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Distance effect of single atoms on stability of
cobalt oxide catalysts for acidic oxygen
evolution

Zhirong Zhang 1,5, Chuanyi Jia2,5, Peiyu Ma 3,5, Chen Feng1, Jin Yang1,
Junming Huang1, Jiana Zheng1, Ming Zuo1, Mingkai Liu4, Shiming Zhou 1 &
Jie Zeng 1,4

Developing efficient and economical electrocatalysts for acidic oxygen evo-
lution reaction (OER) is essential for proton exchange membrane water elec-
trolyzers (PEMWE). Cobalt oxides are considered promising non-precious OER
catalysts due to their high activities. However, the severe dissolution of Co
atoms in acid media leads to the collapse of crystal structure, which impedes
their application in PEMWE. Here, we report that introducing acid-resistant Ir
single atoms into the lattice of spinel cobalt oxides can significantly suppress
the Co dissolution and keep them highly stable during the acidic OER process.
Combining theoretical and experimental studies, we reveal that the stabilizing
effect induced by Ir heteroatoms exhibits a strongdependenceon thedistance
of adjacent Ir single atoms, where the OER stability of cobalt oxides con-
tinuously improves with decreasing the distance. When the distance reduces
to about 0.6 nm, the spinel cobalt oxides present no obvious degradation over
a 60-h stability test for acidic OER, suggesting potential for practical
applications.

Proton exchange membrane water electrolysis (PEMWE) driven by
renewable electricity is the most promising route to the production of
clean hydrogen fuels1,2. The large-scale deployment of PEMWE devices
is predominantly obstructed by the efficient catalysts for oxygen evo-
lution reaction (OER) in acidic media. Currently, precious metal oxide
IrO2 is generally considered to be themost stable electrocatalyst for the
acidic OER3,4. However, the serious scarcity of iridium, with global
production of only about 7 tons per year, makes it difficult for PEMWE
to reach sustainable terawatt level goals, where more than 40 years of
annual iridium production are estimated to be required5,6. Great efforts
have been devoted to exploring effective strategies to decrease Ir

loadings in acidicOERcatalysts, suchas constructing Ir-metal clusters7,8,
heterostructures9–11, and deposition of Ir species on suitable support12,13.
However, these strategies still utilize relatively abundant Ir species.
Therefore, it is highly desired but remains amajor challenge, to develop
efficient and durable catalysts with low Ir consumption for acidic OER.

Cobalt oxides are regarded as a very promising candidate for
catalyzing OER due to their earth abundance and excellent activity14–17.
In particular, spinel cobalt oxides attract extensive attention benefiting
from their flexible composition and tunable structure18,19. Never-
theless, these oxides are only stable during the OER process in neutral
or alkaline media. Under acidic conditions, the dissolution of cobalt
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atoms leads to the collapse of crystal structure, which limited their
application in PEMWE20–22. Recently, some pioneering works have
reported that the introduction of acid-resistant heteroatoms such as
Pb, Mn, and Sb into cobalt oxides could increase the stability of these
OER catalysts in acid6,18,23,24. It was proposed that the heteroatoms
would strengthen metal-oxygen bindings6, activate the self-healing
process23, or stabilize the lattice24. However, atomic-level insight into
the stabilizing effect induced by the acid-resistant heteroatoms is still
lacking, which is crucial for designing highly efficient earth-abundant
catalysts for acidic OER.

Herein, combining theoretical and experimental studies on single-
atom Ir-introduced spinel cobalt oxides, we provided an in-depth
understanding of the heteroatom’s role on OER stability at the atomic
level. Our density functional theory (DFT) calculations revealed that
the introduction of Ir single atoms can significantly increase the
migration energy of the nearest Co atoms, whereas has less influence
on the distant ones. Accordingly, we further studied the inter-site
distance effect of adjacent Ir atoms, i.e., Ir-Ir distance, on the stability
of Co atoms between them. We found that the stability of the in-
between Co atom was continuously enhanced until the Ir-Ir distance
was lowered down to the limited level of 0.56 nm where the Co atom
was sandwiched by two Ir atoms. Experimentally, we successfully
synthesized a series of single-atom catalysts with different Ir-Ir dis-
tances by adjusting the density of Ir single atoms in spinel cobalt oxi-
des. Electrochemical measurements further demonstrated that the
stabilizing effect induced by Ir single atoms was closely related to the
Ir-Ir distance. With the decrease of the Ir-Ir distance, the electro-
chemical durability of these catalysts in acid exhibited a gradual
improvement, accompanied by a significant decrease in the dissolu-
tion of Co species, which well confirmed the theoretical results. When
the Ir-Ir distance reached about 0.6 nm, the long-termdurability test at
10mAcmgeo

−2 revealed that the spinel cobalt oxide remained stable
under pH = 1 with just a small increase in the potential of about 20mV

after a 60 h continuous operation.Ourworkoffered essential guidance
for the precise design of highly stable earth-abundant OER catalysts in
acid media.

Results
Exploration of the distance-related stabilizing effect
Webegan with DFT calculations to study how the introduction of acid-
resistant heteroatoms influences the stability of Co atoms in spinel
oxides. Since the dissolution of cobalt oxides in acid involves the
migration of Co atoms at the surface6,25, we calculated the migration
energies of these lattice atoms to evaluate their stabilities. Taking
spinel Cu0.3Co2.7O4 as a model (Fig. 1a), we proposed a migrating
process of the Co atom at octahedral sites as shown in Fig. 1b, where
the Co atommoves away from the (110) face via a transition state with
an energy barrier of 1.58 eV. After Ir single atoms were introduced into
the octahedral sites of spinel oxide (Fig. 1c), we first calculated the
migration energy of the nearest Co atom (labeled as A) to the Ir single
atom. We found that the energy increased to 1.70 eV (Supplementary
Fig. 1a), indicating that the introduction of the Ir single atom can sig-
nificantly enhance the stability of the nearest Co atom. Subsequently,
we further assessed the influence of Ir single atom on the migration of
distant Co atoms, i.e., the next nearest Co atom as labeled B in Fig. 1c.
The calculated migration energy of B-site Co was 1.63 eV (Supple-
mentary Fig. 1b), which suggested that the B-site Co atom was less
stable than the A-site Co but more than the Co atom without intro-
ducing Ir (Fig. 1d). In other words, the stabilizing effect induced by Ir
single atoms became weaker as the distance between Ir and Co atoms
increased. This result strongly suggested that it is necessary to control
the distance of adjacent Ir single atoms by adjusting the density of
introduced Ir single atoms for improving the stability of the cobalt
oxide catalysts.

