calculated. The Tafel slope of
Co,Ir;/Ni(OH), was 86 mV-dec™', which was lower than those
of Ni(OH), (113 mV-dec™), Co,/Ni(OH), (95 mV-dec™), and
Ir;/Ni(OH), (129 mV-dec™). To evaluate the interfacial
charge-transfer resistance of these catalysts, electrochemical
impedance analysis was carried out (Fig. S9). According to
the electrochemical impedance spectroscopy (EIS) results, the
semicircle diameter of Co,Ir;/Ni(OH), was the smallest
among those of these catalysts, suggesting that
Co,Ir;/Ni(OH), had the fastest charge transfer at the interface,
which was conducive to OER kinetics®”. The Tafel slopes
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Fig. 3. Electrocatalytic performances toward the OER. (a) Polarization curves of Ni(OH),, Co,/Ni(OH),, Ir;/Ni(OH),, Co,lIr;/Ni(OH), and IrO,. The
measurements were conducted in 1.0 mol-L™' KOH. (b) Overpotentials at a current density of 10 mA-cm™ for Ni(OH),, Co,/Ni(OH),, Ir;/Ni(OH),,
Co,Ir;/Ni(OH), and IrO,. (c) Mass activities and turnover frequencies of Co,/Ni(OH), and Co,Ir;/Ni(OH), at an overpotential of 300 mV. (d) Comparis-
on of the turnover frequencies of reported Co-based catalysts and Co,Ir;/Ni(OH), for the OER. (e) Tafel slopes of Ni(OH),, Ir;/Ni(OH),, Co,/Ni(OH),,
and Co,Ir;/Ni(OH),. (f) Chronopotentiometric curve of Co,Ir;/Ni(OH), toward the OER at a current density of 10 mA-cm™ for 15 h.

and EIS results indicated that the synergy of single Ir atoms
and Co clusters not only improved the catalytic activity but
also accelerated the reaction kinetics.

A galvanostatic test was also conducted at a current dens-
ity of 10 mA-cm™ to evaluate the durability of
Co,Ir;/Ni(OH),. After 15 h, no noticeable decay in the OER
activity was observed. The applied voltage of Co,Ir;/Ni(OH),
slightly increased by 9 mV after 15 h of stability testing,
demonstrating its excellent stability (Fig. 3f). The mass load-
ings of Co (2.62 wt%) and Ir (2.30 wt%) in Co,Ir,/Ni(OH),
after the stability test were close to those of Co (2.64 wt%)
and Ir (2.44 wt%) in the original Co,Ir;/Ni(OH),. The results
showed that Co and Ir species hardly fell off the surface of
the Ni(OH), support during the electrochemical oxygen evol-
ution process. The morphology and structure of
Co,Ir;/Ni(OH), were characterized after the durability test.
The Ir atoms retained their isolated dispersion on the Ni(OH),
support according to the HAADF-STEM image (Fig. 4a). The
Ni, O, Co, and Ir were distributed across the material without
obvious aggregation, as shown by the EDX elemental map-
ping images (Fig. 4b). Moreover, no extra XRD diffraction
peaks appeared in the XRD pattern (Fig. 4c). In the Co L-
edge XAS spectrum, there were two peaks located at 784.2
and 798.2 eV, and the peak positions without offset sugges-
ted no obvious change in the Co valence state after the durab-
ility test (Fig. 4d). In the Ni L-edge XAS spectrum, there
were two peaks located at 857.2 and 874.6 eV, and the
identical peak positions suggested no obvious change in the
Ni valence state after the durability test (Fig. 4e). In addition,
the identical peak positions demonstrated a similar result in
the Ni 2p XPS spectrum (Fig.4f). In conclusion,
Co,Ir;/Ni(OH), not only exhibited high OER activity but also
achieved excellent stability.
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4 Conclusions

In summary, we developed a synergistic strategy between
single Ir atoms and Co clusters for promoting the OER. Both
Ir single atoms and Co clusters were anchored on the oxygen
vacancy sites of Ni(OH),. Due to the synergistic effect of
single Ir atoms and Co clusters, Co,Ir;/Ni(OH), exhibited sig-
nificantly improved activity and required an overpotential of
255 mV at a current density of 10 mA-cm™, which was 60
mV and 67 mV lower than those of Co,/Ni(OH), and
Ir;/Ni(OH),, respectively. In addition, Co,Ir;/Ni(OH), exhib-
ited excellent OER intrinsic activity with a TOF of 0.49 s™' at
an overpotential of 300 mV. Our work not only reasonably
constructed efficient catalysts for the OER but also pointed
toward developing highly active catalysts.
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line at https:// doi.org/10.52396/JUSTC-2024-0046. Supple-
mentary material (instrumentations, electrochemistry meas-
urements) and corresponding additional data are provided in
the supporting information.
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