To further explore the distance-dependent stabilizing effect of Ir
single atoms, we constructed various structuralmodels of Ir atomically
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Fig. 1 | Optimized structural models and calculated migration energies of
Cu0.3Co2.7O4 and Ir1/Cu0.3Co2.7O4. a Optimized structural model of Cu0.3Co2.7O4.
Red, blue, and brown spheres represent O, Co, and Cu atoms, respectively.
b Calculated migration energies of Co atoms on Cu0.3Co2.7O4. Pink spheres

represent migrated Co atoms. c Optimized structural model of Ir1/Cu0.3Co2.7O4.
Green spheres represent the Ir atom. Pink and blue circles represented the Co site
located at different distances from the Ir atom. d Calculated migration energies of
Co atoms at different sites.
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doped spinel cobalt oxides, Ir1/Cu0.3Co2.7O4, with different Ir-Ir dis-
tances (d). Figure 2a–c showed the cases with d = 1.14, 0.87, and
0.56nm, in which the number of Co atoms between two adjacent Ir
atoms was 3, 2, and 1, respectively. For d = 1.14 nm, the calculated
migration energy of the centeredCoatomwas 1.63 eV. Ford =0.87 nm,
the energy was 1.75 eV (Fig. 2d). Both the energies are essentially the
same as those for B-site and A-site Co atoms in Fig. 1c, respectively. For
d =0.56nm, it took 1.83 eV to enable the migration of the Co atom
sandwiched by two Ir single atoms (Fig. 2d). The increased migration
energies indicated that the shorter the distance between adjacent Ir
single atoms, themore stable the Co atoms on the catalyst surface. The
above results indicated that Ir single atoms can stabilize their neigh-
boring lattice but have limited effect on distant ones. When the dis-
tance between adjacent Ir single atoms was too large, the stabilizing
effect of Ir single atoms was localized. Once the distance between Ir
single atoms was reduced to a specific value, the stabilizing effect
would cover the spinel oxides effectively, thus stabilizing the entire
spinel oxides under acidic conditions (Fig. 2e).

Identifying Ir1/Cu0.3Co2.7O4 with different Ir single atoms
distance
Inspired by the theoretical calculations, we synthesized spinel oxide
Cu0.3Co2.7O4 and a series of Ir1/Cu0.3Co2.7O4 with different Ir-Ir dis-
tances through a high-temperature pyrolysis method (see Methods).

The distance between Ir single atoms was modulated by adjusting the
density of Ir single atoms on Cu0.3Co2.7O4. Transmission electron
microscopy (TEM) images showed that the as-prepared Cu0.3Co2.7O4

and Ir1/Cu0.3Co2.7O4 with different Ir-Ir distances presented similar
morphologies (Supplementary Fig. 2). X-ray diffraction (XRD) patterns
revealed that all the samples were in the spinel-type structures with a
Fd-3m space group (Supplementary Fig. 3). Moreover, the Raman
spectra displayed four characteristic peaks located at 190, 470, 510,
and 682 cm−1 for these oxides, which were assigned to F2g, Eg, F2g,
and A1g vibration originated from the spinel lattice, respectively
(Supplementary Fig. 4)18,26. These results demonstrated that the
introduction of Ir heteroatoms into the spinel cobalt oxides not only
formed no detectable impurity phase but also unchanged the spinel
structure.

Figure 3a–c showed the aberration-corrected high-angle annular
dark-field scanning TEM (HAADF-STEM) images for three Ir1/
Cu0.3Co2.7O4 samples with different Ir-Ir distances. Individual bright
spots in contrast to the Cu0.3Co2.7O4 were found, which indicated that
the Ir species were atomically dispersed in the spinel cobalt oxides.
Moreover, by averaging the Ir-Ir distances of more than two hundred
Ir-Ir pairs in the HAADF-STEM images, the value of d was estimated to
be about 1.1, 0.8, and0.6 nm, respectively (Fig. 3d–i). Energy dispersive
X-ray (EDX) elemental mapping images revealed that the Ir atoms
were uniformly distributed in all three Ir1/Cu0.3Co2.7O4 samples

d = 0.56 nm

d = 0.87 nm

d = 1.14 nm

a

b

c

single atom on support

 longer Ir-Ir diatance

shorter Ir-Ir distance

0

0.5

1.0

1.5

2.0 d = 0.87 nm 1.75 eV

IS TS FS

d e

En
er

gy
 (e

V)
En

er
gy

 (e
V)

En
er

gy
 (e

V)

0

0.5

1.0

1.5

2.0 d = 1.14 nm
1.63 eV

d = 0.56 nm

0

0.5

1.0

1.5

2.0 1.83 eV

Fig. 2 | Optimized structural models and calculated migration energies of Ir1/
Cu0.3Co2.7O4 with different Ir-Ir distances. Optimized structural models of Ir1/
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(Supplementary Fig. 5). The quantitative analysis by inductively cou-
pled plasma-atomic emission spectrometry (ICP-AES) and inductively
coupled plasma-mass spectrometry (ICP-MS) showed that the con-
tents of Ir elements were 1.2, 2.1, and 3.6wt% for Ir1/Cu0.3Co2.7O4 with
d = 1.1, 0.8, and 0.6 nm, respectively.

The electronic structure and coordination environment of Ir1/
Cu0.3Co2.7O4 with different Ir-Ir distances were further characterized
by X-ray absorption near-edge spectroscopy (XANES) and extended
X-ray absorption fine structure (EXAFS) spectroscopy. The Co K-edge
XANES spectra showed that the absorption edges of Ir1/Cu0.3Co2.7O4

with different Ir-Ir distances overlapped with that of Cu0.3Co2.7O4,
suggesting similar valence states for Co species in all the oxides
(Fig. 4a)27,28. The Co K-edge EXAFS spectra presented three similar
characteristic peaks at about 1.4, 2.3, and 3.0 Å, corresponding to Co-
O, Cooct-Cooct (octahedral site), and Cotet-Cotet (tetrahedral site)
(Fig. 4b)29,30, which implies that the coordination environment of Co
sites exhibited no obvious change after the introduction of Ir single
atoms.Moreover, theCo andCu L-edgeX-rayabsorption spectroscopy
(XAS) also revealed similar valence states of Co andCu ions in these as-
prepared samples (Supplementary Fig. 6a)31–35. The above results
indicated that no visible changes in the crystal and electronic struc-
tures of the cobalt oxides were found after the introduction of Ir single
atoms with different distances. Figure 4c shows the Ir L3-edge XANES
spectra of Ir1/Cu0.3Co2.7O4with different Ir-Ir distances,where IrO2 and
Ir foil wereused as references. The intensity of thewhite linewas found
to decline gradually with decreasing the Ir-Ir distances, which sug-
gested a decrease in the valence state of Ir species36,37. The Ir L3-edge
EXAFS spectra exhibited two characteristic peaks at about 2.0 Å and
3.0 Å, which were ascribed to first-shell Ir-O coordination and second-
shell Ir-Co coordination, respectively (Fig. 4d)38,39. By fitting the
experimental EXAFS spectra, the Ir-O and Ir-Co coordination numbers
of Ir1/Cu0.3Co2.7O4 with different Ir-Ir distances were determined to be
about six and three, respectively (Supplementary Fig. 7 and Table 1).
Thefitting results confirmed that the Ir single atomswere incorporated
into the octahedral sites of Cu0.3Co2.7O4.

Electrocatalytic evaluation towards acidic oxygen evolution
To evaluate the stabilizing effect of Ir single atoms with different dis-
tances on Cu0.3Co2.7O4, we recorded the polarization curves in a
standard three-electrode system under acidic media. For the pristine
Cu0.3Co2.7O4, the current density showed an obvious decrease as the
number of scans increased (Fig. 5a). After 1000 scancycles, the current
density decreased by 87.5%. As Ir single atoms with d = 1.1 and 0.8nm
were introduced into Cu0.3Co2.7O4, the current density decreased by
76.3% and 44.2% after 1000 scan cycles, respectively (Fig. 5a, b). When
the Ir-Ir distance was further reduced to 0.6 nm, the current density
showed an inconspicuous decrease during the sequential scans, indi-
cating excellent OER stability for this sample in acidic media (Fig. 5a,
b). The dissolution of Co species under different scan cycles was also
measured to explore the stability of Cu0.3Co2.7O4 and Ir1/Cu0.3Co2.7O4

with different Ir-Ir distances. For Co species in Cu0.3Co2.7O4, they were
gradually dissolved with increasing the number of scan cycles. Speci-
fically, 76.7% of Co species were dissolved after 1000 scan cycles
(Fig. 5c). When Ir = 1.1 and 0.8 nm were introduced into the
Cu0.3Co2.7O4, the dissolution rate of Co species slowed down, indi-
cating the Ir single atoms could stabilize the Cu0.3Co2.7O4. When Ir =
0.6 nmwere introduced into the Cu0.3Co2.7O4, Co species weremerely
dissolved (just 3.6%) after 1000 scan cycles, indicating high stability of
Cu0.3Co2.7O4 with d =0.6 nm. For Ir species, the results demonstrated
that as the Ir-Ir distance decreases, the dissolution rate of Ir species on
the catalyst surface slows down (Supplementary Fig. 8). Notably, the Ir
species in Ir1/Cu0.3Co2.7O4 with d =0.6 nm were just dissolved 2.1%
after 1000 scan cycles, indicating the high stability of this sample
during acidic OER condition. Long-term chronopotentiometry at a
constant current density of 10mAcm−2

geo was also carried out to
estimate the durability of Cu0.3Co2.7O4 and Ir1/Cu0.3Co2.7O4 with dif-
ferent Ir-Ir distances. As shown in Fig. 5d, the durability of these cata-
lysts was improved as the Ir-Ir distance decreased. For d =0.6 nm, the
catalyst remained stable with just a small increase in the potential of
about 20mV after a 60 h continuous operation. Notably, the Ir1/
Cu0.3Co2.7O4 with d = 0.6 nm exhibited a better stability in comparison
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(g) of atoms located at the square frame in (b). Distance distribution of Ir single
atoms (h) and intensity profile (i) of atoms located at the square frame in (c).

Article https://doi.org/10.1038/s41467-024-46176-0

Nature Communications |         (2024) 15:1767 4



to that of commercial IrO2. The above results demonstrated that the
stabilizing effect inducedby Ir single atomswas strongly dependent on
the distance of adjacent single atoms. When Ir single atoms with
d =0.6 nmwere introduced into the Cu0.3Co2.7O4, the stabilizing effect
was superimposed on each other, thus stabilizing the entire catalysts.

To exclude the possible influence of carbon corrosion and gas
bubbles on the OER stability during the above electrochemical mea-
surements, we further recorded the polarization curves in a three-
electrode system with the catalysts loading on Ti felt (Supplementary
Figs. 9 and 10) and in a flow-cell setup (Supplementary Fig. 11). Similar
improvement in the OER stability by decreasing the Ir-Ir distance can
be found for both measurements, which indicated that the distance
effect of Ir single atoms on the stability of cobalt oxide catalysts is
intrinsic. Moreover, considering the difference in the content of Ir
species on the electrodemay influence the stability of the catalysts, we
also carried out the electrochemical evaluation for these catalysts by
fixing the Ir loadings on the electrode at 25 µg cm−2. For the Ir1/
Cu0.3Co2.7O4 with d = 1.1 and 0.8 nm, the current density showed an
obvious decrease as the number of scans increased (Supplementary
Fig. 12a, b, d). For the Ir1/Cu0.3Co2.7O4 with d =0.6 nm, the current
density showed a negligible decrease during the sequential scans,
indicating excellent OER stability for this sample in acidic media
(Supplementary Fig. 12c, d). The above results further proved that the
stabilizing effect induced by Ir single atoms was only related to the
distance of adjacent Ir single atoms.

The excellent stability of Ir1/Cu0.3Co2.7O4 with d =0.6 nmwas also
supported by the HAADF-STEM image, EDX elemental mapping ima-
ges, and XAS after the durability test. As shown in the HAADF-STEM
image, Ir single atoms preserved their isolated dispersion on the
Cu0.3Co2.7O4 (Supplementary Fig. 13a). The EDX elemental mapping
image showed that Ir species were still evenly distributed across the

catalyst (Supplementary Fig. 13b). The Co L3- and L2-edge peaks dis-
played negligible change compared with that before durability test,
suggesting an unchanged valence state of Co (Supplementary Fig. 13c).
In addition, the O K-edge XAS also showed ignorable changes in the
characteristic peaks, indicating a stable structure of the Ir1/
Cu0.3Co2.7O4withd =0.6 nmduring the durability test (Supplementary
Fig. 13d).

To further prove the distance effect of Ir single atoms on the
stability of Cu0.3Co2.7O4 during acidic OER, in-situ XAFS were per-
formed (Supplementary Fig. 14a, b). As shown in Supplementary
Fig. 14c, the absorption edge of Co K-edge XANES spectra for
Cu0.3Co2.7O4 exhibited inconspicuous changes with increasing vol-
tage from open circle potential (OCP) to 1.7 V. However, the EXAFS
spectra revealed that the intensity of the two main peaks from the
Co-O and Cooct-Cooct coordination exhibited a decreasing tendency
with increasing voltage, indicating Cu0.3Co2.7O4was dissolvedduring
acidic OER (Supplementary Fig. 14d). For comparison, in-situ XAFS at
the Co K-edge of Ir1/Cu0.3Co2.7O4 with d = 0.6 nm was also con-
ducted. The absorption edge of Co K-edge XANES spectra for Ir1/
Cu0.3Co2.7O4 with d = 0.6 nm exhibited negligible changes with
increasing voltage from OCP to 1.7 V, suggesting the excellent sta-
bility of the catalysts under oxidative potentials40 (Supplementary
Fig. 14e). Meanwhile, the EXAFS spectra revealed that the position
and intensity of the threemain peaks from the Co-O, Cooct-Cooct, and
Cotet-Cotet coordination exhibited an insignificant change with
increasing voltage, indicating a stable structure of this sample during
acidic OER (Supplementary Fig. 14f). These in-situ XAFS results
demonstrated that Ir single atoms with d = 0.6 nm effectively stabi-
lized the structure of Cu0.3Co2.7O4 during acidic OER. Considering
the Ir single atoms were introduced into the lattice of Cu0.3Co2.7O4,
the stabilizing effect may originated from the formation of the Ir-O-
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Co structure. As the distance of adjacent Ir single atoms narrowed to
a suitable value, the Ir-O-Co structure covered the entire
Cu0.3Co2.7O4, making the stabilizing effect superimposed on each
other, thus significantly stabilizing the entire spinel oxides.

The electrocatalytic activity of Ir1/Cu0.3Co2.7O4 with different Ir-Ir
distances towards acidic OER was also evaluated. For comparison,
Cu0.3Co2.7O4 was measured under the same conditions. Supplemen-
tary Fig. 15a displayed that the introduction of Ir single atoms improves
the OER activity. Moreover, the current density of Ir1/Cu0.3Co2.7O4

increased with decreasing the distance of adjacent Ir single atoms.
Specifically, Ir1/Cu0.3Co2.7O4 with d =0.6 nm only required an over-
potential of 290mV to deliver a current density of 10mA cm−2, which
was 120, 70, and 30mV lower than those of Cu0.3Co2.7O4, Ir1/
Cu0.3Co2.7O4 with d = 1.1 and 0.8 nm, respectively (Supplementary
Fig. 15b). The results indicated that the reduction of the distance
between Ir single atoms significantly enhanced the catalytic activity
under the acidic condition. To elucidate the reaction kinetics, we
analyzed theTafel slopes of these catalysts,where theTafel slopeof Ir1/
Cu0.3Co2.7O4 with d = 0.6 nm gave the lowest value of 71mVdec−1

(Supplementary Fig. 16). This suggested its fastest kinetics among this
catalysts41. The reaction kinetics was further reflected by the electro-
chemical impedance spectroscopy (EIS) measurements. A remarkable
decrease of charge transfer resistance (Rct) was found in the Ir1/
Cu0.3Co2.7O4 with d = 0.6 nm compared with other catalysts, confirm-
ing its fastest charge transfer (Supplementary Fig. 17)42,43. The
improved catalytic performance and accelerated reaction kinetics of
Ir1/Cu0.3Co2.7O4 with d = 0.6 nm may be attributed to the optimized
electronic structure of Co atoms after the introduction of Ir single
atoms. Comparatively, the overpotential at a current density of
10mAcm−2 of Ir1/Cu0.3Co2.7O4 with d =0.6 nm were on par with the
best records of currently reported Co-based OER catalysts (Supple-
mentary Fig. 18 and Table 2).

To test the generality of distance effect on the stability of cobalt
oxide catalysts for acidic OER, we further introduced Ir single atoms

into other spinel cobalt oxides such asCo3O4 andMn0.3Co2.7O4. Under
similar preparing conditions, we successfully obtained the single-atom
catalysts, Ir1/Co3O4 and Ir1/Mn0.3Co2.7O4, with d = 0.6 nm (Supple-
mentary Figs. 19–21). The electrochemicalmeasurements revealed that
both Ir1/Co3O4 and Ir1/Mn0.3Co2.7O4 also exhibited a high OER stability
in acid (Supplementary Fig. 22). This proved that the introduction of Ir
single atoms with an appropriate distance into cobalt oxides was a
universal strategy to stabilize its structure during acidic OER.

Discussion
In conclusion,we understand the distance effect of single atomson the
stability of cobalt oxide catalysts for acidic oxygen evolution. Both
theoretical calculations and electrocatalytic measurements revealed
the stabilizing effect was strongly dependent on the distance of adja-
cent Ir single atoms. As the distance of adjacent Ir single atoms was
reduced to 0.6 nm, the stabilizing effect could cover the Cu0.3Co2.7O4,
stabilizing entire spinel oxides under acidic conditions. In addition, the
introduction of Ir single atoms with an appropriate distance was a
universal strategy to stabilize other spinel cobalt oxides during acidic
OER. Our work not only provided insight into the distance effect of
single atoms on the stability of cobalt oxide catalysts at the atomic
level but also pointed toward a direction to the rational design of
highly stable catalysts applied in PEMWE.

Methods
Chemicals
Cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O), copper (II) nitrate
trihydrate (Cu(NO3)2·3H2O), hexadecyl trimethyl ammonium bromide
(CTAB), 2-methylimidazole, active carbon, ethanol (EtOH), perchloric
acid (HClO4), Nafionwere purchased fromShanghai Chemical Reagent
Company. Iridium (IV) chloride hydrate (IrCl4·xH2O) was purchased
from Aladdin. All chemicals were of analytical grade and used as
received without further purification. All aqueous solutions were pre-
pared using deionized water with a resistivity of 18.2MΩ cm−1.
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Fig. 5 | Stability evaluation towards acidic oxygen evolution. a Polarization
curves of catalysts at different scan cycles in 0.1MHClO4 electrolyte. The displayed
polarization curves are the 1, 200, 400, 600, 800, and 1000 cycles, respectively.
b Decrease in current densities under different scan cycles of Cu0.3Co2.7O4 and Ir1/
Cu0.3Co2.7O4 with different Ir-Ir distances. The selected overpotential was 1.60 V

(E vs RHE) for all catalysts. cDissolutionof Co species under different scan cycles of
Cu0.3Co2.7O4 and Ir1/Cu0.3Co2.7O4 with different Ir-Ir distances.
d Chronopotentiometry curves of Cu0.3Co2.7O4, Ir1/Cu0.3Co2.7O4 with different Ir-Ir
distances, and commercial IrO2 towards acidic OER at 10mAcm−2.
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Synthesis of Cu0.3Co2.7O4

Cu0.3Co2.7O4 was synthesized through high-temperature pyrolysis of
metal-organic frameworks with modifications44. Typically, 497.7mg of
Co(NO3)2·6H2O, 70.0mg of Cu(NO3)2·3H2O, and 30.0mg of CTAB
were dissolved in 20mL of H2O to form solution A. 9.1 g of
2-methylimidazole was dissolved in 140mL of H2O to form solution B.
Themixed solution was formed by adding solution A to solution B and
mixed for 2 h under magnetic stirring. The resulting solution was
centrifuged andwashedwith EtOH three times to obtainmetal-organic
frameworks. The product was dried in a vacuum oven overnight.
Finally, the above solidwas calcined at 350 °C for 4 h in the air to obtain
the desired Cu0.3Co2.7O4.

Synthesis of Ir1/Cu0.3Co2.7O4 with different Ir single atoms
distance
Ir1/Cu0.3Co2.7O4 with different Ir single atoms distances were synthe-
sized using similar procedures as synthesizing Cu0.3Co2.7O4 except for
changing the composition of solution A. For Ir1/Cu0.3Co2.7O4 with
d = 1.1 nm, 492.7mg of Co(NO3)2·6H2O, 69.3mg of Cu(NO3)2·3H2O,
6.7mg of IrCl4·xH2O, and 30.0mg of CTAB were dissolved in 20mL of
H2O to form solution A. For Ir1/Cu0.3Co2.7O4 with d =0.8 nm, 487.7mg
of Co(NO3)2·6H2O, 68.6mg of Cu(NO3)2·3H2O, 13.4mg of IrCl4·xH2O,
and 30.0mg of CTAB were dissolved in 20mL of H2O to form solution
A. For Ir1/Cu0.3Co2.7O4 with d = 0.6 nm, 482.7mg of Co(NO3)2·6H2O,
67.9mg of Cu(NO3)2·3H2O, 20.0mg of IrCl4·xH2O, and 30.0mg of
CTAB were dissolved in 20mL of H2O to form solution A.

Synthesis of Co3O4 and Mn0.3Co2.7O4

Co3O4 andMn0.3Co2.7O4 were synthesized using similar procedures as
synthesizing Cu0.3Co2.7O4 except for changing the composition of
solution A. For Co3O4, 580.0mg of Co(NO3)2·6H2O and 30.0mg of
CTAB were dissolved in 20mL of H2O to form solution A. For
Mn0.3Co2.7O4, 497.7mgof Co(NO3)2·6H2O, 52.9mgofMn(NO3)2·6H2O,
and 30.0mg of CTAB were dissolved in 20mL of H2O to form
solution A.

Synthesis of Ir1/Co3O4 and Ir1/Mn0.3Co2.7O4 with d=0.6 nm
Ir1/Co3O4 with d = 0.6 nm was synthesized using similar procedures as
synthesizingCo3O4 except for changing the composition of solutionA.
For Ir1/Co3O4 with d = 0.6 nm, 482.7mg of Co(NO3)2·6H2O, 20.0mg of
IrCl4·xH2O, and 30.0mg of CTAB were dissolved in 20mL of H2O to
form solution A. Ir1/Mn0.3Co2.7O4 with d =0.6 nm were synthesized
using similar procedures as synthesizing Mn0.3Co2.7O4 except for
changing the composition of solution A. For Ir1/Mn0.3Co2.7O4 with
d =0.6 nm, 482.7mg of Co(NO3)2·6H2O, 51.3mg of Mn(NO3)2·6H2O,
20.0mg of IrCl4·xH2O, and 30.0mg of CTAB were dissolved in 20mL
of H2O to form solution A.

XAFS measurements
XAFS spectra at Ir L3-edge were obtained at the BL14W1 beamline of
Shanghai Synchrotron Radiation Facility (SSRF, Shanghai) operated
at 3.5 GeV under ‘top-up’ mode with a constant current of 220mA.
The XAFS data were recorded under fluorescence mode. The energy
was calibrated according to the absorption edge of pure Ir foil. XAFS
and in-situ XAFS spectra at Co K-edge were obtained at the BL11B
beam line of SSRF. The energy was calibrated according to the
absorption edge of pure Co foil. Athena software was used to extract
the data. For the in-situ XAFS, we performed the experiments in a
specialized cell by using a three-electrode standard electrochemical
workstation. The catalyst on the carbon substrate was cut into
1.5 × 1.5 cm2 pieces and then sealed in a cell by Kapton film. Before the
experiments, a series of potentials (OCP ~1.7 V) were applied to the
electrode for 2min, respectively. All XAFS data were collected during
one period of beam time and each spectroscopy was recorded for
12min. XAS spectra at Co L-edge, Cu L-edge, and O K-edge were

measured at the beamline BL12B of the National Synchrotron
Radiation Laboratory (NSRL, Hefei).

Electrochemical measurements
An electrochemical workstation (CHI 660E, Shanghai CH Instruments)
was used to measure the electrocatalytic performance of the samples.
The electrocatalytic measurements were conducted in a standard
three-electrode system at room temperature. The carbon paper
(1 × 0.5 cm−2) loaded with the as-obtained catalysts was used as the
working electrode. Themass loadings of catalysts on the carbon paper
were 2mg cm−2. A carbon rodwas used as the counter electrode. A Hg/
Hg2SO4 electrode was used as the reference electrode. The polariza-
tion curves of OER were obtained in 0.1M HClO4 electrolyte, using a
linear sweep voltammetry method at a potential range from 1.02 to
1.82 V with a sweep rate of 5mV s−1. All potentials mentioned in this
work were measured against the Hg/Hg2SO4 electrode and converted
to reversible hydrogen electrode (RHE) scale by the equation: E (V vs
RHE) = E (V vs Hg/Hg2SO4) + 0.656V + 0.0591 pHV. In the given equa-
tion, 0.656V was obtained by calibration with respect to the RHE. The
ohmic electrolyte resistance on carbon paper wasmeasured to be 6Ω.
The potentials were corrected to compensate for the effect of solution
resistance, which were calculated by the following equation:
EiR-corrected = E (V vs RHE) − iR, where i is current, and R is the uncom-
pensated ohmic electrolyte resistance. Tafel slope (b) was determined
by fitting polarization curves data to the Tafel equation: η = a + b log |
j | , where η is the overpotential for the OER, and j is the current density
at the givenoverpotential. EISmeasurementswereconducted at 1.55 V.
The amplitude of the sinusoidal wave was 5mV. The frequency scan
range was 100 kHz–0.01 Hz. The dissolved Co species were deter-
mined by inductively coupled plasma-atomic emission spectrometry
(ICP-AES). We first dissolved the pristine Cu0.3Co2.7O4 and Ir1/
Cu0.3Co2.7O4 with d = 1.1, 0.8, and 0.6 nm in aqua regia to obtain the
mass of the original Co species in catalysts. Then, we conducted
electrocatalytic measurements of the pristine Cu0.3Co2.7O4 and Ir1/
Cu0.3Co2.7O4 with different Ir-Ir distances in 100mL 0.1M HClO4

electrolyte. Subsequently, we collected 5mL electrolytes of
Cu0.3Co2.7O4 and Ir1/Cu0.3Co2.7O4 with different Ir-Ir distances at 200,
400, 600, 800, and 1000 scan cycles to obtain the dissolved Co spe-
cies by conducting ICP-AES test, respectively. Afterward, we added
5mL of 0.1M HClO4 to the electrolyte to replenish the volume of the
electrolyte. Finally, the dissolution fraction of Co species was obtained
by comparing the mass of the remaining Co species to the mass of Co
species in pristine catalysts. The experimental procedure for testing
dissolved Ir species was similar to that for testing dissolved Co species,
except that our experimental method is inductively coupled plasma-
mass spectrometry (ICP-MS).

DFT calculations
Spin-polarized DFT calculations were carried out with Perdew, Burke,
and Ernzerhof (PBE) functionals using the Vienna ab initio simulation
package (VASP)45,46. The projector augmented wave (PAW) method
was adopted to describe the ions-electrons interaction47,48. A k-point
mesh of 3 × 2 × 1 was used to sample the Brillouin zones. The kinetic
energy cutoff was set to 400 eV for plane-wave expansion. During
structural optimizations, the tolerances of total energy and force were
set to 10−5eV and0.05 eV/Å, respectively. To accurately describe the 3d
electrons, a correlation energy (U) of 3.0 eV was used for Co and Cu
atoms, and 2.0 eV was used for Ir atoms, values that have been tested
by previous experimental and theoretical studies49–51.

Instrumentations
XRD patterns were recorded using a Philips X’Pert Pro Super dif-
fractometer with Cu-Kα radiation (λ = 1.54178Å). HAADF-STEM images
were taken on a JEOL ARM−200F field-emission transmission electron
microscope operating at an accelerating voltage of 200 kV using Mo-

Article https://doi.org/10.1038/s41467-024-46176-0

Nature Communications |         (2024) 15:1767 7



based TEMgrids. EDX elementalmapping images were taken on an FEI
Talos F200X high-resolution transmission electron microscope using
Mo-based TEM grids. ICP-MS (Atomscan Advantage, Thermo Jarrell
Ash, USA) analyses were used to determine the mass loadings of Ir
single atoms and the dissolved amount of Co species. The distance
between Ir single atoms was measured on HAADF-STEM images by
Nano Measurer software.

Data availability
The source data underlying Figs. 1–5 and Supplementary Figs. 1–22
generated in this study are provided as a Source Data file. Source data
are provided with this paper.

References
1. Hao, S. et al. Torsion strained iridium oxide for efficient acidic water

oxidation in proton exchange membrane electrolyzers. Nat. Nano-
technol. 16, 1371–1377 (2021).

2. Oener, S. Z. et al. Accelerating water dissociation in bipolar mem-
branes and for electrocatalysis. Science 369, 1099–1103 (2016).

3. Wen, Y. et al. Stabilizing highly active Ru sites by suppressing lattice
oxygen participation in acidic water oxidation. J. Am. Chem. Soc.
143, 6482–6490 (2021).

4. Seitz, L. C. et al. A highly active and stable IrOx/SrIrO3 catalyst for
the oxygen evolution reaction. Science 353, 1011–1014 (2016).

5. Tajuddin, A. A. H. et al. Corrosion-resistant and high-entropic non-
noble-metal electrodes for oxygen evolution in acidic media. Adv.
Mater. 35, e2207466 (2023).

6. Wu, Z. Y. et al. Non-iridium-based electrocatalyst for durable acidic
oxygen evolution reaction in proton exchange membrane water
electrolysis. Nat. Mater. 22, 100–108 (2023).

7. Dang, Q. et al. Iridium metallene oxide for acidic oxygen evolution
catalysis. Nat. Commun. 12, 6007 (2021).

8. Zheng, X. et al. Strong oxide-support interaction over IrO2/V2O5 for
efficient pH-universal water splitting. Adv. Sci. 9, 2104636 (2022).

9. Li, R. et al. IrW nanochannel support enabling ultrastable electro-
catalytic oxygen evolution at 2 A cm−2 in acidic media. Nat. Com-
mun. 12, 3540 (2021).

10. Wang, Y. et al. Nano-metal diborides-supported anodecatalystwith
strongly coupled TaOx/IrO2 catalytic layer for low-iridium-loading
proton exchange membrane electrolyzer. Nat. Commun. 14,
5119 (2023).

11. Zhang, J. et al. Surface enrichment of Ir on the IrRualloy for efficient
and stable water oxidation catalysis in acid. Chem. Sci. 13,
12114–12121 (2022).

12. Chong, L. et al. Synergistic Co-Ir/Ru composite electrocatalysts
impart efficient anddurable oxygen evolution catalysis in acid.Adv.
Energy Mater. 13, 2302306 (2023).

13. Xu, Z. et al. Light-driven orderly assembly of Ir-atomic chains to
integrate a dynamic reaction pathway for acidic oxygen evolution.
Angew. Chem. Int. Ed. 62, e202301128 (2023).

14. Haase, F. T. et al. Role of nanoscale inhomogeneities in Co2FeO4

catalysts during the oxygen evolution reaction. J. Am. Chem. Soc.
144, 12007–12019 (2022).

15. Yang, H. et al. Intramolecular hydroxyl nucleophilic attack pathway
by a polymericwater oxidation catalyst with single cobalt sites.Nat.
Catal. 5, 414–429 (2022).

16. Haase, F. T. et al. Size effects and active state formation of cobalt
oxide nanoparticles during the oxygen evolution reaction. Nat.
Energy 7, 765–773 (2022).

17. Wang, J. et al. Redirecting dynamic surface restructuring of a
layered transition metal oxide catalyst for superior water oxidation.
Nat. Catal. 4, 212–222 (2021).

18. Shan, J. et al. Short-range ordered iridium single atoms integrated
into cobalt oxide spinel structure for highly efficient electro-
catalytic water oxidation. J. Am. Chem. Soc. 143, 5201–5211 (2021).

19. Wu, T. et al. Iron-facilitateddynamic active-site generation on spinel
CoAl2O4 with self-termination of surface reconstruction for water
oxidation. Nat. Catal. 2, 763–772 (2019).

20. An, L. et al. Recent development of oxygen evolution electro-
catalysts in acidic environment. Adv. Mater. 33, e2006328 (2021).

21. Chen, F.-Y. et al. Stability challenges of electrocatalytic oxygen
evolution reaction: from mechanistic understanding to reactor
design. Joule 5, 1704–1731 (2021).

22. Seh, Z. W. et al. Combining theory and experiment in electro-
catalysis: insights into materials design. Science 355,
aad4998 (2017).

23. Chatti, M. et al. Intrinsically stable in situ generated electrocatalyst
for long-term oxidation of acidic water at up to 80 °C. Nat. Catal. 2,
457–465 (2019).

24. Evans, T.A., & Choi, K.S. Electrochemical synthesis and investiga-
tion of stoichiometric, phase-pure CoSb2O6 and MnSb2O6 elec-
trodes for oxygen evolution reaction in acidic media. ACS Appl.
Energy Mater. 3, 5563–5571 (2020).

25. Lee, W. H. et al. Electrode reconstruction strategy for oxygen evo-
lution reaction: maintaining Fe-CoOOH phase with intermediate-
spin state during electrolysis. Nat. Commun. 13, 605 (2022).

26. Ye, C. et al. Activating metal oxides nanocatalysts for electro-
catalytic water oxidation by quenching-induced near-surfacemetal
atom functionality. J. Am. Chem. Soc. 143, 14169–14177 (2021).

27. Xing, F. et al. Ternary platinum-cobalt-indium nanoalloy on ceria as
a highly efficient catalyst for the oxidative dehydrogenation of
propane using CO2. Nat. Catal. 5, 55–65 (2022).

28. Li, S. et al. Operando revealing dynamic reconstruction of NiCo
carbonate hydroxide for high-rate energy storage. Joule 4,
673–687 (2020).

29. He, D. et al. Active electron density modulation of Co3O4-based
catalysts enhances their oxygen evolution performance. Angew.
Chem. Int. Ed. 59, 6929–6935 (2020).

30. Lu, Y. et al. Tuning the selective adsorption site of biomass on
Co3O4 by Ir single atoms for electrosynthesis. Adv. Mater. 33,
e2007056 (2021).

31. Guo, W. et al. Operando leaching of pre-incorporated Al and
mechanism in transition-metal hybrids on carbon substrates for
enhanced charge storage. Matter 4, 2902–2918 (2021).

32. Ma, P. et al. Modulating hydrogen bonding in single-atom catalysts
to break scaling relation for oxygen evolution. Chem. Catal. 2,
2764–2777 (2022).

33. Zhang, X. L. et al. Strongly coupled cobalt diselenide monolayers
for selective electrocatalytic oxygen reduction toH2O2under acidic
conditions. Angew. Chem. Int. Ed. 60, 26922–26931 (2021).

34. Chou, T. C. et al. Controlling the oxidation state of the Cu electrode
and reaction intermediates for electrochemical CO2 reduction to
ethylene. J. Am. Chem. Soc. 142, 2857–2867 (2020).

35. Phillips, C. L., Regier, T. Z. & Peak, D. Aqueous Cu(II)-organic com-
plexation studied in situ using soft X-ray and vibrational spectro-
scopies. Environ. Sci. Technol. 47, 14290–14297 (2013).

36. Fan, Z. et al. Extraordinary acidic oxygen evolution on new phase
3R-iridium oxide. Joule 5, 3221–3234 (2021).

37. Kang, J. et al. Iridium boosts the selectivity and stability of cobalt
catalysts for syngas to liquid fuels. Chem. 8, 1050–1066
(2022).

38. Feng, C. et al. Tuning the electronic and steric interaction at the
atomic interface for enhanced oxygen evolution. J. Am. Chem. Soc.
144, 9271–9279 (2022).

39. Su, H. et al. In-situ spectroscopic observation of dynamic-coupling
oxygen on atomically dispersed iridium electrocatalyst for acidic
water oxidation. Nat. Commun. 12, 6118 (2021).

40. Zhang, B. et al. High-valence metals improve oxygen evolution
reaction performance by modulating 3d metal oxidation cycle
energetics. Nat. Catal. 3, 985–992 (2020).

Article https://doi.org/10.1038/s41467-024-46176-0

Nature Communications |         (2024) 15:1767 8



41. Lin, C. et al. In-situ reconstructed Ru atom array on α-MnO2 with
enhanced performance for acidic water oxidation. Nat. Catal. 4,
1012–1023 (2021).

42. Shi, Z. et al. Confined Ir single sites with triggered lattice oxygen
redox: toward boosted and sustained water oxidation catalysis.
Joule 5, 2164–2176 (2021).

43. Zhai, P. et al. Regulating electronic states of nitride/hydroxide to
accelerate kinetics for oxygen evolution at large current density.
Nat. Commun. 14, 1873 (2023).

44. Hu, H. et al. Construction of complex CoS hollow structures with
enhanced electrochemical properties for hybrid supercapacitors.
Chem. 1, 102–113 (2016).

45. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B
54, 169–186 (1996).

46. Perdew, J. P., Bruke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

47. Blochl, P. E. et al. Projector augmented-wave method. Phys. Rev. B
50, 17953–17979 (1994).

48. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 59,
1758–1775 (1999).

49. García-Mota, M., Vojvodic, A., Abild-Pedersen, F. & Nørskov, J. K.
Electronic origin of the surface reactivity of transition-metal-doped
TiO2(110). J. Phys. Chem. C. 117, 460–465 (2012).

50. Li, X. et al. Design of efficient catalysts with double transition metal
atoms on C2N layer. J. Phys. Chem. Lett. 7, 1750–1755 (2016).

51. Zhou, J. & Sun, Q. Magnetism of phthalocyanine-based organo-
metallic single porous sheet. J. Am. Chem. Soc. 133,
15113–15119 (2011).

Acknowledgements
Thisworkwas supported byNational Key Research andDevelopment
ProgramofChina(2021YFA1500500,2019YFA0405600),CASProjectfor
YoungScientists inBasicResearch (YSBR-051),National ScienceFund for
Distinguished Young Scholars (21925204), NSFC (22202192, U19A2015,
22221003, 22250007, 22163002), Collaborative Innovation Programof
Hefei ScienceCenter, CAS (2022HSC-CIP004), International Partnership
ProgramofChineseAcademyofSciences (123GJHZ2022101GC), theDNL
CooperationFund,CAS(DNL202003),AnhuiNaturalScienceFoundation
for YoungScholars (2208085QB52),USTCResearchFundsof theDouble
First-ClassInitiative(YD9990002016),theGuizhouProvincialScienceand
Technology Projects (QKHJC-ZK[2021]YB047, 2021GZJ001), Fellowship
ofChina Postdoctoral Science Foundation (2023M743372), and Post-
doctoral Fellowship ProgramofCPSF (GZC20232537).

Author contributions
Z.Z., S.Z., and J.Z. designed the study. P.M., C.F., J.Y., J.H., J.Zheng, M.L.,
and Z.Z. conducted the experiments. M.Z. conducted HAADF-STEM
analysis. C.J. carried out DFT calculations. Z.Z., S.Z., and J.Z. wrote the
paper. All authors discussed the results and contributed to the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-46176-0.

Correspondence and requests for materials should be addressed to
Shiming Zhou or Jie Zeng.

Peer review informationNature Communications thanks Hany El-Sayed
and the other, anonymous, reviewers for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-46176-0

Nature Communications |         (2024) 15:1767 9

https://doi.org/10.1038/s41467-024-46176-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Distance effect of single atoms on stability of cobalt oxide catalysts for acidic oxygen evolution
	Results
	Exploration of the distance-related stabilizing�effect
	Identifying Ir1/Cu0.3Co2.7O4 with different Ir single atoms distance
	Electrocatalytic evaluation towards acidic oxygen evolution

	Discussion
	Methods
	Chemicals
	Synthesis of Cu0.3Co2.7O4
	Synthesis of Ir1/Cu0.3Co2.7O4 with different Ir single atoms distance
	Synthesis of Co3O4 and Mn0.3Co2.7O4
	Synthesis of Ir1/Co3O4 and Ir1/Mn0.3Co2.7O4 with d = 0.6 nm
	XAFS measurements
	Electrochemical measurements
	DFT calculations
	Instrumentations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




